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Preface

In its volume, World Road Statistics, the International Road Federation lists
more than 17 million km of roads. Approximately 92 percent of them are in
the secondary road or "other" category, and a large portion of those that are
considered surfaced have either minimum surface treatments or chip seals.
Now low-volume roads continue to be built in the United States and throughout
the world.

The problem is how to design and operate these low-volume roads under
constraints such as limited funding, labor-intensive construction and mainte-
nance, inflation, design criteria that may not be appropriate to low-volume
roads, stage construction, complex intragovernmental requirements, inappro-
priate safety requirements, wide-ranging traffic volumes and vehicle loads,
environmental considerations (air and water quality, erosion, and landslides),
and providing maximum socioeconomic services in route selection.

The Second International Conference on Low-Volume Roads was organized
to facilitate the exchange of information on the practical application of ergi-
neering principles and current practice in the design, construction, and opera-
tion of low-volume roads. The papers in this Record were presented at this
conference, which was held at the Scheman Center, Iowa State University,
August 20-23, 1979; several informal presentations were also made. Although
not all of the above constraints were addressed by the formal papers, informal
presentations and panel and other discussions generally covered the entire
range of problems.

The conference was sponsored by the Division A Committee on Low-Volume
Roads under the direct responsibility of the Conference Steering Committee,
whose members are listed on the reverse of the title page of this Record.

The Second International Conference on Low-Volume Roads was partially
funded by the Federal Highway Administration and the Agency for Interaational
Development. Iowa State University, through its Civil Engineering Faculty,
Engineering Extension, and Continuing Education Service, hosted the confer-
ence along with the Iowa Association of County Engineers. The following or-
ganizations cooperated to make the conference possible:

COSPONSORS
Agency for International Development
Federal Highway Administration

COOPERATING AGENCIES
American Association of State Highway and Transportation Officials
American Road and Transportation Builders Association
Iowa State Univorsly
Iowa Department of Transportation
Iowa Association of County Engineers
International Bank for Reconstruction and Development
International Road Federation
National Association of County Engineers
National Association of County Officials
National Science Foundation
U.S. Army Engineer Waterways Experiment Station
U.S. Forest Service

vi



THE CRAFT OF HIGHWAY ENGINEERING

Ray Millard, The World Bank

destination surveys, mathematical modelling, econom-
ic and physical planning, and so on.

Then, in the last two decades has come the
fourth stage, a growing concern about the impact ofThere are, it is said, more scientists alive now road transport on man's living environment. Newthan have existed in previous generation3 since man roads had been driven through our towns and citiesemerged. Similarly with highway engineers. Fifty breaking up the existing patterns of community life,years ago, there were approximately 15,000 men in and road traffic had joined industry as a majorthe world who would describe themselves as highway pollutant of the air we breathe. The din from roadengineers; now there are at least ten times that traffic afflicted the lives, the work and the sleepnumber. And with them is an enormous army of other of urban dwellers. In rural areas, new roads pene-specialist professional people concerned with roads trated into areas of natural beauty, and the roadand road transport; traffic engineers, transport builders were branded as the despoilers of theeconomists, statisticians and mathematicians, plan- countryside. To these deleterious effects of roadners, medical men and psychologists concerned with transport has been added concern at our profligate

road safety, environmentalists, and perhaps the use of the world's energy resources.latest specialization to emerge, the professional It was natural that these developments shouldprotester. This expansion reflects, of course, first become manifest in North America, and it fol-the huge growth of road transport during the present lows that the techniques for coping with them gener-century and the changing attitudes of the public to ally first emerged in the USA. At this conference,
it. our concern is with low volume roads. So our empha-Over this period, four stages can be distinguished. sis on those four stages is somewhat different fromIn the first, the aim was to provide the roads needed the attitude of say the urban planner, or the U.S.for the rapidly expanding numbers of road vehicles, Federal Highway Administration. With my colleaguesand the primary need for expertise was in road build- from the World Bank, I have a special concern withing. It soon became apparent that this great increase roads in the developing countries of Africa, Asiain man's mobility had brought with it a new plague, and South America. Our overall aim is to build upthe scourge of road accidents. The science of medi- the resources of developing countries so that theycine was developing alongside, and as man learned to can take their place fully fledged socially andcontrol the diseases which afflict him, the toll of economically in the comity of nations. Part ofroad accidents increased to the extent that in North these resources lies in the stock of professionalAmerica and Europe, it killed and maimed more active people who are able to cope with the planning,people than any of our more traditional diseases, building, and maintenance of their road networks.Stage 2 came with the growing concern for road safety And this is the the.a I want to take for this paper.with new forms of professional specialization in which It is a huge theme, impossible to cope with compre-highway engineers were joined by law enforcement offi- hensively in one short paper. So I shall concen-cers, statisticians and medical men. trate on three particular aspects and on these ITraffic control measures were first introduced shall be dealing with where I believe that thingsto promote road safety. But soon, it became evident have gone wrong. The three aspects are:
that they were needed for another purpose, to ease
the flow of the large numbers of motor vehicles that 1. Soil mechanics as applied to highwaywere by now crowding on to the roads, particularly engineering;
in towns and cities. By this time, road building had
become'a major item of capital expenditure in most 2. Bituminous road surfacings;
countries, and there was a need to determine prior-
ities and standards for road building in a way which 3. Economic evaluation of highway projects.
was manifestly logical and apparently fair. The
third branch of the profession to sprout produced the I shall be primarily concerned with roads intransport economists and planners with a new armory developing countries, but I believe that much ofof expertise, benefit-cost analysis, origin and what I have to say will be relevant to those of you
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who are concerned with lightly constructed roads here of the Asphalt Institute; and Francis Hveem of the
in North America. California State Highway Department, all produced

The first and obvious comment is that the highway mechanical testing regimes for the design of asphal-
engineers from developing countries coming to America tic concrete mixtures. And there were others perhaps
and to Europe for their academic training, have found less notable in the Highway Engineers Hall of Fame.
much of what they have been taught irrelevant to their Very little comparable came from Europe over this
highway problems at home. Behind this lies a more period. The American dominance does not only derive
basic problem--the deep rift between the "scientific" from the earlier motorization of America. It springs
and the practical approach to highway engineering, also from something deep in the American culture, an

The hope was that if our graduates in training innate optimism expressed in the belief that it is
could be instructed on the scientific principles possible to produce simple, mechanistic models of
which lie behind highway engineering practice, they natural phenomena Lnd a determination to produce an
could return to their own countries and apply these answer which could be adopted for rapid industrial
principles to the solution of technical problems in use. Some waste might be implied by the approxima-
their own countries. This hope has proved illusory. tions that were necessary, but this was of no con-
Some, but not many useful scientific principles have sequence in a society dedicated to technical inno-
emerged. vat.lon and change.

The body of knowledge in highway engineering The ad hoc approach produced immediately useful
remains empiric rather than rigorously scientific, solutions in the areas where they were developed.
So, the knowledge taught in our engineering colleges The physical tests they used were extensions of the
is generally derived from a synthesis of local expe- eye and hand of experienced men. They were, in
rience. No wonder it is often irrelevant and some- effect, a means to make this experience numerate,
times downright misleading in other parts of the and their value depended a great deal on the skill
world. with which the test results were correlated with

This is very obvious in the use to which soil road behavior in the area in which they are being
mechanics has been put in highway engineering, and used.
I want to illustrate it with a story. A major land- There is an intrinsic danger in this approach;
slide in an East Asian country had carried away half the correlations with road behavior are necessarily
a mile of road and part of a village. A huge crowd local in character. When one moves away into another
had gathered to decide what to do, including the environment, for example into a different climate or
Minister of Public Works (himself an engineer), the to use different road making materials, the correla-
Chief Highway Engineer and many of his technical tion disappears and the test results can be quite
staff. They were all charging around discussing misleading.
where to rebuild the road and the houses. Not one The CBR test provides a graphic example. As
of them was asking why the landslide occurred. No originally conceived, its main use was intended for
one was saying, "Let's find out what happened and testing road making gravels. A good road making
why. Then when we rebuild, we can be reasonably sure gravel would have a CBR of 100%. It was the U.S.
it won't happen again." This was a failure in com- Corps of Engineers which pushed the test as a means
prehension. Despite their training as engineers of evaluating subgrade soils. They had a wet envi-
(many of them in America and Europe), they did not ronment in mind, and it was they who decreed that
comprehend that it was possible to find out what had the test should be done on compacted samples which
happened. Still less did they comprehend that it had been soaked in water for four days. Their aim,
would be useful to do so. Their engineering courses of course, was to design for the worst conditions
had dealt with slip-circle analysis and with drained they were normally likely to encounter. And they
and undrained tri-axial tests, but they didn't see can have had little idea of the confusion that their
the relevance. And they had had no inrtruction on edict wruld tr,,e. I have met, many times, engineers
the soils of their cwn country, on their properties workinv In arij parts of Africa and other areas of
and their engineering defects and uses. This was the .'orld, wht were solemnly soaking CBR specimens
bad ground. It had always been bad ground. They fu. four da:>< and declaring that the resultant CBR
would rebuild the road and perhaps this time, with value indicated the soil strength which should be
luck, it would stay there, used in designing their pavements. That provides an

Science had produced an understanding of some of example of experience being translated from one part
the mechanisms of landslides, but in those engineers' of the world to another with wasteful effects.
minds, this had no connection with real life. This Fortunately, this subject provides an example of
illustrates very clearly our dilemma. The scientific science and practice combining to produce a sound
approach involves setting out to acquire a basic un- engineering answer. The strength of a subgrade soil
derstanding of why things happen as they do, of the depends not only on the nature of the soil; it de-
stability of slopes, of the stresses and strains in pends also on the state to which it has been com-
road pavements under traffic. This is proving to be pacted, and above all, it depends on the prevailing
a long and tedious business; witness the tremendous moisture conditions in the soil.
research effort still going into establishing a rig- The state of compaction achievable is a matter
orously scientific method of pavement design. The to be judged from local engineering experience. Pre-
practical people, impatient to produce technical vailing moisture conditions may also be determined
answers to the problem which beset them, produced ad from local engineering experience. But science has
hoc tests which aimed to simulate in an approximate gone one better. Experts in physics and climatology
way, the reactions between the loaded vehicle and the have joined to produce a theoretical basis for deter-
road structure. In America, the crop of such tests mining the critical moisture conditions in soils un-
was formidible: R. R. Proctor and his compaction test, der sealed surfaces over the range of physical and
later followed by the heavier Modified AASHO Compac- climatic conditions encountered in different parts
tion Test; Plate Bearing Tests and later the Cali- of the world. And, important to us as engineers,
fornia Bearing Ratio Test originated by 0. J. Porter this theory has been tested by field observations and
then with the California State Highway Department; found to be correct. Some engineers may have suffi-
Benkelman in the Bureau of Public Roads with cient curiosity to want to explore the theory. But
his deflection beam, and in the field of bituminous for most of us, it will be sufficient to see the
materials; Bruce Marshall of the Mississippi State results incorporated in design recommendations we can
Highway Department, Prevost Hubbard and F. C. Field easily understand. An example of this is shown in
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Table 1. This table, incidentally, illustrates a
trend which is likely to continue, to use the CBR
value as an index rather than a directly measured
entity. Indeed, in some parts of the world, the
trend is to delineate design CBR values on a basis
of soil identification, together with a knowledge of
the achievable state of compaction and the prevailing
moisture conditions at the site concerned.

Table 1. Estimated minimum design CBR values under paved roads for subgrades
compacted to 95 per cent of Proctor maximum dry density.

Minimum CBR (per cent)b

Depth of water tablea Non-plastic Sandy clay Sandy clay Silty clay Heavy clay
from formation level sand P! = 10 P1 = 20 P1 = 30 PI ; 40 Silt

0.6m (2 ft) 8 5 4 3 2 1
l.0m (3.3 ft) 25 6 5 4 3 2
1.5m (4.9 ft) 25 8 6 5 3
2.Om (6.5 ft) 25 8 7 5 3
2.5m (8.2 ft) 25 8 8 6 4 See
3.0m (9.8 ft) 25 25 8 7 4
3.5m (11.5 ft) 25 25 8 8 4 Note
5.Om (16.4 ft) 25 25 8 8 5 3
7.Om (23 ft) or more 25 25 8 8 7

Notes:
1. With structured clays, such as the red coffee soils of East Africa, laboratory CBR

tests should be undertaken whenever possible. Soils of this type can be identified
by the fact that their plasticity, as indicated by the Atterberg limits, tends to
increase when the soil is worked and its structure is broken down. If CBR tests
cannot be undertaken, an approximate estimate of the effective subgrade CBR for this
soil type will be obtained by using the values quoted in the Table for sandy clays
(PI = 20 per cent).

2. This Table cannot be used for soils containing appreciable amounts of mica or organ-
ic matter. Such soils can usually be identified visually.

3. Laboratory CBR tests are required for pure silt subgrades with water tables deeper
than 1.Om (3.3 ft).

aThe highest seasonal level attained by the water table should be taken.
bThis table is abridged from Road Note 31 (Third Edition), "A guide to the structural
design of bitumen-surfaced roads in tropical and subtropical countries," (HMSO 1977),
and these CDR values are for use with the design chart in that Road Note.

Poorly consolidated soils present special prob- hence, of designing embankments over Luch soils.
lems to the road builder. They are usually trans- The test was also used to indicate the rate ofported soils and are commonly found in river deltas, settlement and generally it indicated that settle-
They occur in the lower reaches of the Mississippi, ment would take a very long time, usually several
along the coast of West Africa, in the delta areas years. This experience was at least partly respon-
of the great Indian rivers, in the rice plains of sible for the development of vertical sand drains,Thailand, in Malaysia and Indonesia and in many other used to provide an artificial drainage path and so
parts of the world. They are generally saturated, increase the rate of consolidation.
i.e., all the voids in the soil are filled with water. But, in practice, it was often found that these
A good basis for the scientific approach to road soils consolidated much more2 rapidly than the theory
building over these soils was provided by the consol- and the laboratory tests suggested. The reason when
idation theory developed by Terzaghi. Again, the found, was an obvious one. It is that frequently
theory is somewhat complex and will be examined only these soils contain thin bands of more pervious
by engineers who are scientifically curious. But its sandy soils, bands which were laid down when, forapplication is relatively simple; the amount and rate some reason, the water which carried the original
of consolidation of these soils under load is deter- deposits was running faster than usual. These lenses
mined by using laboratory consolidation tests on soil of sandy soil proved horizontal drainage paths
samples. As load is applied to the soils, pressure through which the pressures generated in the soil
is generated in the water. If the load is applied water under load can be fairly rapidly dissipated.
too quickly, these pressures become excessive and The theory has now been elaborated to take account
shear failures will occur. But under a controlled of this phenomenon.
load, the pressures are gradually dissipated as water I am in some danger of appearing to wander frommoves away into unloaded areas and the soil is com- the subject of this conference. But, in fact, it ispressed to an ultimate value at which the load is very relevant. It is to support my belief that the
carried by the soil particles. The theory and the basis for training young highway engineers in soil
associated laboratory test provided a reliable means mechanics lies in giving them a knowledge of theof determining ultimate settlement under load, and soils and the rocks of their own countries, of what
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they are, why they occur where they do, and what are His specifications were essentially recipes for pro-their engineering properties and uses and their limi- ducing good asphalt surfacings and they includedtations. And this applies with particular force to variations to take account of the effects of climateengineers concerned with low cost roads. They, above and traffic. The primary regard was for quality inall, must know what can be done with the materials the finished product and the method involved serch-which are cheapest and ready to hand. ing out the best materials locally available aniI could rattle on for hours about different combining them in cookery book style to producefacets of it. About black cotton soils, those highly extremely durable asphalts. One example, laid onmontmorellinitic clays found in poorly drained areas the Thames Embankment in London in 1906, was stilland which present formidible problems to the road doing duty under very heav' traffic in 1955 and wasbuilder, about the halloysitic clays which form in then replaced, only because there were so manyareas of volcanic activity and which, though textur- trenches cut through it to repair power mains, sewers,
ally classified as clays have an open porous struc- and water mains.
ture which is free draining, and of the dangers of This tradition continued in Europe. In Germany,overcompacting these soils; about laterized soils, it was responsible for producing gussasphalt, tnatand about decomposing rocks--rocks which, on hand immensely durable mastic asphalt used on most maininspection, appear sound, but when they are used in roads in Germany. In Great Britain, it produced
the building of a road, the feldspars they contain rolled asphalt to BS 594.
collapse to become kaolinitic clay. It is a fasci- Richardson was not so much honored in his cwnnating subject and one likely to fire the imagination country. In any case, a new prophet arose in theof any young civil engineer. It would have given U.S.A.--Bruce Marshall of the Mississippi Sta:2 High-those engineers in East Asia the knowledge to under- way Department. le took another line altogether.
stand why landslips occur in that part of the world His aim, a very worthy one, was to be able to makeand what they can do about them. This bri:igs me to asphaltic concrete out of materials you could readilymy main thesis. Road engineers are like doctors or find nearby. He used mechanical tests aiming tocarpenters, like teachers, or, for that matter, like measure physical properties of the asphalt which werelawyers and economists. To do their jobs well, they relevant to their performance on the road. Otnerneed to be craftsmen. They need to know the materi- prophets followed the same line, producing theals of their trade thoroughly, how they behave in Hubbard-Field testing regime and the Hveem testing
given circumstances and how to modify this behavior regime.
to get the b~st results. It is useful, too, if they Then, the Corps of Engineers took a hand. Theycan explain things in scientific terms. But, the had a problem with the increasing weight of aircraftfirst requirement is the art, the almost intuitive in providing adequate airfield surfacings, and imme-understanding of the materials of one's trade built diately after World War II, another problem hit them,up by experience, the advent of jet aircraft. Aircraft tire pressures

This theme is well-illustrated in the history of increased enormously. Airfield surfacings had tothe use of asphaltic materials as road surfacings. withstand huge increases in weight and pressure, farWe pick up the story ac the end of the last century. higher than were needed on roads. Those mechanicalN:itural asphalts hao been in use for some time to tests, particulatly the Marshall test were idealmake durable surfacings for city streets. Refined tools to use in developing asphaltic concr.!tes suit-bitumen from crude oil had appeared on the market, able to withstand these high pressures. In America,
and there was a rush to use this material on roads, these "Marshall" asphalts came to be used as theboth in America and in Europe. Small enterprising standard surfacings for roads and airfields. Theycompanies set up in production, generally trying to spread over the rest of the world, too. They spreadmake synthesized mixtures imitating the natural to South America, to Africa, and to Asia. It was soasphalts. Secret formulas and trade names prolifer- convenient to quote the excellent specificacions
ated. At this stage, the trade vas well ahead of produced by the Asphalt Institute and the A3TM. Theythe buyer. Most engineers were content to buy on spread to Europe for airfields. But they were notthe assurance from the contractor that his was the used in Europe for roads. Europe remained entrenchedbest product that modern technology could produce. in its traditional methods of making asphalt surfac-The more discerning soon realized that it wasn't so, ings. In Great Biitain, particularly, the line ofthat often they were getting a bad bargain. Amongst evolution started by Clifford Richardson continuedthese discerning people was Clifford Richardson, in the development of rolled asphalt specified inAsphalt and Concrete Inspector to the District of successive editions of British Standard 594.Columbia. lie decided to do something about it. He The two materials Marshall asphilt and rolledset out on a tour of Northern America and Europe asphalt are markedly different in composition and inexamining asphalt surfacings. His aim was to deter- performance. Marshall asphalt is usually made withmine why some asphaltic concretes proved very durable crushed rock in a continuous gradation approximately
and satisfactory whilst others didn't, and then to to a fuller curve. Rolled asphalt was traditionallyindicate how to make sure you could get a durable made with natural sand fines and with crushed rockasphaltic concrete every time. His method was to as coarse aggregate, a gap grading (See Figure 1).enquire from engineers as to how well their asphaltic Marshall asphalt is generally made with one grade ofconcretes had performed, and then to take samples of bitumen the same all over the world. With rolledboth the good ones and the bad ones analyzing them asphalt, the hardness of the bitumen is adjustedto determine what th y were made of. He spent several according to the climate and the intensity of traffic.years at this task; and at the end of it, he was able You may think that these differences are naturalto prepare and publish his conclusiens. They were and hardly worth bothering about. Some of you maysand asphalts for the most part, and he produced even say, "Shucks, why don't they do it the good oldspecifications on how to choose the best sands, and American way? It works for us, why shouldn't it workon how much bitumen of what hardness to use in order for them?". But does it work for you? Particularlyto obtain very durable asphalt surfacings. He showed does it provide a good suriacing for the more lightlyhow the composition should be varied--softer bitumen, trafficked roads which are the theme of this confer-and more of it in cold climates; harder bitumen and ence? I think not. In the design of Marshall as-less of it on more heavily-trafficked roads. phalts, the primary requirement is high stability.This was the craftsman's approach. It paralleled In cookery book terms, they are short, like Scottishwhat Fanny Farmer had been doing a generation earlier, shortbread. In scientific terms, they have quite a



Figure 1. Aggregate gradation for Marshall asphalt optimum asphalt content of the fine fraction of the
and rolled asphalt. mixtures.

But I want to return to consider what kinds of
I0 -c bituminous surfacing wE should be using on the low

J volume roads which are the subject of this conference.
By low volume, I am assuming that we mean roads likely
to be cairying up to say 500 vehicles per day. Within

80 ' this spectrum, we can expect that roads carrying over
about 150-400 vehiles per day will require bitumi-
nous su-facings; that the pevement construction of
these roads will be relatively light and that manya 60 - of them, forestry roads for example, will be called
upon to carry quite heavy vehicles with axle loads
up to 11 tons or more.

What is the function of the bitiminous surfacing
40 - under these circumstances? Clearly it will not beROLLED ASPHALT expected to add very much to the intrinsic strength

TOB.S 59
of the pavement. If an asphalt premix is contempla-
ted, it is not likely to be more than 2 inches thick.

... MA.SALLASPHALT And if we are thinking of hot climates, the extra
stiffness it will provide to the road structure is
little more than would be provided by an extra 2-
inch thickness of road base. The main functions of0 Ittie surfacing are:

No. ;0 No. 75 No. 25 No. 8 3 1 3/4"

SIEVESIZE(SuareMet) 1. To seal the surface, preventing the entry of
surface water which would weaken the road structure.

high modulus of elasticity which gives them good load 2. To protect the base from the disruptive
spreading properties. But they cannot tolerate high effects of traffic.
strains; their tensile strength, particularly under
dynamic loading, is not high. The specifications do These traffic forces between the tire and the
give different test criteria for asphaltic concrete road are very complex. In addition to the vertical
to be used under heavy, medium end light traffic, gravitational forces, there are forces tanguntial toBut these adjustments arc :lot large and Marshall as- the wheel deriving from traction, braking, and turn-
phalts can generally be characterized by their high ing; and there are other disruptive forces between
stiffness and resistance to deformation. They are local protruberances in the road and the tire. Andeminently suitable for use on airfields and on the when the road is wet, quite high dynamic stresses
stiff, strong pavements used on heavily trafficked both compressive and tensile are generated in the
roads. But they are not so good on more lightly water trapped in interstices, particularly when the
constructed roads which deflect under load. Rolled pavement is deformed under passing loads. There are
asphalt, on the other hand, has a lower stability. interesting side effects that have been observed.
It is more prone to deform under load. Rolled asphalt, For instance, that road surfaces tend to polish andon the other hand, has a lower stabiliy. It is more become smoother in dry uzather; that on a given sur-
prone to deform under heavy loadq. But it is more face, the extent of this polishing is arithmetically
able t- tolerate repeated flexL:e and has, therefore, proportional to traffic intensity; and that when
some slight advantage over Marshall asphalt for use weather comes, this polishing action ceases and the
on more lightly trafficked roads. surface texture recovers at least some of its origi-

Surface dressing or seal coat is even more effec- nal roughness. This phenomenon is important in
tive under these circumstances. The thick film of improving the skid resistance of heavily trafficked
asphalt effectively seals the road surface, binds it roads. To ut, it is an interesting but not very
together and prevents water from getting in. But road relevant digression.
engineers, particularly in developing countries, don't Our concern is to decide what form of asphaltic
like seal coats. Seal coating requires skilled and surfacin best provides the waterproofing and resist-
experienced operators, and these skills may not be ance to traffic wear, which are the prime requirement
locally available. But the real reason is that they cn more lightly trafficked roads. And we have to
have accepted a technological myth--that Marshall conside/r three influences on our choice:
asphalt is the most advanced, and most civilized and
the most effective way of surfacing all asphalt roads. 1. The materials locally available for road
And this simply is not true. building.

In parsing, it is worth recording that there are
signs of a rapprochment between the American and the 2. The effects of the local climate, predomi-
British methods of asphalt design. It is started in nantly the temperature range and the prevailing
South Africa, which is perhaps not surprising. They moisture conditions.
are exposed to the technical influences of both Amer-
ica and Europe, and they have no vested intcrest in 3. The technical and social influences, e.g.
either. They have accepted that there are virtues in what levels of technical competence can be expected
gap-graded mixtures for their conditions, i.e. the and what form of technology is appropriate to the
plums in the pudding mixtures produced by British region, ranging from the highly mechanized processes
Standard 594. And to design their mixtures, they use used here in America to the labor intensive methods
mechanical tests on the pudding, the fines-filler- of road building used in India.
asphalt mixture, employing design criteria derived
from local experience. Great Britain has followed All the time, we shall be bearing costs in rLind,
this lead, and in the latest edition of the British since our objective is to produce the cheapest
specification contains as an alternative, a mechanical solution. All these considerations lead in the sametesting procedure which can be used to determine the direction, that what is needed on the more lightly



6

trafficked roads is some sticky substance which will is part of our function to demonstrate that theseal the surface of the base and impart some cohesion solutions we offer do represent the best value thatto resist the disruptive forces of traffic. In some can be obtained with the resources available. Behindparts of the world, there are waste products avail- the economists' calculations of costs and benefits,able that can do this job, molasses residues and there are engineering realities and it is our dutylignin sulphites, waste from one method of wood to make sure that these realities are correctly inter-pulping, even waste sump oil from internal combustion preted in the calculations.engines. But they are not very durable and generally In recent times, we have come in for some criti-are worth using only in the immediate area of produc- cism that we wish to push ahead with our road schemestion. The predominant products are bitumen from crude with inadequate considetation of the economic andoil and tar from coal. These materials can be applied social consequences of what we want to do. Sometimesto the base in fairly thick films so that they water- there is justice in this criticism, for instance inproof and remain intact under traffic stresses. Be- the wholesale advocacy of urban freeways during thecause they are sticky, they need the protection of a 1950s and 1960s. But it is not an apt criticism withlayer of stone chipp:ings. This does raise some dif- low cost roads. Our weakness lies elsewhere, that weficultiec in parts of the world where there is no have often not been able to express in precise eco-rock or gravel easily available. But elsewhere, the nomic terms those engineering realities to which Ianswer is clearly surface dressing. Surface treatment, referred earlier.seal and chip. Economic calculations presume an ability to pre-There is not time to go deeply into the mystique dict future events with some certainty. How muchof surface dressing. Suffice it to say the specifi- will the road cost to build? How long will it last?cation can be adapted to meet almost all the climatic What kind of maintenance will be needed and how muchextremes encountered throughout the world, that the will it cost? How much traffic will it be calledmaterials reluired are readily available in most of upon to carry; how will the traffic develop? Howthe world, that it is a cheap process (generally about much will the nature of the traffic determine tha fifth of the cost of asphalt premix surfacings per design of the road we build and its costs? Hcw n.unit area) and that it is readily adaptable for both will the standards to which we build and maintain ithighly mechanized work and for work using ha.,d labor affect the costs of operating the traffic over it?with simple equipment. Add for good measure that most And in development roads, how much will the roads weof the secondary roads in Europe were built and im- build affect the economic and social life of theproved using this process, and that in Australia and communities served by the roads? The engineer has aNew Zealand the normal expectancy is that roads built contribution to make in answering all these questionswith crushed stone bas s and single surface dressings and it is vital that he should make, and be seen towith traffic up to 2000 vehicles per day will last for make this contribution.
at least 10 years, usually longer before periodic main- Engineering costs are frequently underestimatedtenance is required. in preliminary studies. There are several reasons

for this, one that detailed engineering frequentlyWhere is the snag? Why isn't this process being reveals foundation problems that were not discoveredmore extensively used? There are some technical during preliminary studies, and another that thereasons. Suriace dressing in rainy and cold weather complexities of arranging site operations so thatcan be a chancy business. But there are remedies for work can proceed smoothly are not adequately appre-that. The Fredominant reason is that the process ciated. There is also the temptation to underesti-neels skill. Skill of the engineer in specifying the mate costs in order to enhance the apparent viabilityright combinations of bitumen and aggregate in given of the project. The durability of engineering workscircumstances and above all, skill of thi- operators often does not come up to expectation. Sometimes,working on the road to ensure that the bitumen is this is traceable to faults in the design or inade-spread uniformly at the rate required and skill that quacies in the specification. More often, it isthe stone chippings are clean, fairly uniform in because work is not executed as planned, i.e. poars'.ape and are uniformly spread. In Africa, and for workmanship and inadequate control. Present trafficthat matter, in parts of America, surface dressing can be measured but there is often uncertainty inhas been falling into disuse because there is no predictions of traffic growth; and if trafficpremium for s;uch skills. We are back with craftsman- loadings, particularly individual axle loads, exceedship anti the need for training and motivation. Here, expectation, then early failure is likely to result.I must frankly confess I do not know how to cope. One of the economic questions concerns the lengthBut I am utterly convinced that surface dressing is of life to be assumed for a road. The questionthe preeminent method for the surfacing and periodic itself contains a tallacy, that a road pavement ismaintenance of lightly trafficked roads and that very an expendable commodity like a bar of soap, to belarge economics in the use of resources can be made replaced as soon as it is used up. Roads are rarelyby the more widespread, proper use of this process, discarded a.i replaced. Usually, they are strength-Now we turn to the last of the themes--the eco- ened and widened as traffic increases. The questionncmic appraisal of highway projects. I move with is better rephrased as, "What is the most economicalsome trepidation because my primary discipline is form of construction, improvement and maintenanceengineering--not e~onomics. I had always believed strategy for the traffic that is likely to developthat the benefit/cost study was invented by engineers over say the next 20 years?"and was built up to its present level of complexity Almost all countries in the world now have quiteby economists. I was heartened in that belief by extensive road systems. Whilst some still need todiscovering that John Loudon McAdam used benefit/cost improve and extend their main road networks, emphasiscalculations to convince a British Parliamentary Com- has been moving towards building up their minor roadmittee in 1820 of the need to spend more on the systemw and above all towards more objective ways ofapproach roads to London by considering possible planning and funding road maintenance. In Northernsavings in vehicle operating costs. But the confi- America, Europe, and Australasia, there are usuallydence which this engendered evaporated when I remem- very capable highway maintenance organizationsbered that cAdam was initially trained as a lawyer, within state and local authorities, backed by anThis lack of confidence tends to inhibit us as efficient private industry. In many parts of Africa,engineers when we are called to join in economic Asia and Southern America, these organizations areappraisals of our work. This is a pity because it still embryonic.
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On an existing road system, track costs are very timber concession in New Zealand where the road lay-much lower than vehicle operating costs. For example, out and the road standards and the vehicle types andon i well-maintained road carrying 100 vehicles a day, operation have been determined by calculations aimedvehicle operating costs are in the region of $20,000 at minimizing total transport costs and where theper mile per year. If, for any reason, the standards timber extraction vehicles are under on-line computerof road maintenance are relaxed, vehicle operating control. On this estate, they have all the datacosts will rise. The interaction of the two costs is available to work in this rational manner, and theillustrated in Figure 2. The dominance of vehicle roads are good, and well-maintained,

Over much of the world, we work in a climate in
which public expenditure must at all costs beFigure 2. Typical annual costs on a road carrying restrained. In road transrort, "at all costs" is a100 vehicles per day. misleading phrase because often vehicle operating
costs are not known. Or, if they are known, they40o000 are subjects of considerable controversy.

Our attempts to build roads as economically as
possible may be frustrated by outside interests.
Here are two examples. Under supposed market
pressures, road making machinery has become increas-
ingly large and sophisticated. It is ofter now no
longer possible to obtain the simple rugged machines

0,o00 that are most suitable for building low cost roads,
particularly in developing countries. And governmentTOTALVEHCL regulation or the absence of it may frustrate oura efforts for instance in the enactment and enforcementa of regulations on vehicle and axle loading.LNow, after all this mayhem, I must try to bea 
constructive. First, it must be clear that economic

HVEHICLE OPErATING appraisals are absolutely necessary. The days are
20.000 /COSTS

.0.000 COSTS long gone when road schemes could be initiated to
meet an obvious but unquantified public need. We
need to make sure that expenditures on roads will0 produce real economic and social benefits in the

<areas they serve. And we need economic calculations
to determine the engineering standards to which in-
dividual roads should be built and road networks

10,000 maintained. Now to look at some of the individual
aspects which I have sprayed with cynicism.

There are ways in which the preliminary estimates
of engineering costs can be made more accurate. On
major road works, risks of unexpected foundation

HOAD MAINTENANCE COSTS problems can be reduced by more detailed site inves-
tigations. This is not a remedy open to us on

J; lightly trafficked roads. Our remedy is to find andVERY ooo FAIR POOP BAD employ engineers who know the area and who are awareGOOD of the foibles of the different kinds of terrainRCAD CONOI ICN through which the roads are being built. We are
back with the need to educate engineers on the
resources of their own countries. Similarly, it is
this local experience which can anticipate localoperating costs is obvious even at the low traffic difficulties in mobilizing effective constructionflow of 100 vehicles per day. It is also evident teams. And, I think that we are learning that thethat total costs are scarcely affected by changes in deliberate underestimation of costs in order to pro-the road condition between very good and good, but mote a particular project, is a self-defeating

that once the road condition drops below fairly good, exercise.
total costs rise sharply. I must immediately hedge I am not certain how well we shall do in improv-any conclusions from this diagram, with reservations. ing our estimates of the long term performance ofIt applies to an existing road or road system which highways. That many roads do not perform as well asdoes not need substantial investment to bring it up expected is sometimes due to false economies into good conditions. The terms good, fair, poor, and design. More otten, it is because the roads are notbad are subjective, and the vehicle operating costs, built as designed. In this, I see a decay in work-though of the right order, are imprecise. Neverthe- manship. One of the heliefs was that the increasingless, the conclusions are obvious that it pays to sophistication of road building machinery would, bymaintain roads in a condition such that vehicle eliminating "human error," produce a more uniformoperating costs are not deleteriously affected. The product, more consistently close to what the designpractical application of this conclusion is prejudiced engineer intended. There are examples in which thisthroughout the world by two things. One that the improvement has been demonstrated, for instance incadital costs of bringing the road system up to a sprayers for liquid asphalt. But, overall, although"good" standard may be high, and the other that the quantity of output has increased, the effects oncosts of building and maintaining the roads falls on quality have often not been good. Workmanship hasthe public purse whilst most of the savings accrue further declined; there are fewer and fewer engineersto road users, most of whom are in the private sector, and road foremen who understand the materials ofIt is interesting that in well-managed private orga- their trade and the subtleties of road making proces-nizations which operate their own vehicle fleet over ses, and when the machines go wrong, the consequencestheir own roads, such as tea estates, rubber estates, can be quite large. On the bright side, there hastimber concessions, the roads are often built and been a considerable growth in expertise in themaintained to a high standard. I can take you to a mechanics of quality control. Ready-mix cot.crete
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producers, for instance, have improved their compet- There are three limitations on this ambition:
itiveness considerably by employing statistical meth-
ods of controlling their materials and mix-proportion- 1. That in many countries, the roads have noting. And, perhaps I am somewhat conditioned by the yet been brought up to a standard at which they canindifferent quality control I see on many road build- be kept in reasonable condition by normal routine
ing works in developing countries. If so, we are back and periodic maintenance.
with training, on the need in training engineers to
emphasize the importance of quality control and to 2. That though measurements of surface roughnessindicate how best it can be done. In this field, at can indicate what parts of a road network are in needleabt, physical and social environment are not rele- of treatment, they will not usually indicate thevant; the value of adequate quality control is the nature and the scale and the cost of the work required.
same everywhere. It is a necessity in getting good
value for money in road engineering works. 3. There are other aspects of road maintenance

Predictions of traffic growth are aleays likely for which different criteria apply, such as theto remain uncertain, and it is usval to undertake slipperiness of the road surface, the need for trafficsensitivity analyses to determine the effects over lane markings and the need for structural maintenance
the likely range of traffic growth. Fortunately, of bridges, side slopes and verges.
some calculations, for instance in the design of new
pavements, are not very sensitive to variations in None of these is a disabling limitation. On onetraffic growth. But all calculations are very sensi- at least, there have been parallel advances towards
tive to the assumptions made on the effects of road becoming more numerate. In most countries, the net-conditions on vehicle cperating costs. Until recently, work of asphalted roads has been vastly extendedthe data base for relating vehicle operating costs during the past 30 years. On many of these roads,with road conditions was very scanty. In effect, it the pavements are reaching the end of their usefulconsisted of data collected by Robloy and Winfrey on lives. Under the fatiguing strains of traffic, cracksrural mail trucks in Iowa in the late 1930s; some and potholes are becoming more evident. The pavementsinformation on the costs of operating trucks and must be strengthened soon; otherwise, their condition
buses India reported to the Indian Roads Congress will deteriorate still further and it will be neces-in 1961; a study of the costs of operating some 200 sary to spend much more money in reconstructing thetrucks and buses over roads in East and Central Africa pavements completely. When should they be strength-
reported by Bonney and Stevens in 1967; and a review ened, and by how much?by deWeille in 1966 in which reported experience is Earlier, I mentioned one Harry Benkelman of the
nicely balanced with judgements to fill gaps in know- US Bureau of Public Roads, as a member of our Hallledge. Those of you with speculative minds may wish of Highway Fame. It was he who, in the 1940s, intro-to ponder this small effort and its costs and benefits duced the use of a long beam and fulcrum to measurein comparison with the enormous worldwide research the deflection of pavements under a slowly rollingeffort which has been put into pavement design over load. Since then, other forms of apparatus havethe same period. Fortunately, we have gone a long been developed, all aiming to measure the in-situway to redress this imbalance in the last decade, ana strength of pavements. Some measure deflection andthe results of some of this more recent work are being curvature under load, others use indirect methods ofreported at this conference, indicating the stiffness of pavement layers. All areThe important advance is that vehicle operating empiric and all need careful correlation to make sure
costs can now be related to a measured quality of the what the measurements mean in the prevailing localroad surface, its roughness. Previously, a subjective climate and with the particular road making materialsassessment of road conditicn was used, generally "good, employed. So far, the most careful and extensivefair, poor, and bad," as I have used in Figure 2. correlation has been undertaken with the Benkelman
This subjective assessment led to some lack of cred- Beam or its automated derivative, the Lacroix deflec-ibility. It was easy to believe that vehicle operating tograph. Such instruments have been used for the
costs were not really as high as the economists made last decade to indica'e when and by how much individ-them out to be. Yours wasn't really a "bad" road. ual roads need to be strengthened. And in twoConsidering the effects of last year's rain, and the countries at least, France and Ivory Coast, deflectionmiserable pittance available for maintenance, it was measurements are being used to plan road strengtheningreally "fairly good." programs on a regional and national scale. Skid re-

Now we can measure the roughness or the riding sistance is not normally a critical aspect of thequality of the road and derive from it what the maintenance of low cost roads, but it is germane tooperating costs of the expected traffic will be. We note that methods and criteria are now available forcan go further. We can measure the roughness over a examining the adequacy of road networks in this
complete highway network, and knowing the pattern of respect.
traffic movements, we can estimate the vehicle opera- This paper is already over-long, and I am con-ting costs over the network. And we can examine the scious of many interesting omissions. Finally, Ieffects of changes in road roughness over the network must touch on roads and rural development.on total vehicle operating costs. We can, for the Low cost roads tend to be roads associated withfirst time, indicate how variations in the standards rural development. Often, therefore, we are planningto which we maintain a road .etwork affect the costs and preparing economic justifications for road systemsof operating the road transport system. This is an that do not yet exist. Much of the benefit will lieenormous step forward. Although it is too early to in the development which the construction of the
judge the ultimate impact of this work, it is in use roads will make possible. Here, there is an importantin at least eight countries to help in planning high- difference in principle. In benefit/cost studies forway maintenance and strengthening programs. Perhaps the improvement of existing roads, we are aiming toits most important benefit so far has been in gaining make the most economic use of available resources.the agreement of financial officials to larger main- With development roads, the aim is quite different;
tenance budgets by demonstrating the much higher total it is to extend man's capacity to use the earth'scosts of neglected maintenance. For the first time, natural resources, i.e. to create new sources ofwe haue the prospect of being able to establish on a wealth. The building of the roads will not ofsound economic basis, what the level of expenditure itself insure that the new sources of wealth are
on road maintenance should be. efficiently exploited. In more developed countries,
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America and Australia, for example, or rural France, be of enormous interest, and it should help in athe prompting for the building of new rural roads can better understanding of the intricacies of ruralcome from an articulate and vociferous rural popula- development. But it is not likely to produce analyt-tion; or it can derive from the plans of rural devel- ical methods which can predict the future with theopment enterprises such as forestry departments or certainty normally expected in economic evaluations;private logging concerns. In these situations, there there are too many external uncertainties.is always a group of people with the power and the The more hospitable and fertile parts of theinterest to set about the use of the natural resources world are already being farmed. They have beento which the roads will give access. But in develop- farmed for centuries. Indeed, it is the surplusing countries, the presence of this enterprise is produced from farming these areas which set us offoften less certain. The local people are often not on the path of social and economic development. Itarticulate and sometimes suspicious of change and was used to build towns and cities, to establisl-innovation. Sometimes, in this situation, the effects culture and civilization. Now we are pushing intoof road building can be dramatic. Ia the early 1950s, the more inhospitable areas of the world where livingfeeder roads were being built in the West Nile area conditions are harsher, where the climate is moreof northern Uganda. For the first time, itinerant extreme and uncertain, and where the soils are gen-Indian traders entered the area with bu!;h-pan radios erally less fertile. We have two motives, one toand cheal, cotton goods for sale; within three years, produce more food and other natural products to meetthere was a four-fold increase in the production of the needs of the world's rapidly expanding populationraw cotton from the area. About the same time, roads and the other, a desire on the part of those of uswere being built into a low-lying area of Borneo em- who happen to have been born in more hospitable andinently suitable for the cultivation of wet padi. In prosperous parts of the world to extend this prosper-one part of the area, the local people did start to ity to those less fortunate people who struggle togrow rice for market. In a contiguous area, they did make a living in areas where nature has been lessnot. The system of land tenure enabled the village bountiful. This latter is very much a twentiethelders to resist this innovation. century phenomenon; cynical people say that it is anMore generally, when crops are being produced for attempt to expunge the guilt about the exploitationslocal consumption, the demand is obvious and the sys- of the colonial era. This is nonsense. The realtem is self-regulating. But when crops are being reason lies in the vast improvement of world commu-grown Lor export to international markets; cocoa, nications. Fifty years ago, the farmer scratchingcoffee, palm oil, rubber, etc., the pace of develop- his land-hoe in Senegal might have been on anotherment will depend very much on world prices, and on planet; now he is our next-door neighbor.the extent to which governments move to control farm Three considerations follow.
gate prices

Thds, there are often difficulties in making 1. That the intention tn improve the productiv-reliable estimates of the economic and social benefits ity of these fringe lands usually implies a consid-of new rural roads. An input-output model suggests erable investment in infrast ucture (including,itself. The input consists of the costs of building amongst many other things, feeder roads).
and maintaining the roads and the output in somemeasure ol the increased prosperity which is assumed 2. That this investment, of its nature, isto derive from providing roads where there were none generally not likely to produce quick economic returns.before. Such a model may be simple in concept, but Indeed, attempts at rapid exploitation may produceit is very complex in application. There may well be irrepnrable damage to the envirunment--aE in theother necessary inputs, water supply, irrigation, dust bowl of North America and more recen-ly in theagricultural extension services. And as I mentioned forests of Indonesia and South America.earlier, the increase in prosperity is likely to becritically affected by other factors than increased 3. That it would be a gross error to seek tomotorization. There are some clear examples in which impose this deVlopment from outside.the building of feeder roads has been followed by asurge in local production and presumably by the oppor- It is this last consideration which causes thetunity for the local inhabitants to live happier and most difficulty. This is the method which worked inmore useful lives. But there is a growing feeling the past; it was invading people who brought agricul-that such surges in local development do not automat- ture to Western Europe, and in more recent times toically follow on the building of new roads. America and to Australia. But those days are gone.One obvious solution is that road building should Now the task is infinitely more complex. And I likebe planned in the context of overali rural development to think that this is what the World Bank is nowplans. The road network will then be planned and built really all about. It started as a means to provideas part of a staged development in line with other capital to war-torn Europe. The capital funds wentessencial aspects. The need disappears for a separate to people who already knew what they wanted to useand rather hypothetical economic justification of the it for, and recovery was ranid. Now the Bank isroad network; but economic calculations will of course, engaged in a much larger enterprise to assist inbe used to determine the standards to which the roads building up the resources of the developing world.shoula be built and maintained; they may even be pus;,ed Part of this is, of course, in distributing thefurther to indicate the optimum density and layout of earth's wealth in a more equable way from richer tothe road network. poorer. This can be a difficult business as is dem-But there are still pressures to consider programs onstrated in the demoralizing squabbles in the Nortu/of feeder road building as a primary means of acceler- South dialogue betweer Europe and Africa. The moreating rural development. They are tangible, quick and rewarding part is in building up the institutions offairly capital intensive, all of which makes them at- developing countries so that they, too, know how besttractive as subjects for the investment of capital aid. to manage their own natural resources and the develop-And our economists have been struggling for the last ment funds available to them from outside. This isdecade to evolve reliable methods of measuring and a cooperative enterprise, an educative process forpredicting the value of such schemes. Simple methods all of us. And oddly enough, the preparation of thishave failed and the current trend is to enlist a wider paper has helped in my own education. I have beenand wider range of expertise--sociologists, anthropol- reacting against the attempts to refine the economicogists, market analysts, and so on. Their work will analysis of feeder road projects by introducing a
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wider range of expertise. I now realize that this was
an over-reaction, engendered by the fear that it would
lead to even greater emphasis on the preeminence of
short-term economic returns in determining the via-
bility of projects. Perhaps temporarily, it will.
But there is an overriding benefit that it will lead
to a better understanding of the development process.
And if we can bring in the local people, not as speci-
mens to be studied, but as participators who want to
learn how best to develop their country's natural
resources, there is a chance that some practical good
will come of it. Indeed, amongst the most promising
feeder road projects, are those where local partici-
pation is strong, as in Mexico and in East Africa
where local cooperatives are being mustered and pro-
vided with simple equipment and leadership to build
roads which will connect them with the countries'
main highway networks. A virtue of this approach is
that it is self-regulating. The technology and funds
are supplied trom outside; the motivation and effort
are frcm the local people themselves; they are not
likely to build more roads than they can afford; nor
less than they need.

This has been a somewhat rambling paper. I seem
to have concentrated on attitudes rather than on tech-
nology. This was deliberate. It stems, oddly enough,
from my belief in systems; in human systems and their
capacity to adjust to new circumstances. And it
voices my disquiet that things seem to be going wrong
with our technology in a way which hampers us from
adjusting to new circumstances. It tends to put ob-
stacles bCLween us and our real objectives. The CBR
value and the economic rate of return become objec-
tives themselves, rather than a help in defining the
reality they are supposed to represent, the load
carrying capacity of the soil and the value of a
particular endeavor in promoting the welfare of man-
kind. The realities are, of course, always more
complex than the simple models we try to build to
represent them. And, as things change, as we move
from one physical environment to another, or from one
culture to another, our simple models may prove to be
downright misleading. The safeguards against these
errors come from an awareness of the physical environ-
ment and the culture in which we are working, from
an intimate personal feeling for what is really going
on and why it is going on like that. And here we
have a definition of the purpose of education and
training. There are some enormous fallacies about
the purposes of education and training of technolo-
gists. One is that it is to turn them out fully
equipved to move into practice. Another is that it is
to make them better able to compete for their individ-
ual share of the world's resources. Both are wide of
the mark. The real purpose is to equip us so that our
eyes and our ears are open and our minds are ready to
gain experience of how the world works and to put this
experience to good practical use.



APPROPRIATE TECHNOLOGY FOR LOW VOLUME ROADS

G.A. Edmonds, International Labour Organisation

In recent years there has been a growing Because the vast majority of road construc-
interest in the development and application tion is financed and supervised by the govern-
of more labour-intensive methods of cons- ment, there is the means to ensure that resources
truction. This interest originated from the are used in the most effective manner. In fact,
feeling that the technology presently used there is clearly some responsibility placed upon
in road construction in developing countries the government to make the must optimum use of
was inappropriate both to t~. economic and the available resources. It is on the question
social environment. Some 5-6 years ago of the way in which the resources should be used
both the Wdorld }ank and the iLO initiated that we shall be concerned in this paper.
major programmes in this area. The
objectives of the programmes have been to
ascertain whether it is feasible to use more The Case of Road Construction
labour-intensive methods in construction.
Whilst some work has been done on irrigation In recent years various investigations have
the major effort has been concentrated on been made on the technologies presently in use
road construction. The studies and programmes in developing countries in an attempt to show
cdrried out have shown that labour-based which were the most appropriate. Not
methods are indeed viable particularly for surprisingly one of the first activities that
the construction of rural roads. This paper came in for scrutiny was road construction. As
describcs the work that has been carried out we have seen, it consumes a large proportion of
in Iran, Thailand, the Philippines, Nepal, government investment. If it were possible
Kenya, Guatemala and India. It shows how the therefore to make the techniques used in road
initial concern with increased productivity construction more labour-intensive, whilst being
and economic evaluation gave way to an emphasis still efficient, then this large government
on institutional, administrative and managerial expenditure would be used to promote employment
problems. The paper highlights the major and reduce the level of dependence on foreign
problems of the implementation of an effective imports.
labour-based programme. It is argued that the Apart from these obvious benefits, there are
use of labour-based methods requires a re- however other good reasons to consider road
appraisal on the part of engineers of their construction. There is, after all, a historical
traditional attitudes not only to the details precedent for the use of labour-based methods.
of design, management and organisation of low (In this paper the general term 'labour-based'
volume road programmes but also to the inte- has been used so as to avoid confusion between
gration of these programmes into the general the terms labour-intensive and labour-extensive)
development of rural areas in the developing In 19th century Europe and America, before the
countries. Finally, it is suggested the+ to advent of the internal combustion engine, roads
provide an environment in which labour-based were built by men using simple hand tools and
techniques are considered as an alternative animal-drawn equipment. Furthermore, in
technology will require changes in fiscal and countries like India, roads built using large
institutional measures to ensure that there is equipment are the exception rather than the rule.
no inherent bias against these methods. Then, again, the tasks involved in road cons-

truction are relatively simple and can be
carried out by relatively unskilled labour whoIn most developing countries, investment in require little training. Much of the labour to

construction is of the order of 60' of the total be used will be from the rural areas and the
public investment in the economy as a whole, tasks, tools and techniques utilised in the
Investment in road construction is usually higher major activities such as earthworks are not
than in any other form of infrastructure, being dissimilar from those used in agricultural
as much as 50-60, of the investment in construction, activities. In addition the amount of



12

employment created per unit of investment is Third, it is generally assumed that the costpotentially large. Moreover, employment creating of using labour-based methods is prohibitive.activities which take place in the rural areas, There is, as is discussed later, an automatic biasas much of the road construction programmes do, in most project appraisal criteria against thesecould help to limit rural/urban migration, methods. Nevertheless, certain comparative studiesaonstruction equipment is a major import in have given support to this objection. It is worthmany developing countries. Furthermore, import noting, however, that in general these studiesor such equipment implies the future importation attempted to evaluate what would happen if labour-of spare parts. The cost of using the eq-ipment based methods had been used on a project whichis extremely high, requires skilled perso el and had used equipment. The comparison is thereforerelies on fuel which is permanently subtuat to carried out in a framework orientated towards theinternational economic factors. Any reduction in use of equipment. One of the main themes of thisthe level of equipment imports would reduce the paper is that to equitably assess the most appro-pressure o:: limited foreign exchange resources. priate methods the whole construction process musthere is also scope for the increased use of be 'opened up" to allow the consideration oflabour-Lased methods in the extremely important alternatives. In the final analysis, however, costactivities of road maintenance, particularly for is supremely important. The Public Works Ministryroutine activities such as ditch clearance, or Highways Tepartment has a limited budget forculvert maintenance and minor road surface repairs, which it is accountable. It has to be sure thatThe case for an evaluation, at least, of the the best use is being made of that money. The usefeasibility of using labour-based methods is of labour-based methods must be shown to be nottherefore very strong. It would be wrong however, only socially but also economically appropriate.to asawne that there are no fundamental objections Fourth, there is a strong feeling that theseto their use. Indeed some of the arguments methods require a high level of supervision whichagainst their use are quite potent and it is gives rise to high overhead costs not only on siteuseful at this stage to present them. but also in terms of additional training programm.s.F irct, and perhaps most important, is the It is certainly true that labour-based methodsfeeling that the use of labour-based methods will require a different kind of supervision. Afterautomatically produce a reduction in standards of all, one is considering the management of largeconstruction. There is certainly some justifica- bodies of men, not fleets of equipment. Whethertion for tKin objection, particularly in relation the supervision is more costly is open to questionto the compaction of earthworks and the final and in any case should not be considered insurfacing where it is true that it is extremely isolation.
difficult to provide the same standard using Finally, there are institutional forces withinlahour-Kased methods. It would be wrong to the construction industry which militate againstivurqot that labonr-based methods should be used the use of more labour-intensive methods. Thewhen they produce inferior quality. Indeed, the design methods, specifications, conditions ofnppronch should be that the methods used should contract and methods of tendering all tend tobe the most appropriate nnd if this means the use reflect the dominating influence of expatriateof cquipn:t, then that should be the solution. consultants and contractors and their equipment-Phev re , Lowever, another aspect to this issue, oriented framework. Even the method of selectingThe rta.d:rd of construction is specified by the contractors is often based on the amount ofdesn rL. ften th: design is orientated towards equipment they have, and not on any ability tothe use of equipment and it is therefore not manage men. There is a natural inertia withinsurprisinr that labour-based methods cannot meet the industry which could make the introductionthe requirements. in addition, as suggested of labour-based methods difficult.later in tis paper, the standards of construction In summary, there seem to be two categoriesmay he artificially high, of problems. First, the purely technical problemsecond, it is suggested that the productivity of low productivity, limitations of quality andof labour-based methods is low. This naturally high cost. There are then other problems whichhas repercussions i terms of the duration and seem to have more to do with existing systems incost of projects. it is pointed out that low the construction industry. Any successfulproductivity means either an extension of the programme will have to show that the technicalproject time or that the number of labourers on problems can be solved and then demonstrate howthe site has to he very high causing managerial the design, management, planning and administra-and loistic problems. 7nimproved, traditional tion of road construction projects could be madelabour-based methods do have a very low level of tc include the effective use of labour-based
productivity. Cn the other hand, there is a methods.
large variation in the productivity of manual
methods. In the activity of excavation for Translating Theory into Practice
instance, the :'orld hank (1) noted a six-fold
difference in productivities for different parts It was with the above concepts in mind that,of the world. Clearly, there is a potential for under the World Employment Programme, the ILOimprovement of productiiity given the right launched a major investigation of the mostenvironment. There is therefore some validity appropriate techniques to be used in road cons-to this criticism anrd cor equently the improve- truntion.
ment of productivity hs ween a major factor in As noted above, the main technical problemsthe work on the developront of viable labour- seemed to be productivity, cost and quality.based methods. In one respect, however, low The initial work was therefore concernedproductivity may not be detrimental. There are principally with these issues. A series ofcertain construction activities which are non- studies was initiated which attempted to providecritical, that is, the extension of their some form of comparison between equipment-duration will not adversely affect the overall intensive and labour-based methods. The compari-construction time. On these activities, it would son was made with the use of cost benefitbe feasible to use labour-based methods even if analysis. The analysis, however, used "shadow"they are not as productive an equipment, prices which allowed for the distortion of market



prices and reflected social values placed upon the similar programes are now being initiated in
various resources. The studies in Iran (2) and Ethiopia and Botswana..
Thailand (3) were therefore particularly concerned Prograjses in the field oan demonstrate thewith-the acosnmic cVnabiliqtuyeofthes.use-of- labour ,. -- e - 7
based methods in road construction. .Both studies Nevertheless, to reacha wider audience, it is
indicated that these method's could be competitive; neces'iary to disseminate.the.information that has ';U
however, they also showed that their viability was been 6 athered. .The reports on Iran, Thailand,
particularly dependent upon the level of pro- PhilippineBs, Pakistan and Kenya provided the
ductivity. For instance, the study of the sub- detailed information. The on the Plannin
stitutability of labour for equipment on gravel of Labour-intensive Road Construction.{ ".
road construction in Thailand (3) showed that the . attempted'to provide policy-makers and planners
range of productivity increases required,-to make with, a basic knowledge of labour-based methods.
labour-based methods viable for all activities It is hoped that'this'will provide a detailed
was 15-40%. Work carried out by the World Bank argument for the use of these methods and the
had already indicated that increases of this foundation from which a choice regarding the most
order were perfectly feasible given the right appropriate technology can be made.
type of management and supervision'(16). Recog- In the following sections, the major aspects
nising the importance of improved productivity, of appropriate road construction technology are
the study in the Philippines (4) was more con- discussed in detail; tools and techniques;
cerned with the development of effective '. " appropriate design standards and the problems of
techniques than with the finer points of social project appraisal; a more detailed analysis of
cost-benefit analysis. The work done so improved ,the planning, management and administration of
productivity that, even using a cost comparison labour-based programmes., Finally, some basic
based on market prices, the labour-based tech- policy measuresthat could help the large-scale
niques were cheaper. implementation of labour-based techniques

In the first instance, therefore, thestudies, are presented.
carried out by the ILO and the World Bank, lead
to the conclusion that the use of labour-based ' Tools, Equipment and Techniques
methods was technically and economically viable
for a wide range of road construction activities. Most text books on construction management

The more recent work has indicated that even will.almost certainly have a section on the choice
though labour-based techniques can be competitive, and utilisation of construction equipment. A
it is quite another problem to initiate their use typical phrase 'from a well-known book (10) reads
on a large-scale. This is partly because "correctly chosen and well operated plants will
of the inherent bias against their use enable a construction project to'be completed
by engineers themselves. There are, however, quickly and economically". Given that on a road
other basic difficultiev in connection with crnstuction project in the developed countries,
management, administration, planning and equipment may account for upwards of 50% of the
organisation. The studies in Nepal (5), total cost, it is not surprising that so much
Pakistan (6), Kenya (7) and Guatemala (8) were attention is paid to this item. If the resource
particularly concerned with these issues. utilisation is changed, however, and it is labour

The study in Nepal showed that the mobilisation whichis the predominant cost Item, then it is
and motivation of large labour forces required a clear that much more attention has .to be paid to
type of planning and organisation structure their organisation and their level of. productivity.
significantly different from equipment-intensive On labour-based projects the choice of'the right
projects. It also showed that the sequential sort of tools is as important as the choice of the
method of working may not be appropriate for .. right type of machinery in a capital-intensive
labour-based methods and that a more segmented project (9). The cost of tools is not normally
approach may be better. a major item even on labour-based projects, where

In Pakistan, the ILO was requested to advise they will account for .5-10% of the total. It is
on the possibility of using labour-based methods their effect on the productivity of labour,
in the construction of the proposed 1220 km however, which is of particular importance. To V
Indus Super Highway. Pr'eliminary findings showed the best of our knowledge, few'detailed studies
that it would be more feasible to think in terms .. have yet been done on the difference in pro-
of the most effective, mix of labour-based and ductivity'for workers with "good" and "bad" tools.
capital-inbensive methods and a first step was Nevertheless, all the experience reinforces the
made in preparing guidelines on how the planning intuitive feeling that a well-designed, well-
for this might be done. ' manufactured tool that is appropriate for the

In Pakistan, it was more a question of how to task increases the level of productivity.
improve the existing techniques and indicate how
they might be used in conjunction with equipment. Appropriate Tools ' '

In Kenya, on the other hand, a study that
originated as a feasibility study on rural roads Much of the-work carried out so far has shown
has been transformed into assistance with the that, as far as simple hand tools are concerned,
operational management of the Rural Access Roads the problems are principally to do with providing
Programme (RAPP). This programme aims to ' a-reliable tool rather than providing an alter-
construct some 12,000 km of rural road throughout native. :Attempts to introduce alternatives have . .
Kenya. 'The methods used will be as labour- generally met te of
intensive as is commensurate with technical and unfamiliarity and partly'because'of a lack of
economic efficiency. It is hoped that the . understanding of social attitudes. 'The expertise
lessons learned in the development of this. . ' .and tradition of using traditional tools.is notprogramme can be applied elsewhere .in similar ' lacking. Wha is required, is arange of oshapeue
situations. To a certain: extent, this is already :.and configurationsof-blade-to suit the soil "
being donerin Guatemala where assistance is being con'ditions.It is known,' forinstance, that a,
provided to the government in the implementation - fork-type bladeis better suited to' non-cohesive
of a labour-based rural: rods pr amm. Moreove soils. Furthermore,'eknow hat different shapes



of blade are more effective with hard and soft, Some Examples of Improved Tools and Eq Iuipmentcohesive soils. "v'
£If money is to be invested in the use of heILO.-studies. in India-~(12), -the Philippines 7labour-based methods i will be necessary to spend- (4) and Kenya (7) wr atclrycnendwtmuch more time in considering the most appropriate the improvement and adaptation of}toolsand equip-tools for the particular job in hand. A labourer ment. Toillustrate what-can be achieved it isis perfectly well aware of the most effective " * worth, briefly, 6oking at the results-of-these

method of using traditional tools; what is needed three studies.
is the most effective shape or type of blade and In India, thework was : particularly concernedits manufacture-to a reasonable ;standard. with the wheelbarrow and small trucks on rails.In the consideration of 4ppropriate tools, Both of these are effective over shorthaul,the first lesson to learn is that ,we must beware distances. -What the ILO team did, however, wasof imposing preconceived notions of what is the to show, by detailed testing and evaluation, thebest tool for a particular job. Many of the basic most appropriatedesign of both wheelbarrow andactivities.of road construction and maintenance trucks which would maximise productivity. In thesuch as excavation, loading and spreading, have case of the wheelbarrow, it seems surprising thatcounterparts in agricultural work. The labourers there was, and still is, such diversity, of -design.employed for road construction will generally be Particularly when the relative positions of thequite familiar with the most appropriate tools. load in the barrow, :the effort of the barrowerSimple expedients such as reinforcing the blade and the wheel.-itself are vitally important. The
of the tool at critical points to make it more - trucks on rails had been used for carrying coaldurable for heavy excavation work seem to be the and so needed adapting for, hauling soil and fortype of improvements that would be most useful. manual loading by providing easier methods of

pushing the 'trucks and reducing the height of the
- - - sides respectively. ------ -Aroriat Equipment . - The Philippines study was a particularly good

-- example of intelligent :adaptation. - To allow easyIt is when the activities of workers becone unloading, the traditional bullock-drawn carts - -interdependent, such as in excavating and loading, -- were modified to allow bottom discharge.. The - Y 'U
or where the operations are markedly different traditional 'Chinese scraper' was taken 'as a model -fm.from agricultural activities such as compaction, for a fautory-made, steel version which wasbitumen spreading:or hauling with light equipment relatively cheap to produce but much more effective.that there is scope for the implanting of new To eliminate the need for a motor-driven watertechniques or the modification of existing ones. bowser a bullock-drawn-version with the. traditional :Consider for instance the question of haulage c " cart now used to carry oil drums with a sprinklervehicles. Wheelbarrows, small trucks on rails, device: was developed. The study, therefore, -headbackets, animal-drawn carts are all in general - illustrated the three aspects of equipment impro-
use in agricultural work. However, in agri- vement. First, the modification of existingculture, they are used individually and they can agricultural equipment to makeit more effectiveoften be improved in relation to the haulage of for uonstruction work. Second, the development
soil or aggregates (11). The wheelbarrow, for - and mass production on the basis of atraditionalexample, apart from being generally poorly manu- technique and third, the innovativc adaptation offacturod is often also badly designed. Often, local materials to prOvide.a piece of equipmentthe weight distribution is wrong and the size and which normally would have had to be imported. -type of wheel is ill-suited to construction sites. -In Kenya, the work again concentrated on ,Furthermore, the efficient use offwheelbarrows wheelbarrows and-it was possible to develop anoften requires a careful consideration of the, efficient,4prototype. One aspectof -the work wasbalance between the loaders and the'. haulers, of particular interest.; Many labourers preferredAnimal-drawn carts are often -used in rural metal-handled wheelbarrows, even though the woodenareas for the transportation of produce. The ones were more durable. It appeared that;theirunloading is carried out by hand so as not to - preference was based on familiarity-breeding
spoil the saleable goods. As far as the movement contempt for the wooden option which was aof soil in construction works is concerned, one material they knew well. . / ,of the main objectives is to unload the cart as -
fast as possible. Some system of tipping or Procurement Systems -";.... bottom discharging would therefore have obvious
benefits. The provision of small hand tools and light

For long haul distances it may *oe appropriate - equipment for a projeL using conventionalto use trucks or tractors and trailers. The equipment is of relatively minor-importance. Inimportant point to mention here is that the inte- a labour-based programme It is-absolutely vitalgration of labour-based and equipment-intensive that the requisite number of small tools aremethods requires special care. It is of little provided in the right place at the right time,
value asking labourers to excavate and load in a otherwise the work will stop. Itrilloften besimilar fashion to machines. If they are asked necessary to develop special procurement systems
to load into trucks or trailers, therefore, the - for labour-basud programmes. Furthermore, theheight of loading must be appropriate and • increased attention that has-to be.paid to wellfurthermore the size of the truck must not be so designed and well maintained tools will place abig that it requires such-a large number of " ,much greater emphasis on having well qualifiedorkers toload it that they are in each other's - personnel to direct the provision and procurement
Way. - - - -of tools.-

oiThe work carried out ,so ,far Indicates -that - --. I - - -
even for those road construction and maintenance -

operations which are not diretly comparable to- Design - - -agricultural activities, itis possible to adapt
!andto mddify agricultural eip to d these It is often said that labour-based methods
operations effectively. are incapable ofcomplying with accepted
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standards of design. The general implication not in terms of construction cost alone but inbeing that these methods are therefore inferior, terms of total costs. That is, one may beThe standard of design referred to, however, is prepared to accept a lowering of design standards,one that is appropriate in developed countries, reflected in a reduction in construction costs,It woald be better if we questioned the automatic if the increased cost of recurrent maintenance andacceptance of the appropriateness of these design vehicle operation did not exceed the reduction.standards to a developing country. Naturally, one is thinking of modifying the design
standards so as to make labour-based methods more
attractive. For instance, it is often suggestedThe Choice of Design that gradients should not exceed a certain value,
say 6V. This may require heavy earthworks whenOne can approach the question of design and traversing hilly terrain. A relaxation of thethe choice of construction techniques in two gradient limitation may allow the road to take adistinct ways. more direct route, reducing the earthworks whichFirst, and most commonly, it can be assumed will reduce costs and allow labour-based techniquesthat the design is fixed and it is merely necessary to be considered. Naturally, it would be necessaryto choose the most effective construction methods, to assess whether the attendant increase iaSecond, the design, either in terms of the operating costs offsets the reduction in cons-pavement or the geometric alignment, is variable truction costs. Taking another example, theto allow the consideration of alternative cons- standards for minimum horizontal curvature aretruction methods. This may or may not also imply dictated by the design speed. A reduction inthat the maintenance and operating costs are fixed, design speed would allow the road alignment toPon.idcr the first case: The road is designed more easily follow the terrain contours, againon the basis of certain economic and engineering reducing the level of earthworks and not onlycriteria. In the simplest terms, it goes from A reducing cost but also favouring the considerationto 5 and the route it takes will gcnerally be of labour-based techniques. In regard to designgoverned bfY the economic objectives it hopes to speed, it is in fact possible to quantify theachieve. The actual engineering standrds of relationship between design speed and constructiondesign will govern the type of pavement, the costs for various types of terrain. Taken to itsvertical and horizontal alignment and the struc- logical conclusion, the argument for choosingtures required to carry the predicted traffic designs which minimise the total cost of construc-load. '.Uhat does thi:s mean in terms of the tion, maintenance and operating costs could meanchoice of technique? The pavement design will the actual change of route. If the direct routegenerally he based on practice originating in necessitatod heavy earthworks, large structuresthe developed countries. Consequently, a bias and major rock excavation, it could be possibletowards equipment-intensive methods can happen to use an alternative, more circuitous route,in one of two ways. Virst, it is, of course, which minimises earthworks and structure,possible to produce the required strength and favouring the use of more labour-intensive cons-auvabillt, by unin different materials. The truction methods. This could of course producelayi ri of certain materials, however, does not a change in economic benefits which would have tolend itv:elf to the use of labour-based methods. be considered in the analysis.It is, for instance, difficult to lay bituminous The evaluatior of total costs would comparematerial this, way; however, an effective alter.- the present value of the maintenance and operat-native such as, for example, stabilised soil can ing costs over the life of the kead with thebe laid effectively using labour. The first point, construction costs for each design alternative.therefore, is that care must be taken not to The evaluation should also consider the qunationspecify matcrials which limit the scope of labour- of whether the maintenance methods to be employedbased methods unless there is no alternative, will be capital-intensive or labour-intensive asSecondly, there is a natural tendency, reinforced there would clearly be additional secondary

by developed country practice, for the pavement benefits with the use of the latter.thickness to be as small as poscible. Put In a limited way, the study in Kenya (7)another way, the compaction of the sub-grade attempted to assess whether the total cost ofshould be as high as possible. Whilst compaction providing a gravel road in the initial stage wasachieves a variety of objectives, it is possible less than that of providing an earth road withto consider that there is some sort of trade-off guaranteed periodic maintenance.
between sub-grade improvement ana pavement
thickness. Affective compaction being one of
the operations that is difficult to execute using Road Maintenance
manual methods, a reduction in compaction (i.e.
equipment) cost may be justified if it is not A greater investment in road maintenancemore than offset by the increased material eost would have major benefits not only in deferringof extra pavement thickness. In the Manual (9) the reconstruction of the roads but also byalready referred to, an attempt has been made to conserving foreign exchange. Even in the deve-
quantify t.is trade-off. It should be recognised loped countries, maintenance is a relativelythat, in the case of a fixed design, there is no labour-intensive operation. The operations arequestion of affecting the recurring maintenance simple and can be efficiently carried out byand operating costs. The suggestion is merely manual methods. Even regrading can be done bythat the design, being fixed in relation to animal-drawn scrapers or graders. On the othercertain standards, should allow the use of hand, many rural roads are built to a widthmaterials which may be more suited to the use of greater than justified by the projected trafficlabour-based methods. flow to allow a mechanical grader to maintain it.The question of the level of design standards This ignores the fact that there are labour-leads directly to the second case when the design based methods available and also assumes thatis considered as variable depending upon the there will be a mechanical grader available to
techniques involved. What is being suggested maintain the rnd.
here is that alternatives should be evaluated
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For simple routine maintenance, the scheme necessary. For some time, economists have
of having a "maintenance man" or Croup has been suggested that in developing countries the true
used in many parts of the world. Supervised scarcity or surplus of resources is not reflected
effectively, and provided the worker (or group) accurately by their market price. In short, the
is given the right incentives, this can be very cost does not reflect supply and demand. To
effective. It has the advantage that the respon- counteract this distortion, a system of shadow
sibility for maintenance is easily defined. This or opportunity costs has been developed which more
means not only that there can be effective super- accurately reflects the costs of these resources
vision, but that the local people also know who to society. Many books and articles have been
is to blame if' the road is improperly maintained, written on this subject and the calculation of
Often the worker or group can be given a certain these shadow prices is now well understood. Ir
minimum kit of tools (wheelbarrow, pick and shovel) general, the shadow price of labour is lower than
to execute the work. the market wage and the opportunity cost of

One reison for the lack of' emphasis on capital is higher than the market rates of interest
maintemance is its limited cost in relation to and foreign exchange. When projects are costed
construiction and vehicle operating costs. It is using these shadow prices the bias towards capital-
also true, however, that whereas a great deal of intensive methods is removed and a true indication
work has been done on quantifying vehicle operat- is giver] of the social feasibility of various
ing costs, little attention has been paid to alternative methods of construction. Put another
maintenance costs. There are probably as many way, it may be that labour-based methods are more
maintenance costs formulae as there are countries costly when evaluated at market prices. However,
in the world. MIoreover, most of them are based if one then takes into account such factors as
on relatively poor data. Whilst it is our income distribution, employment and the relative
intuitive feelin1 tbat labour-based methods could values of consumption now against consumption
and should be used in maintenance operations, it at some later date, it is possible that these
is clear that a more rational data base is methods are socially more desirable. Naturally,
requirc , so that the options can be quantified. even though project evaluation is carried out

using shadow prices, the government still has to
pay the market cost of the project. If a labour-

Project Appraisal based alternative costs more than the capital-
intensive at market prices, it is then the

At some stage in choosing the most appropriate government's choice whether the increase in
technolog' for a road construction project, it is employment and redistribution of income towards
necessary to make a cost comparison, for in the the lower paid justifies the payment of this
final analysis it is on the basis of cost, in its subsidy. Social cost-benefit analysis merely
broadest sense, that the choice will be made. It quantifies the choice so that it can be used in
is extremely important, therefore, that the cost more accurately evaluating the use of resources.
estimate. accurately reflect the use of' resources.

1A' the data required for a reasonatle evalua-
tior., two problem.-, are of' particular importance Project Manalement
in dweveloping- countries : (i) unreliable statis-
tical data, and (ii) use of' inappropriate costing The process of management consists of seven
formulae, especially in relation to equipment, recognised processes which can be grouped under

Die first factor is fairly common and the two main headings viz.: planning and executive
obvious; remedial measure is the development of a functions. In very broad terms, the planning
reliable data base. In the case of construction functions (forecasting, planning and organising)
costs, reliable data .o particularly needed for deal with material things whilst the executive
the estimation of' hourly costs for various types functions (motivation, controlling and co-
of equipment. One should beware of using the ordinating) deal with the human aspects of
manufacturer's suggested unit costs, however, operations. The seventh process, communication,
since conditions under which equipment is operated ties all the other functions together. One of
in developing countries are very much different the principal functions of management is to
frcm those in industrialised countries. The motivate the members of the organisation. In the
manufacturer's suggested unit costs are, in industrialised countries, this generally refers
general, lower than those prevalent in most to projects rtilising large fleets of equipwent.
developing countries. One main reason for this If one replaces the major pieces of equipment by
is that equipment yearly utilisation rates are large bodies of men then it is clear that a
usually much higher in industrialised countries certain amount of re-thinking has to take place
than in developing countries (9). in relation to the various management functions

The use of' iniappropriate formulae also defined above. The following sections discuss
seriously affects the reliability of estimated what reorientation may be necessary in the light
costs. in particular, many contractors and of the seven basic management functions.
public works departments make use of inadequate
formulae for the estimation of equipment depre-
ciation costs. Often, these formulae lower Forecasting
these costs, and therefore favour the adoption
of capital-intensive technologies. By clearly defining the objectives of the

project in terms of progress, duration and
quality it is possibly to specify in some detail

The Use of Accounting Prices the level of resources required at any particular
time or location. This, of course, is a routine

The studies in iran, '".ailand and the activity on any project. However, on a project
Philippines (2, 5, 4) i ,volved the use of social involving the use of labour-based methods the
or accounting prices. For those not familiar forecasting function is given an additional role
with this system, a bri)f explanation is to play. It is first necessary to predict what
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will be the demand for labour. As in the demand for based projects, which are particularly dependentequipment, this will be based on the level of upon an even flow of output, a system which will
productivity expected. In recent years, a suffi- ensure a steady flow of resources is vital.
ciently sound body of knowledge has been developcd
for estimates to be made for most labour-based
construction activities. There are, in addition, Organisation
various methods of making an assessment of
productivity rates (9). Apart from the reliability Having predicted the requirements and plannedof data, the problems of forecasting labour demand their use the next step, prior to implementation,
are not severe. Labour supply is more complex, is to provide an organisation structure capableAt the project level, it is necessary to assess of executing the project. It can be argued that
the availability of labour for each activity in if labour-based methods are to be used the wholerelation to the seasonal fluctuations of labour organisation structure used for equipment-intensive
supply and the demand of other projects in the projects must be changed. Whilst there is some
area. The project manager must have a clear idea evidence from China that this can work, it isof the relative levels of labour supply and demand certainly not yet proven in general. Our exper-so that the detailed plans can allow for any ience has been that what is required is an adjust-
shortfall in supply and either defer activities sent of the structure to take account of the factuntil there is sufficient labour or used equip- that the main resource being employed is labour
ment for these activities. In its broader sense, not equipment. This means that gang size andforecasting in the case of labour-based construe- distribution is extremely important. So also istion also means an assessment of the needs of the the question of whether the gangs are arranged
large labour force. The recreational, social, along functional lines or whether each gang orhealth and welfare facilities that must be provided group of gangs is given a certain section of theneed to be assessed at the initial planning stage, road to deal with. Equally as important as theMoreover, the number of supervisory personnel balance and distribution of gangs however is therequired will have repercussions in relation to type and level of supervision. How many workersany existing training programmes. can one gan6 leader effectively control? How

many gang leaders can one foreman direct? The
organisation structure can be extremely importantPlanning when motivation and co-ordination are considered.
In the former case, the workers must feel thatOne of the major problems of using labour- they are in touch with the project managementbased methods in road construction is that the and the objectives of the project. In the latter

flow of work has to be relatively even and not case, good co-ordination is a function of commu-subject to large or frequent changes. A relatively nication which, in turn, is dependent upon an
stable labour force is more effective because effective organisation.
morale is not reduced by constant hiring and
firing and because management problems are reduced.
Further, delays in projects that are equipment- Motivation
intensive can often be easily dealt with by
bringing extra macnines on to the site. This is, If a large labour force is to be used it is
often, simply not possible with labour-based of paramount important that they are motivated
methods owing to the number of workers that are to achieve their potential in terms of output.required to do the same work as a machine. It It is fair to say that in most countries financial
is imperative therefore that (i) the project is reward is the main motiviation for good perfor-planned in such a way that the labour demand does mance. The ILO studies have clearly indicated
not var: enormously and (i) that there is an that workers paid on a piece-rate system produceeven flow of resources to the project. As far much higher output than under a daily paid s1stem.as an even level of output is concerned, there The system of pay, however, if it is to be a good
arc of course various techniques such as critical motivator must not only be fair but must appearpath network, KPIT, bar or ;antt charts or the to be fair. In the case of task or piece rate,more recent Time and Location Chart, which can the targets set must be scrupulously defined tobe used to arrange the activities in the optimum ensure that there is no exploitation of the
way . Onec the basic requirement of a relatively worker.
steady labour demand is specified, these tech- Money, however, is not the only motivator.
niques arc then used in the normal way. These A sense of belonging, good relations with fellow
techniques can also be used to ensure the effect- workers and adequate social and welfare facilities
ive integration of labour-based and equipment- are others. A good project manager will ensureintensive techniques, that all the aspects are well taken car of.

The even flow of resources to a project is Furthermore, the initial system of recruitment
perhaps more difficult to achieve because the must be seen to be just so that there is no
project manager is dependent upon external friction caused between the worker who receivesfactors. Nevertheless, it will be possible to a job and the less fortunate person who does not.
assess what resources are required at any time
during the duration of the project. Of specific
importance is the supply of hand tools and any Controlling
planning process should provide some indication,
based on the life of each type of tool, of when In the discussion on planning, we noted thatdeliveries will be required, a good system will ease the problems of control.

A planning system relies for its effective- The physical and financial control of projects
ness on the reliability of the data used and the can be relatively simple as long as the originalefficiency of the reporting systems which allow plan is constantly up-dated by means of data
the system to be up-dated. A good planning derived through an effective communication system.
system can provide the basis for effective The supervisory staff must, therefore, be trainedcontrol of the project. In the case of labour to provide clear and concise information
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regarding attendanre, output and future require- it merely takcs account of the distortion to give
ments. An effective communication system must a more rational allocation of resources. In the
exist which allows this information to be public sector, the assessment of the most
channelled to the project management for evalua- socially profitable techniques can be made on the
tion, decision and action. Not only will this basis of the shadow price coefficients provided
ensure that the project is provided with the by a central planning agency. The manager in the
resources required at the right time, but also public sector then executes projects up to the
it will pln-point inefficient working or work maximum number his market budget will allow based
that is behind schedule. This can be immediately on the accounting prices. In the private sector,
investigaled. In this way, a good control system however, the use of social accounting would be
can instill in the workers a feeling of participa- extremely difficult to implement. It would
tion. definitely require some form of government

intervention to ensure that the contractor
perceives that there is no loss in profit if he

,o-ordination uses the alternative technologies. In the long
term, however, the use of these technologies

Labour-based methods require a greater number should prove to be profitable and a great deal
of supervisory staff. The methods may also be depends upon educating the private sector in the
integrated with the use of equipment. To ensure use of labour-based methods. The government can,
that integration is possible and that the large however, take various financial and fiscal
labour force is working as a coherent mass, not measures which would assist in the acceptance and
aras et of' independent units, it will be implementation of appropriate technology in road
necesary to bring the supervisory staff together construction. These range from the very simple
at regular intervals to discuss the work programme. to the very complex.
This would also be the time when labour relations
problems could be discussed. Surcharge - one very simple method for

'inally, no better summary of the problems allowing for the distrotion of prices is to
involvd can be provided than the words of a accept that it exists, to recognise that it
famous writer on construction management (10). favours equipment-intensive methods and to take
":ot only is it necessary for a manager to be the labour-based alternative where it is
able to organise technologies but he must also technically competitive as long as the market
bn capable of organising individuals. He must price is not more then a certain percentage more
be tble to view the management activity as a expensive than the capital-intensive methods.
wrhole and not from the bias of his own particular In the Philippines this has been done and labour-
e iucation and training. In the organisation of based methods are accepted if the increase in
humtas reinl-s, it is necessary for the manager to cost is not more than 10'/. In a way, this is an
renli:e tlat improvements in the workers' physical implicit social accounting procedure as it
foi(d social conditions together with the sharing of implies that the distortion in market prices is
a :ense of participation in the enterprise are the of the order of 10^. This may seem crude and
two e:ffective prime mosers of effective perform- would, of course, require substantiation.
ane ." However, given the complexity of the calculations

to provide social prices it may administratively
be the most acceptable.

Policies for larper scale implementation
Tariffs on imported equipment - in an

Ln the previo u priges, the problems of using labour- effort to promote import substitution and to
based methods in road construction have been dis- protect domestic consumer goods industries, many
cussed 4n detail. In the long term, one is con- developing countries have adopted systems which
cerned with the most appropriate use of resources provide high tariffs for consumer goods and low
in the construction of roads in the developing tariff rates for capital goods and raw materials.
countries. The use of appropriate technology is This has the effect of allowing the importation
not an emergency measure to counteract unemploy- of construction equipment at low tariff 1-ates
me!. 'he use of' the most appropriate technology and thus effectively distorting the real cost to
will automatically reduce unemployment because it the economy of using the equipment. There are
will be using the available resources including various ways in which this problem can be solved.
lalour, in the most appropriate manner. It is, One is to provide discriminatory tariffs on
therefore, not merely a question of providing a equipment to be used on activities that can be
proper framework of design, planning and manage- carried out labour-intensively. This may be
ment . The long-term, large-scale implementation extremely difficult to implement in practice as
of appropriate technology in road construction, a machine may carry out various functions some
a: in other sectors, will require that various of which could not be done labour-intensively.
policy measures are adopted in keeping with the An alternative is to make the importation of
shift away from the technologies which are equipment dependent upon the provision of a
patently inappropriate but for various reason, licence which would be provided by the Government
are presently preferred (1). only after it was convinced that the equipment

was needed.

Fiscal Policies Adjustment of the market rate of
interest - many governments impose low ceilings

in section 5, the use of socia2 cost benefit on interest rates in order to prevent private
analysis was discussed. This is a tool which can banks from exploiting their monopoly power.
be used to take account of the distortion of However, if the capital market does not function
market prices in developing countries. This properly lo.; ceilings may have negative effects.
distortion tends to favour capital-intensive Small investors are often unable to borrow
methods. The use of accounting or shadow prices money since the banking institution prefer to
does not make any change to the actual prices, deal with the modern organised sector, where
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risks of default seem to be lower. Under these merits of specific tariffs, quantity restrictionsconditions, large contractors can easily borrow and wage subsidies does not turn on any simplemoney to import construction equipment, and find notion of economies in government finance. Tieit profitable to do so since the low ceilings on issue is basically one of ease of administrationinterest rates result in a decrease in the equip- and relative efficiency of the set of measuresment rental rate. In some cases, moreover, given adopted. Tariffs or quantity restrictions wouldhigh inflation rates, low ceilings on interest appear to have a certain appeal as they are morerates imply a negative real interest rate on loans, easily administered than a direct wage subsidy.and imports of equipment and the adoption of By themselves, however, they will not guaranteecapital-intensive technologies become even more the adoption of appropriate technology. In theattractive. The proper government policy if there final analysis it will be the practitioners whoar, low ceilings on interest rates is to remove choose the technology and any fiscal measuresthe ceilings completely or to set them at much must go hand in hand with the appreciation ofhigher levels. High ceilings on interest rates the technical feasibility of using appropriatewill lead contractors to think twice before asking technological methods.'
for loans in order to import construction equip-
sent, and may thus induce them to reconsider their Policies on standards and specifications
position with respect to efficient labour-basedtechnologies.. The 1LO's employment strategy mission to

Sri Lanka noted that "the problems in the cons-Taxation of owned capital equipment - a truction industry were aggravated by the stolidnumber of factors, including low ceilings on enforcement of regulations, professional codesinterest rates, diffieuRlty of importing spare of practice or contractual procedures, the in-parts for co"Ptrueticn equipment, and lack of adeqacies of which have long K'en recognised inproper ,quipment for repair and maintenance faci- the very industrialied countries from which theylitier, tend to sake contractors import more were copied; copied moreover in the face of un-pieces of ejuipment than may be striely necessary questionable evidence of their ineffectivenessin order to be sure that construction work will in local conditions". The situation in Sri Lankanot he slowed as a result of lack of equipment, is probably no different from that in many otherThe gov rnment may put an end to this situation developing countries. The unsuitability ofby imposing a tax on owned capital equiplent. European standards and specifications is mostThe crt of keeping construction equipment idle blatantly illustrated by such examples as thewill t r' increNs, aid contractors will application of snow-loading criteria for roofrefrain from importing more equipment than is construction in tropical Africa. Less obvious,really ne.ded. Yurthermore, the imposition of but more common, however, is the specificationsuch a tax will increase equipment rental rates. of materials, methods of working and testingA tax on capital equipment is, however, difficult procedures which would be perfectly appropriateto idminir tr. The government must annually in Europe arid North America but not in theaosess the value of pict's of equipment at various developing countries.degrees of depreciation. Needless to say, such There is no suggestion here that the systemsan asoesomernt is difficult to make and may lead and procedures used in the construction industriesto a large amount of litigation between contrac- of developed countries are inefficient. Withintors and the government. This type of government their own environment, they are generally effec-intervention is, therefore, not very practical tive. To expect them to work as efficiently inand should not fe attempted mless other types an environment where the basic economic situationof action are politically or economically is totally different, where the administrativeinfeasible, systems are limited and where the information
flow to the loal construction sector is poor,Wage policies - The qestion of the most is somewhat optimistic. The basic dichotomy inappropriate measures in relation to wages is construction caused by the division of responsi-perhaps the moat difficult of all. ?his is bilitiez for design ond construction becomes anpartly because ih, di forernce between the market even wreater problem in countries where coctrac-and shadow woar n is often so marked. Other issues tors lack even the basic financial and managerial

ouch as minimum wage lo,,iclstion and trade union expertise.
ctivity also have an effect. in regard to spe(ifications and codes ofAc'tion in relation to wages is often seen as practice, therefore, Governmetts need do ro morean effective way of frvouring labour-based than make an investigation of whether they aremethods. All too often, however, the action in orientated towards the environment in which theycointer-productivc because it directly interferes are supposed to operate.with market :uppty arnrd demand. F.or example, the As regards methods of tendering it is clearuse of wage rauf.idies lhas been advocated. in its that certain aspects of the tendering proceduresoimples t terms this is the payment, by the are biased towards the use of equipment. Onegovernment, to the contractor of a subsidy for can think of the selected tender where only thoseeach man-day of unskilled labour used on a project, with, among other things, a minimum plant holdingnfroLtuniately, the resalet of this is that the will be eligible to tender. As far as governmentcontractor can continue to usc capital-intensive is concerned, what is recommended is a moremethods, the increased larour force stands and flexible approach to tendering procedures. Thesewatches, and the contractor pockets the subsidy procedures were developed in the industrialised
no. it is not sufficient to make it financially countries where there is an inherent traditienleasiiie for contractors to use methods which of contract responsibility and where the design,reqire more lafour. They must also fe convinced construction methods and procurement of materialsof the tehrical and managerial efficiency of are already institutionalised. They may applythese meth odn. also to vast development projects: however, itFinall., in regard to fiscal policies, a would be surprising if they are wholly appro-comment from the Tran study (2) is particularly priate io constzuction industries whose membersapt. "The argument concerning the relative have extremly limited financial and managerial

resources.
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The influence of foreign consultants and contractors As far as training is concerned, it is still
not clear whether it is better to Pave separate

If one accepts that infrastructure development training courses for labour-based programmes or
is vital to economit develooment, it almost goes to attempt to integrate this training into the
without saving that this implies some form of normal curriculum for foremen and supervisors.
foreign irvolvement in the construction industry. What !s clear is that labour-based methods do
This may merely be in the form of feasibility require a higher degree of supervision than
studies or managerial assistance. More commonly, machine-intensive projects and thus governments
it will involve the use of foreign consultants will need to invest heavily in training.
and contractrs. Properly arranged, their involve- As far as education is concerned, it has been
ment can be mutually profitable. Unfortunately, recognised for some time that the civil engineer-
certain conflicts often present themselves. A ing courses of many universities in developing
the IL 's study i" Iran showed (2), foreign countries appear unrelated to the environment in
firms will draw their technology from an inter- which the engineer will work. They tend to be
national market in whcch innovation has consis- carbon copies of courses in developed countries
tently moved in the direction of equipment- and the suggestion that they should be re-
intensive methods. As the consulting engineer orientated to the needs of the developing
is often involved at the feasibility, design and countries is often interpreted as being requests
supervision stares, the technology used is to turn back the clock. However the developed
dictated by his expertise and background and all countries use capital-intensive technologies
too rarely by a detailed consideration of the most because they are rich; they are not rich because
appropriate resource allocation. In addition, one they use capital-intensive technology. There is,
has a contractunl system based on the industrial of course, a need for engineers to understand
county practice, and a contractor who, if not sophisticated techniques and analysis. Indeed,
foreir or foreign-owned, will have been schooled these are vital to the effective management of
in the efficient use of equipment; it is not labour-based schemes. There is also an onus
surnrising therefore that the technology chosen is upon civil engineering faculties to provide
capitl-intencive, courses which will give students the capability

'The use of foreign expertise in the develop- to make the most appropriate use of the resources
ment of a wountry'a inefrastructure is a fact of at their disposal.
lie and has man, beneficial effects. Properly
handled foreign firms can he a great asset in At the end of a fairly detail(! coverage of
asitinr in the growth of the local construction the problems of the most appropriate technologies
bector. it would b wrong, however, to view the in read construction the overall problem of what
activitices of foreign firms in any philosophical are the required policy measures for large-scale
way. Principally t t cir object is to make a implementation appears particularly broad. In
profit. ,hilst governments should support this general, however, what is required is a flexibi-
obaective it should also ensure that profit is lity of approach, firm direction and support
gi nerated in a beneficial way for the country, from the highest level and motivation for all
This mea that when, thie government, as a client, concerned in the road construction process so
hiresa C)! Lultant to carry out a feasibility that the most appropriate methods in terms of
ctut for a road project, it makes it quite clear resource allocation are also the most efficient
that tIhe study should asecs the constructio" in the execution of projects.
technology to be used. it mcans that in its
dealing with foreign contractors it ihould insist
that labour in used to the fullest extent Acknowledgements
compatible with technical and economic efficiency
whilst the importation of equipment is kept to Dr. Edmonds is responsible, within the World
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appropriate construction techiques. In the long
term, each developed country must have a viable
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This paper is concerned with the provision of In most developing countries transport has
appropriate transport facilities in the rural generally received more resources in the past three
areas of developing countries. It is argued decades than any other sector, yet in the same
that the technologies applied in the past have period the number of persons living in absolute
br inappropriate to, and ineffective in poverty has increased and their conditions of life

eting the transport needs of their poorest worsened (1). Whilst past transport policies may
people. Further, that there are alternative not have caused the increase in poverty, they have
and more appropriate transport technologies not prevented it. The implication is that a
which can better meet many of these needs. C,', F'nw :),? ,f j, t. tt gvo £0 Hfloy to
Past transport strategy has been dominated a? Itat- -1' or qo'00 tI, c lht4rvioha of th(? poor.
by an institutional preoccupation with the For this reason it is important to examine past
provision of roads suitable for conventional transport strategy to determine in what way it
motor vehicles. The supply of those vehicles might be modified to better serve the needs of the
has been left largely to the private sector and poor.
their technological appropriateness unquestioned
to the extent that the type of vehicle is not a
Varidble in road design. The result has been Past Transport Strategy
high road construction costs, slow network
development, and the neglect of the movement The 'rural transport problem' in developing
needs of small scale farmers and of traditional countries has been seen as one of providing or
forms of transport. A range of basic vehicles improving the quality of access. The term aocps
is described whose technology is shown to be has meant almost exclusively 'road access'. Past
more appropriate to the needs of many rural road investments have favoured the construction or
developing communities. It is suggested that improvement of major rural highways rather than
attention should be focussed on improving the urban or minor rural roads, although this emphasis
technology of basic vehicles with a correspond- is changing slowly (2). The only recognition that
ing re-appraisal of track requirements. The developing countries-might have special rural
application of a more appropriate technology transport problems has been the effort devoted to
requires that rural transport planning should the subject of 'low-cost roads'. Until 1976 there
explicitly include an appraisal of the small had been no comparable effort devoted to 'low-cost
farmer's movement needs and the constraints vehicles' or to any other type of road vehicle
within which these must be met. particular to developing country needs (3, 4).

In retrospect this omission is very ZddT
Transport comprises a system: some form of vehicle

This paper is specifically concerned with low and a 'track or route upon which that vehicle
cost transport in, d,',lopizg cointvries. Since moves'. We have expended considerable time, money
1969 the Intervational Labour Office and the World and effort in seeking to optimise the one to the
Bank have challenged many of the orthodox views almost total exclusion of the other.
about the type of technology most appropriate for
the construction of roads in developing countries.
We go further to consider not just the construction Road Design Standards
of the road, but to question the whole notion of the
most appropriate forms of Zow- ost traiiaport for Concepts such as 'design speed','safe stopping
developing countries and the scope for technologies sight distance' and many others that underlie the
intermediate between the traditional and those geometric design of modern highways have never been
introduced from the developing world, satisfactorily interpreted for developing country

needs. One of the few recognised text-books on
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road design for developing countries recommends cannot be classified as feeder roadsessentially US standards - probably the most because of their regional importance.generous ever developed - for the geometric elements Approximate costs: $20,000-$350,000of 'low-cost' highways (5). Moreover, the design, per km.and hence cost, of a modern road is predicated upon Class II Feeder roads connecting villages andthe performance c'aracteristics of the private car small markets with larger regionaland goods lorry: the assumed speed that car drivers centres and/or major transport'desire' dictates the standards of horizontal and arteries. Approximate costs:vertical curvature, and the expected axle load of $10,000-$100,000 per km.geods lorries dictates the road's structural Class III: Farm-to-market roads representing thestrength. Yet neither of these vehicles has been lowest class of roads available forshown to be essential, much less optimum, for rural transport and normally linking a num-developing regions. In most developing countries ber of farms to the closest market/the current level of motor vehicles per head of administrative centre or transportpopulation is extremely low (Table 1) (29) and the artery. Approximate costs: $5,000-expectation is that it is unlikely to increase very $25,000 per km. for major constructionrapidly. A UIIDO study of 93 developing countries not minor upgrading.(6) showed that in 1968 average motor vehicledensity was 9.2 units/100 population. By 1980 it If one compares the figures in Table 2 (30)was fort ast that this will have risen to only with the construction costs for rural roads it is11.8 uniLs/lO00 population, apparent that many of the poorer countries canFor rural societies, simpler and cheaper afford only relatively insignificant additions tovehicles might be more appropriate. Slower and existing road systems. Ccnsider the case oflighter vehicles would allow the alignment, Sierra Leone. If all the current annual expendi-strength, and width of roads to be reduced, with, ture on highways were concentrated on Class I ruralpotentially, a considerable saving in costs. roads then it could afford between 5 and 80 km ofThe usual argument against such a course of road per year, which would add between 0.2 and 2.6action is that by so doing user costs would rise, per cent to the length of the present system. Theleading to ar increase in the total cost of trans- significance of this is that in most developingportation. However, the appeal of this argument countries the density of the xisting road networkis superficial. It has merit only because we are is very sparse (Table 3) (30) and lags far behindunable to account fully for the consequences of the resL of the world. In practice the overallroad improvements, a situation which artificially length added to the sytem would be lo&Yr than theexaggerates the importance of those benefits we can figures quoted above since part of the expenditurequantify. Time savings are not taken into account would be on more expensive primary highways.with current techniques for the economic appraisal Unless the cost of road building can beof road improvements, (7) and by general admission drastically lowered, then for most of the poorestthe so-called 'secondary' or developmental and countries road network development will be extremelysocial benefits are as yet unquantifiable. In fact slow. A reduction in construction costs isthe most recent evidence suggests that the secondary unlikely so long as road design is necessarilyeffects of transport investments in isolation - such equated to use by conventional motor vehicles.as the building of rural highwdys - may in fact be
il,,' to certain sections of the community.Studies (8, 9) have shown that benefits resulting The Role of Conventional Motor Vehiclesfrom transport improvements tend to accrue to thealready advantaged. Often there are also For many years a belief has been fostered inappreciable dis-benefits which are usually over- what might be termed the 'economies of modernity'.looked and, invariably, affect the poorest groups. The figures in Table 2 illustrate the foundationsExamples found were: of this belief (10). The implication is that

'primitive is slow and expensive' and 'modern is1. Reductions in labour demands following the fast and cheap'. But the comparisons assumereplacement of traditional movement methods by motor either full loads or equal load factors, (i.e.vehicles, 
similar degrees of utilisation) not just in the2. Concentration of capital as cottage short term, but over long periods of a year or more.industries are bankrupted by the increased competi- Is this likely? It is not always clear if thetion from larger-scale industries in the towns. figures are costs or charges to the user. If they3. Changes in agricultural production towards are costs, are they based on market or economictransport-intensive products which do not prices? Has any allowance been made for the factnecessarily benefit the poor. that it costs society nothing for the track over4. Concentration of land holdings. which loads are carried on the head, by mule or
bicycle, but a road suitable for motor vehicles
will cost several thousand dollars per kilometre toRoad Construction Costs build and several hundred a year to maintain?
What, if anything, are the employment consequencesA direct consequence of road design for use by of substitution among different modes of transport?conventional motor vehicles is that construction Are all modes of transport equally possible: willcosts remain high, particularly when equated with the terrain, length of journey, size of consignment,the resources of the poorer developing countries. etc. allow a free choice between them. MostThe World Bank recognises three classes of 'rural importanlt, ate tlz.2y ,qually ,,vailabZe ad affordableroads', by which is meant low volume, feeder or to all wou d-be uocirs?tertiary roads (2). These are: In reality different modes of transport serve
characteristically different movement demands, yetClass I major roads which also fulfil supposed unit costs are the most common basis ofprincipall a rural access (as opposed comparison in analyses of the suitability ofto inter-urban) function but which transport modes.
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Government and Institutional Involvement in their collection occupied 3-6 hours per day.
Road Transport Since the farmer must follow a fairly rigid

schedule to obtain optimum yields, it is important
Government involvement in the Drovision of motor that on-farm transport for crop production and

vehicles has, by and large, been regulaitory: either household needs should not be so time-consuming as
permitting reasonably free import or making it very to delay operations. For example, if some crops
difficult where foreign exchange has been an acute are not sprayed on time the results may be
and continual problem (e.g. Burma, Bangladesh, Sri disastrous. Yet the spraying of cotton with
Lanka and Tanzania); although some have partici- insecticide required about 200-300 litres of water/
pated in capitalizing production ventures, the bulk hectare. For a four hectare plot this is 800-
of the capital has come from international motor 1200 litres and between 7-10 sprayings are normally
vehicle suppliers. In developing road transport recommended, i.e. between 6-12 tonnes of water, a
the implicit assumption has been that the private formidable amount if headloading is the only
sector would supply whatever vehicles were available means of transport (17). In the studies
necessary to make efficient use of the roads in Kenya it was concluded that on-farm transport
provided by the government. That this supply was already a burden if not an outright constraint
would appear has been taken for granted and that it on small farm activities.
might not be appropriate hardly consideied. There Off-farm transport comprises two elements:
are countries that have simultaneousi made between farm and roadside, and between roadside
significant (public) investment in highways combined and collection point/market. An example of how
with severe restrictions on the (private) import of large these elements can be is given by the
vehicles: the latter restrictions negate the definition in a study of Nepalese peasant agricul-
possibilities of receiving benefits from the former ture (8) of the terms 'on road' to mean at the
investments. roadside or within a few hundred metres, 'near

Few developing countries - China, India and road' to mean up to half a day's walk from the road,
Papua New Guinea (11) being exceptions - have and 'off-road' to mean more than half a day's walk.
attempted to restrTht the number and type of There is a dearth of information about the
vehicles to those considered appropriate to their magnitude, frequency and duration of the small
stage of development. Restrictions because of farmer's movement needs. What is clear, however,
foreign-exchange considerations or the desire for is that the transport requirements can be
local manufacture are not uncommon: but restric- substantial, even when only small areas are planted.
tions because of alleged technological Table 5 presents data from Malawi on the yields and
inappropriateness are. inputs per hectare for different crops (18).

Transport Needs of the Poor Discussion

The available evidence (12, 13, 14, 15) Recent rural transport strategy has pursued
suggests that typically the poor: development from the top downwards using developed

country technology. That is, a progression from
1. Are engaged in agriculture working small major primary, to secondary and only latterly to

plots of land either for themselves or as landless tertiary highways all built on the basis of design
workers, philosophies imported from the developed countries:

2. Are engaged in subsistence farming or equally, a reliance on developed country motor-
generate only small marketable surpluses. vehicles with only very rec.ntly (3) a small step

3. Have a family cash income of only a few in the direction of lower cost, but still
tens of dollars a year. motorised, vehicles and the complete ;-9lect of

4. Are poorly served by almost all public traditional forms of transport. The result is
amenities including transport. skeletal road networks that in the poorer countries

plainly do not serve effectively the majority of
The most significant transport need; of the poor the population, and vehicles so expensive that

are those which relate to agricultural activities, they are beyond the means of all but the affluent.
since it is through the generation of marketable Moreover, past transport planning has failed to
surpluses (and thus income) that other goods and recognise that many people live remote from the
services become affordable. However, transport (motor-vehicle) road system, and have movement
needs 7?. t;: .'n,; f , vi have very rarely been needs that could never be satisfied by conventional
studied. Roadside surveys of the commodities vehicles.
carried by motor vehicles are a poor substitute Thus for the rural poor it would be difficult
since (i) they are too far along the marketing chain to concoite of a morc inappropriate technology:
to be able to isolate individual consignments and often unrclated to bhaic nmovemont needs,
the distance over which they are being moved; inacosSriblo, carc,2, oxpenaive, difficult to use
(ii) none of the studies have been sufficiently and maintain, and fr'quently wholly dependent on
extensive to give any adequate measure of seasonal foreiqn raoia 'ee in t(rms of rklznufacture, eneryy,
fluctuations in travel; and (iii) they give no opae parts and operating skillo.
indication of on-farm transport needs. To define a more appropriate :p'z.;n'

One farm level study was carried out in Kenya technology it is necessary to ask the question:
by the World Bank in 1976 (16, 17). This 'What are the appropriate ',eiio., for rural areas
suggested that most transport needs could be of developing countries'?
characterised as the movement of small loads
(10-150kg units) over relatively short distances
(1-25km). On-farm the range of loads was likely
to be the same, but the typical distances were
shorter (1-13km). The amounts of water and wood
required for household use were noteworthy (50 and
30kg respectively), since it was estimated that
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Appropriate Vehicle Technology loaded. Nevertheless, in the light of Korea'sMost attempts at defining 'appropriate hilly and rocky terrain, this piece of equipmentcan hardly be discarded (19) (Figure 1). Through
technologies for developing countries' agree on the a programme of research aWJ development involvingnecessity of m'.eting 'local needs' and the require- farmers, rural blacksmiths, traditional chee-kements that they be employment generating, compatible makers, specialists in farm equipment and engineers,with incomes and capable of manufacture and an improved chee-ke was produced. Six successivemaintenance using indigenous skills and resources, models were evolved before a satisfactory designGiven tho variations in incomes; in topograph- was achieved (Figure 2). The improved chee-keical, road, farming and social systems; and in converts easily from a back-frame to a wheeledlocal resources and capabilities, there cannot be carrier.C1' ?p, / 7!u',Z,o' appropriate to all the rural
transport needs of developing countries. RU th',2p,',, P a p " o,].o, o,,' of' : ' h 1'*o Wheelbarrows

:O:',', a: p ,' ';1, i*N. Except in China, the wheelbarrow does notConsideration of the characteristics of the appear to be widely used for rural goods movement.rural poor, their transport needs and the criteria The Chinese wheelbarrow is of quite differentof an appropriate technology leads to vehicles design from the Western wheelbarrow found in mostradically different in concept from conventional other parts of the world (20).motor vehicles. The consequences of variations The Western wheelbarro has a relatively smallin operating environment, loads, cost, technical diameter (up to 400mm) wheel positioned below thesimplicity and the use of local resources lead sloping front of the load tray. The centre ofto a progression of human, animal and, at the gravity of the load is well behind the line of theextreme, simple motorised means of movement. We wheel axle.term these collectively as ,w' ,''l-o, which may The Chinese wheelbarrow uses a larger diameterbe defined as: 
wheel (about 700mm) with the load placed directly
above it on a horizontal platform so that theow:. ,i ,) i ,' fm , "a to> ao h, centre of gravity is just behind the wheel axle,', '" .; :u) .: ', , !' :. r. lz4,q, (Figure 3)., , ,, ,' a. The Chinese wheelbarrow is a more effective
device than the Western type. Because the load

Six categories of basic vehicles can be defined: is placed close to the wheel-axle the operator only

has to support a small proportion of the load,2. Aids to head, shoulder and backloading sufficient to maintain control of the barrow.2. Handcarts and wheelbarrows Thus more of his energy can be devoted to propelling3. Pedal driven vehicles the barrow forward. The large diameter wheel4. Animal transport reduces rolling resistance. The tendency of the5. Motor cycles barrowto tip sideways is mitigated by the use of6. Basic motorised vehicles a shoulder strap attached to the handles of thebarrow.

Many such basic vehicles already exist in Studies carried out by the World Bank showed
different parts of the developing world, though that the maximum load for a Chinese barrow was aboutoften their use is localised. Some are primitive, 180kg, compared with about 120kg for the Westernbeing traditional devices which have remained configuration (21)unchanged for many years. Almost all are capable c u (of improvement, using contemporary technical know-ledge, so as to increase significantly their Pedal Driven Vehicles
efficiency and usefulness.

Bicycles are widely used in developing countries.
They are relatively cheap (US$60-100), rugged andHead, Shoulder and Back Loading easy to use and maintain. They can carry a
passenger or up to about 80kg of cargo, althoughThese are the most common methods of load- the bicycle can become difficult to control whencarrying in rural areas. Loads can be carried over heavily loaded. Bicycles offer a significantsteep, hilly or rocky terrain and aids to human increase in speed of travel over walking, averageporterage can usually be made at token cost by local journey speeds of 16 km/hrbeing common, and canpeople using available materials. However, human operate on narrow paths and tracks.porterage is arduous physical work; it is also The type of bicycle which predominates inslow, and therefore time consuming. As a result developing countries has not changed in any signifi-loads are limited to about 40kg, and can only be cant way for many years and is typical of themoved short distances. There is also widespread designs produced in Western countries thirty orconcern that the habitual carrying of very heavy forty years ago. It remains popular because itsloads can cause physical disabilities and injuries, robustness and longevity better meet the needs ofYet for the foreseeable future human porterage is developing countries than more 'modern' designs.likely to remain an important means of rural trans- Its popularity reflects the fact that bicycles areport. Therefore, efforts should be made to improve used in a very different way in developing countries.its efficiency and minimise its harmful effects. They are habitually used to carry passengers and/orThere have been few attempts to improve this means heavy cargo loads, on rough, unsurfaced tracks andof transport. One notable attempt is the joint paths, and are expected to stand up to arduous usework of the Georgia Institute of Technology (USA) for many years. They are a basic load carrier forand Soong Jun University (Korea) on the Korean rural areas rather than a convenient means of shortChee-ke (19). The Chee-ke is a traditional form distance personal transport. 1'?" no bUeycle ha.of back 6ading frame and "is very inefficient, ,V,11 b p d o : (I, o i aet thc, ,, va p, difj,? ntdifficult to handle, and very heavy when it is fully OPOcrtiou . P,!(IN Onv, , ZtO (Figure 4).
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There is a need for such a bicycle, specifically engine and in addition to its agricultural functions
for use in developing countries, designed to carry it can be hitched to a trailer and haul a payload
a passenger and/or cargo and to be suitable for of 1200kg at 15 km/hr (24) (Figure 7). A similar
small scale local .." :,,fJ.., (Figure 5). device with a 4-5kw pet-hl-engine has been

The load carrying capacity of a bicycle can be developed at the International Rice Research
increased at low cost by attaching a trailer. Institute (IRRI) in the Philippines specifically to
Cycle trailers are widely used in many rural parts meet the needs of the many small-scale Asian rice
of Europe and are used by the Swiss Postal Service farmers (25) The machine was designed to make
for the delivery of letters and parcels. However, maximum use of standard components that are readily
except in French-speaking countries of Africa and available in most developing countries. The
Indo-China their use in developing countries is engine, roller chains, sprockets, bearings and
uncommon. This seems to be a case not of an seals used in the power tiller, are imported in most
inappropriate technology but of one that is Asian countries for other uses. The remaining

components can be produced by small metalworking
shops. The power tiller was introduced in 1972
and is now produced by 12 companies in s-x Asian

Animal Carts countries. It is sold in the Philippines at
(USS1000) approximately half that of comparable

Animal drawn Lairts are a major form of rural imported machines. In the first two years of
transport in the Asian region. In India it is manufacture in that country some 700 new jobs were
estimated that they now number some 14 million created in the manufacturing sector at a capital
and over 60 per cent of all goods carried from farm investment of about US$200 per workplace.
to market are moved by animal cart (22). IRRI have developed a three-wheeled self-

The traditional Asian cart costs-US$100-180, propelled cart, with a single, driven and steered
has a maximum payload of about 1 tonne, and moves front wheel. It has a payload of 720kg and a
at 3.0-4.5 km/hr. It has large diameter iron- top speed of 15 km/hr. In Crete three-wheeled
rimmed wooden wheels which cause damage to surfaced rigid chassis vehicles powered by single cylinder
roads. To overcome this problem, manufacturer' diesel engines have been developed in the past few
in India produce a pneumatic tyred ADV (animal years (Figure 8). Their evolution appears to have
drawn vehicle) wheel which runs on ball bearings resulted from the use of single-axle tractors and
and is fitted to a specially fabricated steel axle. trailers for goods movement, leading to a demand
The cost of a cart with a steei axle and ADV tyres for vehicles similar in concept but specifically
is approximately twice that of the traditional designed for transport use. The vehicles are
vehicle (22). Such carts can carry loads of up produced on the island by small-scale manufacturers.
to 2.5 tonnes, yet their penetration of the markrt
has been very limited and use is concentrated in
urban areas and in the affluent agricultural regions Conclusion
with relatively good roads.

The use of animal carts is less widespread in There exists a range of 'basic vehicles' from
Africa, even in areas where animals are used for simple aids to gooas movement by man to cheap
draught cultivation. Donkey carts, with a payload motorised forms of transport. J',-ir t:T,,h!nology
of about 400kg are relatively more important in can bo oc ,td to baoic- viovmont ,zdn and they
Africa than in Asia and the use of steel wheels azv aeu bl', oavcznbn,? (or fpotontiaily no), in
with pneumatic tyres appear. to be more common. n bi roZat.ion to ,n,,n, 'rnp1o to .ie and

There are major deficiencies in the design of mnazntain, an! comi] utti o local Pinereai in
existing carts so that the available power of the tur',:n of vk4faetr-.c, *ICI'gy, spare part and
animals is used very inefficiently (Figure 6). op.',',ting !L7..m.

1. The carts are excessively heavy. The present status of basic vehicles is thatmuch
2. Many are badly balanced so that a good technology already exists which could be

significant portion of the load bears down on the widely applied, but whose use is at present very
n2cks of the animals. localised. Where information on such technologies

3. The traditional bullock cart yoke is exists it is obscure, uncollated and certainly
inefficient. unknown to those who could make use of it.

4. The traditional wooden wheel is heavy, and While devices which meet the transport needs
uses inefficient bearings. The pneumatic tyred of the rural poor must be simple and low cost, this
wheel is expensive, causes maintenance problems and does not imply that their development is an easy
does not perform well in muddy conditions (23). task. Rather, experience suggests that the

development of effective basic vehicles requires
There is a need for a complete re-appraisal of the application of contemporary technical knowledge

cart design, leading to devices which utilise the and the very best technological skills.
energy of the animals efficiently. This would A 11 , v.'ti.mn *b,,!rib~d could be operated
result in carts with increased carrying capacity, on roads of a lower standard and hence cost, than
would mean that a given load could be moved with that prescribed by the requirements of conventional
less effort and would offer the possibility, in motor vehicles. Some may be described as 'two-
many cases, of using only one bullock instead of dimensional' in that they have height and length
two. It is likely therefore that the cost of but no significant width. This makes then,
transport would be decreased and its speed suitable for use on footpaths and narrow tracks.
increased. The ideas outlined in this paper do not, as

yet, enjoy wide currency and the application of
more appropriate transport technology will require

Basic Motorised Vehicles major changes in policy. The most fundamental
change required is to ensure that rural transport

The single axle tractor is used extensively in planning explicitly includes an appraisal of the
China. It has a 7.5kw sinqle-cylinder diesel needs of the small farmer and the constraints
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Table 1. Road vehicle statistics for selected countries (1975)

Passenger Cars Commercial Vehicles Increa,,e 1953-1975 Motor Vehicles Coamaercial Motor
O00's 000's per cent per 1000 persons Vehicles per
A B A B 1000 persons

Botswana 3.41 6.81 610 920 15.2 10.1
Burna 36.11 39.31 210 30 2.3 1.2
Chad 5.82 6.32 1500 230 3.0 1.6
Ecuador 43.61 68.4' 870 520 15.8 9.7
Ethiopia 41.03 12.73 680 330 1.9 0.4
Ghana 55.1 43.91 440 250 10.1 4.4
India 756.5 434.4 350 220 2.0 0.7
Indonesia 383.1 231.5 540 350 4.6 1.8
Fenya 130.91 23.8' 350 160 11.6 1.8
flagasy 55.01 51.01 480 320 12.0 5.8
Hlalawi 11.21 9.51 300 350 4.1 1.9
;!ozani bique 89.33 21.53 710 610 1.2 2.3
Sierra Leone 14.8 6.7 490 740 7.2 2.2
Somalia 8.03 8.03 670 230 5.0 2.5
Sri Lanka 91.7 48.6 80 150 10.3 3.6
Sudan 29.33 21.23 440 240 3.2 1.4
Tanzania 39.11 42.31 270 550 5.5 2.9
Thailand 286.21 264.31 1220 1020 13.1 6.3

Australia 5012 1200 350 110 460 89
Sweden 2760 171 540 50 357 21
UK 13949 1872 400 70 282 33
USA 105712 24837 130 170 616 116

1 1974, 2 1973, 3 1972.

Table 2. Annual expenditure on new road construction Table 3. Road statistics for selected developing and
developed countries

Country Year Amount US S (millions) Change in Percent Density 3 GNP per
at 1976 values length of road1  paved 2  in km/ capita $

network 1950-75 1975 100 kn2
Benin 1973 4.8 (per cent)
Botswana 1975 7.41
India 1974 64.8 Angola 110 11 6 370
Malawi 1975 9.0 India 200 35 37 140
M.ali 1974 1.4 Indonesia 40 25 4 220
Mauritania 1971 4.9 Kenya 50 8 8 220
Niger 1974 15.6 Malawi 70 14 11 130
Sierra Leore 1975 1.6 Mozambique 40 9 5 180
Sri Lanka 1975 5.8 Nigeria 10 17 10 340
Thailand 1975 4.1 Sierra Leone 130 17 10 200

Sri Lanka 110 70 48 190
Thailand 460 48 7 350includin- rainterance exoenditure. Tunisia - 52 12 730
Uganda 70 - 8 230

Upper Volta - 9 2 110
Zambia 140 11 5 420

Germany 260 95 187 6670
Table 4. Cost of transport by various means France 80 - 144 5950

Italy 50 93 96 2810
Spain - 80 28 2750

Mode Cost of Transport Poland - 57 95 2600
$ per tonne km. UK 20 96 150 3780

USA 20 80 66 7120
Mule (on a track) 1.00 - 3.00
Landrover (on a trail) 1.00 1 These figures must be treated with caution since some of
Tractor (with trailer on the changes are due to alterations in the classification
an earth road) 0.50 of what is a 'road'
Truck - on gravel road 0.25

- on asphalted road 1.10 2 Roads with an all-weather surface of bitumen or concrete

3 To obtain approximate average rcad spacing divide 200 km
by the figures in this colnmn.
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Table 5. Quantities to be transported (kg/hectare) for different
crops in Malawi

Rice
Iten Maize Tobacco Groundnuts Cotton Rainfed Paddy Coffee Pulses

Sec~ds 45 C0 30 65 35
Fortiliser 250 250 620 400

Yield

Average IC09 560 449 1120 1234 3362 335 449
Gest 2804 2241 963 1881 3362 4708 1007 560

Figure 1. Traditional chee-ke and typical terrain. FigOre 2. Improved chee-ke.

.6,

Figure 4. A basic load carrier.

Fiqure 3. Chinese wheelbarrow.
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Figure 5. Oxtrike.

/

Figure 7. Chinese single-axle tractor

Figure 6. Traditional ox-cart.

Figure 8. Cretian 3-wheeler.
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A METHODOLOGY FOR EVALUATION OF RURAL ROADS IN THE CONTEXT OF DEVELOPMENT

Janet A. Koch (Rossow) and Fred Moavenzadeh, Massachusetts Institute of Technology
Keat Soon Chew, Wilbur Smith and Associates

Despite a good rate of national growth, rural pov- many of the sufferings of this large number of ruralerty is on the rise in many developing countries, poor may be allevaited. As stated in the World Bank'sTransportation, particularly roads, is perceived sector policy paper (1), the basic objectives of ru-as an important component of rural development. ral development might be defined as: productivityIn an effort to impart a more valid basis for se- improvement; employment and income generation forlection among investments, an evaluation framework target groups; and provision of minimum acceptablecapable of accounting for the various socio-eco- levels of food, shelter, education, and health. Thenomic objectives of the rural development effort fuller development of the existing rpscurces, thein the assessment of rural transport projects is building of infiastructure such as transport and ir-formulated and preliminarily tested. A potential- rigation works, the introduction of improved technol-ly appropriate set of developmental objectives is ogy for existing agriculture or new crops, and theidentified, and possible measures proposed. Util- creation of new types of institutions and organiza-ity assessment techniques are suggested for de- tions are some of the tasks lying ahead.veloping decision maker's preference functions, Transportation, particularly roads, has been per-and ultimately scaling project contributions to ceived as an especially important component of ruralthe criteria. These scaled measures of the cri- development, in terms of stimulating local develop-teria for each project are then incorporated into ment, providing access to social sarvices, and gener-a single value structure as a basis for project ally serving to integrate the rural population intoranking and thus decision making. Depending upon the overall economy. Trends in recent years havethe decision maker's access to information and been increasingly away from investments in the pri-articulation of his preferences among the crite- mary road network and toward greater emphasis on theria, equal or cardinal weights may be directly rural feeder and penetration roads. Moreover, thereassigned to the criteria, or an ordinal ranking has been an increased tendency to regard even theseof them may be done and an upper or lower bound low volume roads as but one of several possible in-decision rule used. The ranking of the projects vestments competing for scarce resources, the empha-varies with the approach. The proposed appraisal sis thus being placed increasingly on integrated ru-framework is seen as a simple but valuable tool ral development.in the project selection stage where a decision Evaluation of feeder road projects, therefore,maker faces an array of potential projects and cannot be done in isolation; rather, all complementaryneeds some means for evaluating their relative activities must also be taken into account. Moreover,worths. Although a case study has been carried such projects cannot be justified in the standardout, testing under actual field conditions re- user savings framework. Project evaluation must en-mains to be done. Moreover, this is a first step compass the social, political, economic, and techni-effort, and certain refinements are needed. cal implica,ions of the road itself and of its con-
nection with other projects in the integrated devel-
opment package.

1. ntroduction
1.2 Multi-Objective Analysis and Appraisal1.1 Rural Development and Transportation of Rural Road Projects

Despite a good rate of national growth in many Single objective analysis techniques traditional-developing coutitries in the past decade, rural poverty ly used in evaluation of road projects, like savingsis increasing, and the number of people living on the in user costs, producer and consumer surplus, andmargin of existence is rising. It is estimated that change in national income, are incapable of takingqnmp 80 percent of the three-quarters of a billion into consideration the spectrum of objectives rele-poor in developing countries live in the rural areas. vant to the rural development effort. The emergingMoreover, the rural population is growing at a rate meth(d of project evaluation, multi-objective analy-of some 2 percent per year in spite of rural migra- sis, incorporates both economic and non-economic ob-tion to urban centers (1). jectives into an evaluation framework. Much has beenIt has been asserted that through rural development written concerning multi-objective analysis in recent
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years by researchers in such diverse fields as manage- are realistic representations of scenarios in devel-
ment, engineering, and psychology. Friesz and Evans oped countries where there are numerous parties in-
(2) propose four categories into which most of the volved, each with its own interests and capabilities
prevailing methodologies can be classified, and each desiring participation in the decision pro-

Under Category 1, each attribute is valued in cess. In the context of the rural development effort
terms of some common reference attribute, standardly and for the purposes of this research, it may be as-
termed a numeraire. The many dimensions or attributes sumed that there is a universal commitment to the
characterizinq a proj-.ej may thus be collapsed into achievement of certain accepted goals; that is, that
one dimension. The project's value is proportional a single set of social preferences can be articulated
to t:he total amcint of the numeraire it exhibits; that with the help of the appropriate decision maker, who
is, the project with the largest numeraire is optimal. might be, for example, the director of the road au-
The techniques of category 1 are the more traditional thority or Minister of Public Works. In view of this
benefit-cost analysis methodologies, like UNIDO (3) assumption and the characterization of the rural road
and Little and mirrlees (4) , the unifying character- situation given above, it appears that the rural road
istic being the single numeraire, for which they are appraisal problem falls into category 2.
referred to as the aggregate method of multi-objective It is thus proposed to focus this paper on struc-
analysis. Through the use of social pricing more turing a multi-criteria appraisal framework for
than a single objective can be implicitly considered, rural road projects along the lines of techniques
as, for example, the growth objective in the case of discussed under category 2. The development of this
UNIDO (3) and the equity objective in that of Squire framework in Section 2 centers around four activi-
and van der Tak(5). Non-economic objectives may also ties: (1) identification and measurement of potential
he considered through the use of metric conversions, criteria to be included in the evaluation; (2) as-
although these are typically difficult to determine. sessment of the decision maker's preference function

Under Cate gory 2, the full set of attributes is for each of these criteria, and ultimately scaling
not expressible in terms of a single numeraire, but the measures of the criteria; (3) combination of the
sufficient consensus exists among the users/decision criterion measures for each project to form an ex-
makers that a utility functiun can be defined to ex- plicit value structure as a basis for decision making;
press their level of satisfaction with each alterna- and (4) testing and implementation of the proposed
tive. The project with the highest utility level is methodology in some case studies. The appraisal
optimal. For th" techniques of category 2, the ele- methodology proposed is seen as a simple but valuable
ment of subjectivity still exists, but the value tool in the project selection stage.
judgments are explicitly articulated by the appro-
priate elected or appointed official, rather than im- 2. A Proposed Framework for Socio-Economic
plied by the metric conversions. Keeney and Raiffa(6), Evaluation of Rural Road Projects
in fact, have developed specialized techniques for de-
termininq the appropriate mathematical form of the 2.1 Identification and Measurement of the Criteria
uti-ity funct-ion dependirig on the relationships among
the attributes. Five criteria have been selected for the frame-

Ulnder Catecory 3, neither the single numeraire nor work for appraisal of rural road projects in socio-
adesrate consens;us exists to define a single utility, economic terms. These include: (1) economic bene-
Tin may occur for one of two reasons: (1) there are fits, (2) economic costs, (3) distribution, (4) ac-
several statistically distinct groups of users in tile cessibility to social services, and (5) employment.
user pnpulation, each with a distinct utility function; Contributions to these criteria to be included are
or (2) an individual user group may have multiple ob- those resulting from provision of the feeder road and
jectiv,,.; or measures of utility against which the pro- its complementary investments. These represent one
Ject; must he compared, but they may be uncertain as possible set of criteria, and are not intended to be
to their relative importance. A single optimal pro- a universal representation of the accounting of socio-
ject cannot, therefore, generally be determined; economic objectives of rural development activities.
rather, the original list of alternatives might be It is the decision maker in the particular case who
narrowed to a set of efficient or non-inferior pro- must be satisfied with the set of criteria. The
jects, with the final choice being made outside any appraisal framework structured here is independent of

anal,!vl ic framework, changes in the criteria and in their number.
Finally, under Category 4, an iterative analytic Economic criteria have traditionally been used in

prectoss is usod to arrive at a best compromise under the approaisal of transport projects, and their
a situation of multiple )biectives or utility fanc- measurement is widely known and well documented (e.g.,
tide ;. That i!;: (1) the most efficient consequence 7,8,9). Economic benefits may be measured in terms,
of slelected r' sumptions concerniigc the relative is- for example, of user cost savings, producer and con-
portance of each obective are presented; (2) a new sumer surplus, or increase in national income. Sole
set of ai!;stimpt ion'; if; derived througl inputs from the use of the first measure is cautioned against since
partie; involved; (3) th. a;so,1iateld efficient ('oir- its application assumes that most benefits stem fromse:quencos; are displayed; and (4) further iterations savings or normal traffic and development benefits
take, pae5t, ntil r final dci.;io1 is reached. are of negligible importance; in feeder road projects

lurnin,; t, tie problem at hand, feeder road ap- the opposite is generally true. The second measure,
lrAi sal ',1 be vi:u, I i zed as a choic, of many small producer and consumer surplus, although conccptually

projLcts, wher,, each project ha; several important attractive is difficult in practice due to its re-
sele, ctiol, criteria, each measure is; expressed in its quirement of forecasts of approximate demand and
own units, and tho et of projects to be implemented supply functions. This leaves tire national income
is sele: ted from a inuch larger set:. In the case of measure, a good approximation being induced agricul-
Kenya in tho, Pall ,f 1974, for oxample, a program to tural production sinced induced economic activity in
improve !;ome 12,01)0 km of minor and secondary roads rural areas, at least: initially, will be largely in
out: of a possible 30,000 k'- was bein plannod, ard a tile agricultural sector. The difference in the pre-
second prociram to uiqrade some 16,000 km of low class sent expected value of agricultural activity in the
rural roads; to all-weather roads out of a theoretical- case of project implementation and in that of the no-
ly pos;sible total of loo,o00 kin of unclassified roads project alternative is thus the suggested measure for
was being investigated. economic benefits.

The situations characterized by categories 3 and 4 The value of this induced agricultural production



33

depends on a variety of factors, including the nature tion is, however, hard to make. The use of a proxyof government extension help, receptiveness of farmers measure is proposed, a promising candidate being theto new ideas, availability of cultivatable land and cultivatable land owned by the relevant income group(s).adequate climatic And resource requirements, and ex- This appears to be a reasonably measurable proxyistence of a ;arket for the goods in conjunction with and reliable representation of the distribution ofsuffiiently attractive farmgatu prices. Various benefits to the target population. Its; usefulnessmithematical models, including linear programming, is illustrated by the following two extreme cases:aggregate regression analysis, and disauqregate be- (1) the affected community consists of 500 persons,havioral modeling approaches, have been formulated as all of whom presently exist on income levels belowpotential means of forecasting economic benefits of that of the target income group; some 750 hectares ofroads (e.g., 10,11,12) . Alternatively, induced eco- cultivatable land is to be opened up and planted, andnomic activity as wel I as measures of other project ownership distributed evenly among the population;criteria might be predicted on i project-by-project and (2) the affected community consists of 300 per-Lasis by a specially selected team of intordisciplin- sons, of whom some 270 are peasants either farming.ry experts, consi stinlg of agricultural economists, at a cubsistance level or working for the five richsociol eq it;, es.i neers, and anthropologists, among families of the community who own/control almost allothers. 'li sne various forecasting techniques merit of the cultivatable land; although induced agricul-further dis,:us5s;ion and research, selection amonq them tural production is expected to be large, tile subsis-Iing a fultiITI 'If the avaiilability of data, trans- tence group's share is expected to be negligible. Atferabi lit, of Li proChes, and biases of tile decision- the same time, use of this measure necessarily en-making aFthority. 'or the. purposes of this pap, r, the tails certain restrictive assumptions such as: cul-
paro,-e.te!rs that mi gi', 1 ;tabu lated aill used by ti tivatable land owned by the target group is generallyapprai.sal tteam; inl a'st sinq the value of each of the less than ten hectares per family, economic condi-fiver Iteritr ,irs indicated. Table I illustrates; a tions of perfect competition exist, average produc-
Iosi;ihl. st , ii',arameters for determining the ex- tivity of the land is uniform, and share of economicpect,d va iu, of rgricultural activity on a yearly benefits is proportional to land owniership.hmnis for o ach crop oild each group of farmers; com- Project implementation may affect accessibilitybininq t ihs ovu-r tin life of the projiect and compar- to social services through improved transport andinq thi!; with the no-project altetnativ's yields a thus easier or new access to existing services, and
predict.,d valt sos of induced agricultural production. through complementary investments and thus provisionAs obs,_rvol above, economic henefit, occur over of new service facilities. These may be mobile ortime. For project appraisal purposes, it is conv,n- permanent facilities. Decisions pertaining to suchlt to plrs'oti: thtem ati discrete intervals, sulch as alternatives are presunably made iii the design stageyearly, and to aqgrc.gato these over the life of the during the formulation of the set of projects to be
pronict to i 5;in';ie value, such as present value, evaluated; inl the appraisal stage, then, the objec-usill( ill, ap;rorri,ate discounit rate. Alternative tive is to assess each project's contribution torman.is of inl.u1porat iili temporal coilsidtratiois are this criterion.
p,, ;iblh, aid tie del;it over discounit rates is an Using accessibility to health services as an ex-activ, one, but is t,:h scope of thi palper. ample, five levels of service might be considered:i':xiind iture' rlied to the constructiol anii local mid-wives (Ill.), visiting trained nurses (112),mai,:ihhfi .' I! t h r,,d and to any complementary inl- permanent trained nurses (113), visitin health clinic'.~;t't:a; ,' Ilt of the dtvelollient packale col- (114), and permaient health clinic (115). Assuming no
f;t i tt, U c ie, li ,o t. ': . ITn addit ion to initial read deterioration in services as a consequence of thecoilstl,:l i,)I C!os (1;, thii.' mighit include: costs; asso- project, Table 2 indicates tile poss;ible changes thatciati~d with int, aIl, nd ilIugradins; over tile life might occur ,,; their associated utilities on aof tht, i-ild; l !iii, ,tAaffin,, and o;'eratin q com- scale of 0 to 10. Assuming the utility of change tohlll,(1.ltary 1OWlth aid etili lal focii i ties; and be the same across the affected populace, accessibil-
(711,111 f ill arii:slltliml Ii it i iI l;1 su1 aIS (eXt.eiislioi i ty to health services; call be quanti fied by multiply-
WOl'k '1' l s H, all I Si ir ilizer ;. For 'cnoirmic ins tile appropriate figure ill Table 2 by the number,t like ,t1'7'l i ll i. , i haii must 11(! takill of 11pe l affected. Access:iiility to educationalinto :In'[ir,il. facilities might be si..,ilanly measured, four possibleI:,Ii 'it o.-.:souni is's' "I_ ,istriOult ion of cco- levels being: none, general, vocational, and adulti','5l1 1 '1its lowi; pi, i,-t l,,lsfici,iri'; ho. long educat ion. Assuming; these to be primary indicators
b0".1 c, ' i 7] a!; all ilnllorto s it. ,;port of tho a[pra - of social Services and of equal importance, their sum:; I hr ri ih pr-t.. Alleviat ion of poverty may be used as a measure of accessibility to sociala01!. 11, ; . 'r,. ha.; rtol,itly 111 1' i ted ash a services. 'his is admittedly a rather simplistic ap-,risar; '' ;-, il ,-f rurail d'.(.lcomeit. t',.dictl (I f tile proach; consideration of the distance and timisq as-scal i frm is;' lca i'' If induc.d aqricltiiral 1,rodlc- sociated with !ach challg as; well as other social

services might he incorioratsd as well.

'Iable I ossmimt of ixpcscted Agrisultural IProduct~ie Crop: Year:
'p tf Cuiti ~t..bh. "old" , "New" Predicted , fbOR Decand clther IVrouael tt , tupe-te-[ .1I-.Croiu p t Areas' Average; Average: Average Unit ti londitions: .e lhvant Iof Sew JI rP11Y,1A +Farsers' A Ylhld': Yield : Market Price! Farmer! I 'araiit'trst :llttvatin (I- P '','o'AI

_ _- - Ki I ' I I

i I I

Grouplng might be based on land ownership, for examp e. Financial rate of return.2 Includeq land currently uncultivated and idle, as well E.g., rink aversinn characteristics of farmers, which
as that under cultivation. might decrease over project life.
Before project implementation. A likely rather subjective assessment dependent, forA predicted figure, after project implementation. example, on the three previous columns.
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Table 2. Assessment of the Utility of values to this; or (2) anchor the two extreme values
Change in Health Services of the measure, specify a few intermediate points,

Type of Chanq, Subjective Assessment and use linear interpolation to complete the prefer-
of Medical Experts ence function.

The direct technique is generally the more attrac-No Change 0 tive, and is used in the hypothetical testing of the
ll to H2 2
|Il to 113 5 appraisal framework in Section 2.4. A sample of its
Hl to 114 7 use in constructing the preference function for the
I1 to ff5 10 third criterion, distribution, is given in Figure 1.fl2 to ff3
ff2 to 1f4 3 In actual practice, the final selection of the utility
H2 to 15 B assessment technique depends on the preferences of
H3 to H4 2 the decision maker and the topic of the assessment.
113 to ff5 5 Additional techniques are also available should one

_4 to H5 3 of these not seem appropriate.

Consideration of employment in project appraisal Figure 1. Distribution Preference
raises the question of whether it should be treated (Utility) Function
as an end or as a means to meeting other ends or ob- I
jectives. Kessing (13) argues that employment must 100
be treated as a separate objective as generation of 75
employment does riot emerge naturally from the pursuit I

50of traditional macroeconomic objectives, while UNIDO 5
i) argues that it is a means associated with the re- _.

distribution objective. Additional arguments to con- 2-4-6--10-
sider employment as a separate measure include its Hectares (100)

being arn indicator" of the mobilization of labor, an The measure of distribution arising from all projects
condition for rural development, and a under consideration ranges from 20 to 1,000 hectares.important 600 hectares has been anticipated as the "50" point,

measure of relative labor intensity among projects. 400 as the "25" point, and 720 as the "75" point. The
Man-days of employment associated with project distribution preference function is therefore:

implementation throughout its life are suggested as 0.0658 xi - 1.316 20 < x3 < 400
the meanure. Tncluded in this is employment result- UNI*r 0.125 x, - 25 400 < x, < 6(10
ing directly from construction and maintenance ac- 0.208 xi - 75 600 , '.1 720

0.0893 xr - 10.7 720 _ xl < 1,000
tivities as well as that expected from increased ag-

ricultural activity. lEmployment of extension workers
and other government employees should riot be included
as it: is assumed they would otherwise be employed
elsewhere; moreover, interest in employment is pri-
marily from the viewpoint of mobilization of the local Having identified thie criteria of interest, de-labo. Alhouh emloymnt ccur ove tie, a do lineated measures by which contributions to them .might
ecoomi benoefitsparldoset itcus ver ie assedo be assessed, and presented techniques for deriving theeconomic benefits and costs, its value is assumed
constant, and no discounting is proposed. Possible preferonce or utility function for each (i.e., scaling

the physical measures), the final step in the formu-refinemernt.s in this' measure might include distinction lto fteapaslfaeoki obnn h

between short and long-term employment and checks on
measures of the five criteria for each project into aplanned use. single value structure by which the projects might be
ranked. Completion of the analysis depends upon the

2.2 Scaling of the Criteria decision maker's articulation of his preferences
among the various criteria. Three scenarios are pro-

l:ach criterion is measured in its own units: (1) posed: articulation of equal, cardinal, or ordinal

economic benefits and costs in monetary terms, (2) weights for the criteria.
distribution in her*tares, (3) accessibility to social Implicit in the equal weight; alternative, actu-
services in ATSS units, and (4) employment in man- ally a subset of the cardinal weights case, is the
days. At this point, tihe decision maker needs to be assumption that all criteria are of equal importance.

brought in to assist in transforming the spectrum of Thus, the projects are ranked by the value of the sum

physical measures for each criterion into utility or
psycheolo;ical value terTs.

Various utility assessment techniques might be n u(xi)
applicable. In the first, the categiory technique, a WV ri )
number of discrete categories are specified for a
particular criterion, and the decision maker assigris u (x.) is the utility function of criteria i, with

each project to one of tlese based on its contribu- n

tioi to that criterio!n; numerical worths call then he
determined for each cateory, but the result is rather tf tie criteria are trulye imar t a ngto tile best-knowledqe of thle deocision maker, the anal-
approxiirat o. Thi! sconii technuique, the gambl'e , con-
sists of lotteries constructed fly varying the level ysis can proceed directly, uring tire above formulationwith no further input from the decision maker.of thle in 'as,; to or t ho pi-lihilit ies; of occu rrenrce u n-

The cardinal weights aiproach allows for differ-ences in the relative importance of tire various cri-lottery and a certality equivalent; this tends to be teria, and assumes that explicit weights can be as-a nomewhra compl i xited and con ftu;irrqg, ,ds well as time- eiadasmsta xlctwihscnb s
aominh, tcomplicued anthrd aproac, astiele di tim- signed to each. Projects are, therefore, ranked accord-cers isrig, teclhn i que. A third aproach, tire direct gin to the weighted sum of tile utilities over all
technique, is the most straightforward, requiring tire criteria:
decision maker to assign numerical values to the
various levels of attainment of a particular measure. n wu i
This can be done in two ways: (1) anchor one extreme 2 =  

(2)
point of tire measure, arid compare all of its other i=l .wi
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wi is the explicit weight on criteria i. The maximin decision rule is, on the other hand,more
To complete the analysis using this formulation, ar- conservative/less optimistic in nature. That is, the
ticulation of the cardinal weights must be elicited occurrence of an exceptionally poor criterion measure
from the decision maker. In practice this often is taken into account by this decision rule, but it,
proves to be difficult due to conceptual problems in in turn, is less able to reflect the occurrence of an
explicitly assigning the correct social weights and exceptionally good one. If the ability to account
to political sensitivity issues, for an exceptionally poor criterion measure is criti-

In cases where the decision maker cannot or is un- cal, as illustrated by the analogy of "a chain is as
willing to specify cardinal weights, the ordinal strong as its weakest link," then usc of tl'e maximin
weights approach might be used in ranking the projects. decision rule may be justified. one further limita-
Application of this alternative requires the decision tion of both decision rules is that the set of pro-
maker to designate all ordinal ranking of the criteria jects are not ranked according to a single set of
reflectinq their relative importance. Given this and weights since that which maximizes (minimizes) one
utilizing concepts of linear programming, the analysis project will, in general, not be the same as that max-
can be completed. The formulation discussed below is imizing (minimizing) another. Finally, if the infor-
that initially developed by Cannon and Kmietowicz (14) mation is available and believed correct, use of
for lpplicaticn to decision-making under uncertainty; equal or cardinal weighting techniques for ranking
further details of its derivation for application here projects may be most appropriate.
art! given by Chew (12).

As a first step, given Al ordered set of criteria, 2.4 Application/Testing of the Methodology
the -;et of utility functions of the various criteria,
anld a set of projects, an upper and lower bound on the A hypothetical case study involving 36 alterna-
weighted score of each project can be determined based tive projects was designed to demonstrate the appli-
ol that order of criteria. This can be formalized as cation of the overall appraisal framework (see Chew
two linear programming problems: (12) for details). A typical project might be as

fol lows:
n A 

2
0-kilometer feeder roid is proposed to join a

Maximize (Minimize) WVUC3 = X W.U(x.) (3) small agricultural comimunity cf 600 persons to a smalli=l provincial market town served by a good secondary road.At present an earth trail, not passable by motor vehi-
cles, exists and is mainly used for walking or trans-Subject to: i W. = 1 (4) port by pack animals to the nearby town where the peas-

i=l ants may go to sell agricultural surplus and purchase
consumer goods. The community appears to have rather
suitable conditions (e.g., physical, ecological, demo-Wi-wi+ 1 Z 0 (i = 1, ... ,n-l) (5) graphic) for agricultural development.

As part of a regional development effort, a packagethis reflects the ordering of the criteria of Investment projects has been proposed by the design
team, including: upgrading the trail to a gravel road;
agricultural extension services directed towa;rd improv-w. - 0 (i = 1. n) (6) ing existing production, increasing the land under cul-
tivation, and introducing a new crop, cocoa: establish-

That is, any set of cardinal weights which obeys the ing a health clinic in the community; and providing
specified ordering will have a weighted score some- general education.

The community has 109 families, of which 5 are rel-where between these upper (maximum) and lower (mini- atively rich and own 45-50 hectare; of land each, 14
mue) bounds for each project, own 2-10 hectares per family, and 70 are landless (50

Through the application of a couple transforma- renting a total of 100 hectares from the rich for sub-
tions, two parameters and, thus, two possible deci- sistence farming, and 20 working for the rich families).Present production consists of cassava, rice, and maize,sion rules, termed maximax and maxiiin, emerge for with a bit of livestock, on 405 hectares of land; an
rankinq the projects. Under the maximax decision rule, additional 113 hectares of cultivatable land is idle.
the projects are ranked a :cording to the maximum It is proposed to bring this land under cultivation

with a cash crop, cocoa, as well as an additional 70weighted value of the criteria, or in other words, the hectares of nearby government land, the latter to be
highest score they can attain given: the ordering of allotted to the 70 landless families. The target pop-
the criteri.i: ulatlon is 104 families who currently own 278 hectares

of land which will be increased to 348 hectares by the
project....max 1 (x.)WV m = MAX X __ (i = 1. n) (7)

j=l i Based on such information, contributions to the
criteria were identified and measured as discussed in

Under the maximin decision rule, tie projects are Section 2.1. This represents just one of the myriadranked according to the minimum weighted value of the possible scenarios for feeder road projects. Corre-
criteria, or in other words, the lowest score they can sponding measures for the other 35 projects could
attain given the orderingt of ti:e criteria: similarly be determined; in the case at hand, a spec-

trum of plausible measures was ,:imply developed. Us-
m (x.) ing tile utility assessment techniques of Section 2.2,Ii M I n ( preference functions were developed for each criter-

j=l i ion, and utility values assessed for each project's

contributions. The values developed and used in tileThe ranking of projects produced by tihe maximax case study are given in Table 3. These were then com-decision rule is; of a more optimistic/less conserva- billed for each project, and used in ranking tile pro-
tive nature. That is, if a situation arises irn which jects as outlined in Section 2.3. The three mechan-
tile contribution to the most preferred criterion is isms for the decision maker's articulation of prefer-
exceptionally good relative to that to any of the ences concerning the various criteria were tested un-
other criteria which might be exceptionally poor, the der one or more sets of assumptions: (1) the equalmaximax rule cannot take the latter into account. If weights alternative; (2) the cardinal. weights alter-
this inability to account for an exceptionally poor native with the same order of criteria but three setsmeasure is riot a critical issue, a long as there ex- of weights; and (3) the ordinal weights alternative
ist more preferred criteria with exceptionally good with the criter-a in the same order as and in dif-measures, ther useof the maximax rule may be justified. ferent orders from the cardinal weights approach,
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Theraningof rojctsby ean oftheequl o thee rojctsacrss these, alternatives is traced

wit ---~- readl- eac -riteron nd-~ in4- -l 4-as a~ reuto-t xrms-n-atimn-'~h a-,7

!!i i P rojects ranked a t the top tend to be un iformly good '.o s c i e i : t e h g e t p s i l t l t c r:: (e~g., Project 16),,or relatively igood in two or more fo. ...r the. ecnoi beeft citronad ow fr
crtraand not too ..... intoermining '(e.g. , the ditiuio e wit moert to lo screProjects 14,13); those near the bottom tend toe - o the'rema g c r.. . T when e weights

4 4 4 ' • ; . ... . :' a-r m i i g cr te ia -Th s, when~ .eq al ei ht : i -[.

-formly poor (e~g., Project 3), ,or .relatively poor in :i: (wvucI) 'or nearly equal'cordnal weghts (WV€ 2 )  are,. :,4several criteria and maybe evenquite good in one or .specified, it ranks aroundnumber 20. When cardinal-

, !: tw°o (e.g., Proj ects I?,t20). Such generalizations mustl weights with !,relativelyl higher weight 'on ':economic' bee-
b. ,e treated' with caution, ho~wever," as the. ranking of / i":fits "and :lower n " ,distributinal effects !(WVUCl) iareii.,

" """projects is ighy epenent on the paricular set of-" applied,'r Prject 4 mves :up to psition ,3, :ad theniupprojects. Moreover, assigning 1 36 separate rankings may to number, 1
w he n th e 

extremes in the 
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be somewhat deceptive in that certain projects-may be. grae ye WU3.Temr/le'ss .'cnservative'arather close in the numericalvalues underlying their tures of the maxmax and maxmin decision rules are -
S rankings:(e.g., projects ranked 5 to14 are within 7%) •well depicted byProject 4's behavior.- It ranks 'num-,and may thus be relatively equally desirable,, atleast ma-lw

rferd annuber 1 with WU3 'hc aseooi ee i asiifor a first glance. It is, therefore, recommended the most re criterion,

. ..that the WVUC values be viewed in conjunction with the " WVUC3 minl- When top riority is ie odsrbtoa
srankngs (see Chew(12))rt Nevertheless, the strengths effects, Prject 4 drops to ranks 29 and 36 re sp e c- JK Q

of this appraisal fr- ework is as .a mechanism for tica Y nder ada3ri ision rule- the asioe of
sorting and ordering a large number of projects, 3 and eans of the ie 16

... the reby selection of a group of potentially appropriate and25 since itspefrac ih settoher-projects for further and more detailed inspection. faraedscriterion is relativelyapor. .. .

These general comments pertain to all three ranking- The performance offProject 22 with respect tko, ....;
techniques. three of "the five criteria is good :(economic costs and '.;.:-!The ranking of a particular project, when cardinal employment) to excellen t (distribution) ' and with re_-i!ilweights are specified (WVUC ) depends on both threle The remaining two isrelatively Poor. It'jative weights on the indiviual criteria and the pro- ranks first for WVUC 2 which placesdislutiuit oal e f

-ject's peformance relative to that of others in the fcts at.the top. its score onreonndmlcbenefits is-

set. va Itbehavior is rather similar to that of rather poor, it rank aound n , around 20, underWVU 2 ' s ..WVUC , as the weightson the criteria are nearly uni- WVUC3 which putsnearlv all its eiphas s on thic -
forme WVUCi and WVUCo show rather different rankings, terion, and under WVUC3 i forwhich this criterion
howecr,s is hgh d et on th ti favr the first is most preferred . Its generally favorable perfor- u

criterion, WVUC3 more so than wvuc2'i. n thi, case of nonce with regard to the other" criteria; bring its'wvucI , for example, projects with a reasonably high rank up to 7 for WVUC3maxl, andup into the range mf
measure on the firstone or two criteria and maybe not 2 to 11 forthe other more es

rathe cloe inthe umercal alue undrlyig thi'~ uresof te maimaxankain csion ruesr" - -

nkso high on the others tend to rank high (e.g.,Projects Project by Projec s behai o relatrvely p n-r with5,4), while those with a reasonably low measure onthe regard to all .the criteria Crrespondingly,eit ranks
first criterion and still relatively high on the others rather low forall decision ru1es, although it tendstend to rank low(e.g.,Project30). Distinct differ- to Cil.. when tp primi isin t r iutin )ences exist in the rankings obtained from WVUC and - is ef es, Projet 4 ros t anmlks29 a ,io re cm

of tis pprisa fraewok i asa mehansm or ivey u de r c useofaxt ndfor m in Ioo heae of

sU2, as exemplified by Projects 17 and 22, differ- without any extreme lowsin its utility scores. 16
ences in the emphasis on the second criterion being e r ngof the alternative projects in he hy
important here pothetical case study naturally va with I  t the d.eThe ranking of projects under the o cadrnal weights cision rule used becausedifferentvalue judgements

assumption (WVUC3) depends on the decision rule used, and amounts of information have been provided in eachtie orerig on the criteria, and h ror- r ans. fist o h o uges dei ibtiona lhe
mance of the projects in the set. The five top-ranked decision rule is the "best and only one". its selec-

projects under WVUC 3maxl demonstrate the less cnser- tion is most appropriately made .on a case-by-casevtive nature of the maximax decision rule in that the basis taking into account, for example, the nature of

contribution of the most preferred criterion, economic the projects involved and their expected contributionsbenefits, overshadows those of all other criteria; to development, the socio-political environment withn
Project 4 is an extreme example. Once contributions which the planning is being done,an d the type of i
to the less preferred criteria become larger thin value judgements the decision maker an and-is willing-
that to the most pr red criterion, however, these to make. Adequate understanding bytheanalyst and "
begin to exert some influence, as in the case of Pro- proper education of the decision maker concerninge
ject 14. The conservativeness of the maximin decision properties and implications of themvarious decsion
rule is evident in the lowering of Project 4's ranking rules3are essential to successful implementatl n of
under WVUCminl, and in the low ranks of Projects,19 the proposed framework for project appraisal. "r'2 "@ 'and 20. The observation:that the ordinal rankings un-dg i r - 'der WVUC2, WVUC3maxi, and WVUC3minl arei the same is 3. Summary, Conclusions and Recommendations it s
envalid, but one cannot then proceed to assume that the t d ni -

rankings willalso be similar, as demons , Ctrated by 3.1 Summary and Conclusonsrl poor performance
Table 5. Some similarities exist as in the top-ranked• ,, iprojcts, buts ytrn2ki2g differences alsoexist as in The plight of the rural poor i n developing coun -e ce . There is, wethin ohe specif- tries is aproblem needing immediate attention today- - -

catinof cardinal weights (WVUC2)c anaalmost infinite sRuraldevelo ent is a formidable and multi theeed
number of specifpcaions which paratlelthe ordinalg problem whlch developing countriesand lending agen-rank oing of thut resuri, ndterenl ranings ofo ciesare finally beginning to face. Transportation ifthe projects. Te second (WVUC ) and thrd (WC)sets is recognized as a necessary but insufficient ingre-
of figures in the rdinal weights case demlnstra the dient in this process .  Evaluati n of rural roade

vative -,.".; ' :. ,-,, : , ',-. naueo h"ax"xdcso ru.e in that the .. basis;: . taking.'::' into account: ' : , for• : :. : exml, the:: .nature / 'ii':' of - ii
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Table 3. Utility of the Criteria Measures,u(xi) Table 4. Decision Rules Used in the Case Study
Project Economic Economic Distri- Employ- Accessibility to WVUCI: equal weights on the criteraNumber Benefits Costs bution ment Social Services WVUC: cardinal weights on the critera

1 34.09 61.82 21.58 83.04 42.79
2 30.22 17.66 54.79 100.00 52.03 Weights,3 15.69 37.91 20.13 13.17 33.28 Rule: wl Wi W3 w. ws4 100.00 31.26 0.00 45.23 20.21 WVUC2  0.50 0.20 0.15 0.10 0.055 90.43 72.67 0.99 24.48 10.216 73.88 58.90 1.25 28.90 14.99 WVUCI 0.22 0.21 0.20 0.19 0.187 41.35 55.67 27.63 88.02 31.26 WVUCl 0.90 0.04 0.03 0.02 0.018 34.62 80.23 40.13 73.81 27.04
9 20.77 81.81 56.46 46.26 15.61
10 i±.15 82.26 75.00 16.42 32.14 WVUCI: ordnal ranking of the criteria
11 30.22 77.86 12.04 43.94 24.5312 39.43 59.87 11.58 58.79 19.14 Rule: Weighted Value Preferential Ordering13 41.35 38.40 82.14 89.39 71.45 of Criteria: of Criteria, xi:14 36.17 31.67 95.80 90.49 88.2515 29.44 44.46 76.07 58.27 52.56 WVUC3  maximum Xi> xz> X)> X4> xs16 77.14 48.64 54.38 52.41 40.36 WVUCsminI minimum x,> x2> x3 > x'> x.17 79.93 2.76 29.00 33.07 27.01
18 19.81 94.99 12.17 75.49 11.88 WVUCI

x  
maximum X>2 x> X> X5 x5

19 3.30 9 .85 5.46 0.00 5.13 WUC~
m in t  

minimum x > x > x > x %20 0.00 100.00 11.18 1.61 0.00 C I21 44.45 84.08 0.33 31.85 14.50 UVUC, ax3  maximum X'> xJ> xl> x> X522 30.39 69.78 100.00 45.97 27.03 W'CI
m
inj minimum X> X> xl> K. X5

.3 63.84 0.00 52.50 68.12 45.21
24 48.30 13.61 41.00 57.81 100.00 where: > means "is preferred to"25 21.16 50.00 70.83 9.68 17.80 1 - economic benefits26 25.00 67.04 27.50 46.50 22.63 2 - economic costs27 53.93 38.55 50.00 67.18 38.75 i - 3 - distribution
28 29.81 29.55 82.14 60.93 51.25
29 6.73 67.06 87.68 31.85 27.00 4 - employment30 13.36 50.00 54.58 37.90 43.75 5 - accessibility to social services
31 60.31 47.73 40.38 56.25 45.00
32 37.52 38.40 37.75 81.24 51.29
33 32.98 8.14 11.97 46.37 57.50
34 27.21 72.74 24.47 51.87 6.38
35 30.77 34.93 15.26 58.12 45.38
36 35.83 28.26 9.14 46.40 41.18

Note: For all criteria except economic costs, the lowest
attainment is assigneo a utility of 0, and the highest
100; the situation is reversed for economic costs
where the highest cost Is assigned a utility of 0, and
the lowest 100.

Table 5. A Summary Comparison of Project Rankings Using Different Decision Rules
Equal

Weights: Cardinal Weights: Ordinal Rankin_
Rank WVUCI IVCI WVUC WVUCl wvucTaxl WVUCiI WVUCTxi WUC'i

n z 
UVUCax UC

1 14 16 14 4 4 16 .22 ........ 22 20 8
2 13 5 13 5 5 31 :14 14', 19 .22
3 22. 4 1 6 17 27 ;29 13', 18 ,"164 16 2. 17 16 7 28 16 ', 21 ,' 31
5 1 5 ~. 1 .15 6 6 13 :13 15 ~ 10 .' 96 24 , 6 8 23 14 5 10 28 9 , 107 8 ' 14 24 31 ;2. 4 .t 15 27 , 5 ," 188 2 27 31 27 :13'. 32 : 25 9 '. 8 ,° 7
9 28 22, 28 24 :21 6 9 29 II 510 31 17 27 21 :23 ' 21 / 8 10 .34 111 27 23 2 13 31 12 16 31 22, 2712 32 8 7 7 : 8 . 8: 20 8 14 1313 7 7 32 12 18 17 2 30 29 3214 1 24 1 4 :10 1, 1. 5 32 26 26
15 23 15 23 32 : II . 14 30 2 6 11
16 9 1 9 ~8 27 .23: 18 25 4 1217 29 21 29 1 29 ".24: 7 7 3 1518 10 32 10 36. 7 '22 23 26 16 2919 18 28 8 22: 9 11 27 24 1 3420 30 9 5 15 15 2 24 23 :2 621 5 12 4 28 24 1s 31 34 7 2122 4 2 30 2 2 34 19 1 31 2523 12 11 12 33 28 35 1 /3\ 27 30
24 26 18 11 11 1 26 32 17 15
25 11 34 26 35 20 36 34 /35 24 426 35 10 34 34 34 2 26 18 2 2827 34 26 6 26 12 25 11 11 28 3528 6 29 35 9 19 9 6 12 30 3629 21 25 21 18 32 18 4 20 \25 2030 17 35 17 25 25 33 21 33 32 19
31 25 36 25 30 26 ,3\ 12 36 \23 .332 36 30 36 .3\ 30 /30\ 17 19 7 ..- 233 33 33 33 -'10 35 -10 \ 35 \3 24
34 3-. 19 3 29 36 / 29 - 6 5 35 3335 20 20 "20 19 '\33/ 19 3/ 21 36 1736 19 "%3

/
19 20 '3' 2U '3' 4 33 23
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projects, therefore, must begin to incorporate cam- more research is needed on their predictive measure-
plementary investments in the development package, ment. Use of land ownership by the target income
and to look at these projects from a socio-economic group as a proxy for tracing distributional effects
perspective, entails some restrictive assumptions, which might be

The multi-criterii appraisal framework proposed removed through the structaring of a new measure, for
above has been formralated in response to such con- example.
cerns. A potentially appropriate set of developmen- Finally, this research effort has focused only on
tal objectives is suggested, as well as possible the appraisal problem. Two other problem areas --
means by which a project's contribution to these ob- the design and implementation stages -- need further
jectives might be assessed. These include tradition- study, and are suggested as a third area for future
al economic benefits and costs as well as distribu- consideration. Thus, for example, the design problem
tional effects, accessibility to social services, and needs to be investigated as a multi-objective prob-
employment generation. This list is by no means in- lem; identification of projects is a particularly
clusive; findings of further research may suggest new critical step in the process, as the projects ulti-
criteria as well as new means of measuring those cur- mately selected for implementation can only be as
rently of concern. The appraisal framework itself good as the best of those available.
is independent of possible changes in the criteria
and of addition of new ones. As tile measures for References
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Secondly, the multi-criteria appraisal framework
proposed in this paper is a "first step" effort, and
some refinements are clearly needed. Al though the
criteria are reasonably straightforward, for example,
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DESIGN THICKNESS OF LOW-VOLUME ROADS

Jacob Greenstein, Consultant Engineer, formerly Lecturer in Civil Engineering,
Moshe Livneh, Professor of Civil Engineering, Technion-Israel Institute of

Technology, Haifa, Israel.

A theoretical model is presented for determining Basic Assumptions
the design thickness of flexible pavements for
low-volume roads. The structure of the pave- Design thickness of flexible pavements isments under consideration is single-layered, usually based on the theory of elasticity. However,with either a waterproofed surface such as a for low-ccst structures with a permissible rutmembrane, a single bituminous surface treatment, depth of up to 5-7.5 cm (2-3 in.), the theory ofor a double bituminous surface treatment; in plasticity seems to be a more compatible choice,other words, pavements of low construction cost. and is therefore the one chosen for this study.The theoretical model is based on the theory of The assumptions behind the theoretical model areplasticity, whose application seems to be a delineated in equations 1 - 5.compatible choice for cases like these that For a given wheel load and given wheel config-encounter high values of rut depths, i.e. those urations, a unique relacionship exists between theexceeding 5-7.5 cm (2-3 in.). The validity of critical bearing capacity of the pavement structurethe model is verified through the test results q and the number of operations leading to failureand performance records of single-layered N. This relationship may be expressed as:
pavements used in a study carried out in
Bolivia. Outputs of the theoretical derivat- q a a log B N (i)
ions are employed to construct applicable design P p
charts for the thickness values of single-
layered pavements having traffic volumes of up where a and B are constants depending on
to 0.5 x 106 operations of a standard axle of the wheel load, the wheel configurations, and the80.1 kN (18 kips). These design charts are tire pressure.
compared with the methods of other research Equation 1 actually states that for differentagencies, and the existing differences are structures having the same critical bearing capac-discussed. ity, the number of operations leading to failure is

also the same, provided that the load's parameters
Introduction are the same. The critical bearing capacity byitself is, of course, a function of the thickness

In developing countries, low-volume roads are of the pavement and the properties of the construc-associated with, low construction cost pavements, tion material. Thus, calculations of q necessit-
whose structure is single-layered, with either a ate a knowledge of the strength parameters both of
water proofed surface such as a membrane, a single the subgrade and of the single granular layer.bituminous surface treatment, or a double bitumin- According to Foster's observations, the in-ous surface treatment. The single layer consists situ CBR values of a single granular layer varyof granular material. These pavements are consid- with depth, having high values on its surface andered failures when the rut depth exceeds 5-7.5 cm low values at its bottom. Similar results were
(2-3 in.). An example of such a failure is shown obtained from existing single-layered pavements
in Fig. 1. in service in Bolivia. Table I presents these in-

The design thickness of single-layered pave- situ CBR results.
ments is of special interest because of the effect It should be noted that Foster's findng and
on their low cost, on one hand, and on their the Bolivian results are compatible with the var-
required performance, on the other hand. This iation of the ratio E G/ES with depth, EG beingpaper investigates design thickness in the light the resilient modulus of the granular material andof the test results and performance records obtai- ES  the resilient modulus of the subgrade material.
ned from a study which was carried out on single-
layered pavements im Santa Cruz, Bolivia, for the This variation of EG/E with depth is taken intoBolivian Public Roads Dept., and which was intend- consideration when the theory of elasticity is useded to develop design charts for low-cost pavements to determine the thickness of flexible pavements.
for this country.



40

Figure I. Rutting failure in a granular single-layered pavement.
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Table I. In-situ CER results from Bolivian Study. lquation 2 is valid only for o < y < II. When

lii kn s ...... ... . -. . on y , CBR; is ac:tually equal to CBR .
11',nU tr ive r ( c::i) rade tke SSidd I Lu Finally, use is made of Lite finding of4 i mu]dlr '; the Wiseman and Zeitlen, expressed by the followingj {, ) t L ilt-' ;su~rl/acv q a i n

I iou ir o )lhequiat ion:g in ( ( ) ru lr
'_gr___)_ S CBR (3)

1 .o - 17.o 9, i 5 d4)' I 8;here S is tie shear strenkth of tile material
14.5 - 16.o 12Z !2 - .1 -M. nd is the material constant.

- - In order to simplify calculations, the angle
,{ote: i I =m il. 39 i--f i1nter;I fllriction is taken is zero; thus Sis enluai to the radius I,1 of the lohir circle at

filuire, (see Fig;. 3). In other words:

Surnm i lg up, the variation in inl-situ LABR with :< - v
deptik i:i given ,t:cording to the ol lowing, express- R (4)
ion (se. Fi. 2): 2cos2, C4

(:1111.or:
log CBRi = (1 - 2' log---1 + log CBR ,  (2) + S (5a)I I p fifcos2 (

'l 1 p - Rf COs2'¢ (5b)

where CBR G  denotes the in-si tu CBR of tile granulir 7 Rf s 1=2 (50aterjil 1,is ,1 Inoc Lionl of the depth y;ChB T  denI- x
where a,, , nd I denote the components ofO etS tl' C i I'll th.* soirl act Of tile, grilltlllr maLter- -y

ii, ioe. for v (= 11 C S  denotes the CliR 0f the tellsor stress in tit x - y plane ; p denotes tile
S isotropic stress; and . denotes tile angle.oibg radc i..teriail, 1nd if denotes the Liii .kness of betweI x and the principal stress directions

the sin 'rinuir li.er, heing the thickness ol (the positive direction of ', is counter-clockwise
thc pav ement, from x to the principal stress direction).
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Figure 2. Variation in the CBR va.ues of the granular layer with depth.
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Development of the Critical Bearing Capacity Mohr circle at failure), which varies with x andE-qations 
y (the normal stresses a acting along the arcn

According to Livneh and Greenstein, it is AB do not produce moments about 0). Thus, thepossible to adopt the Prandtl failure mechanism - average critical bearing capacity q_ acting along(see Fig. 4a), for calculating the bearing capacity x (since q is a function of x, q is equal toof a single-layered pavement. This failure mechan- 2a
ism consists of (a) triangle OAD, a region of Ef qdx]/2a isactive Rankine shear, with angle OAD = 7T/2 oG = 7/2); (b) triangle CBO, a region of a /2passive Rankine shear, with angle CBO = -,/2 f a ydy + f  R (a 2-) dG = a); and (c) sector OAD, a region of 0 p y 0dy f
radial shear, with a circular arc BA.

To find the critical bearing capacity q, -2 amoments are equated about 0. The stresses prod- q a+ fucing moments about 0 (see Fig.4b) are these: 2 0 A'YdY (6)
CA - the active stress, which varies with the

depth y, from Equation 2;a - the passive stress, which also varies with y; where 2a is equal to the width of the contactpRf - the strength factor (i.e. the radius of the area of the wheel being 23 cm (9 in.) for thestandard axle.
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Figure 4. Rupture mechanism for determining bearing capacity
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According to Equation 5, oA is given by Proper substitutions and integration of Equation

o for = a/2 and - = y; thus p q - Rf6 with the aid of numerical methods yield the res-and q q Rf ults given in Fig. 5. From Fig. 5, it can be seen
and that q/X is dependent upon (a) the ratio 2a/H,

i.e. the ratio between the width of the contact
oA = q - 2Rf (7) area and the thickness of the pavement layer; (b)

g a function of y, as mentioned above. the CBRS value of the subgrade; and (c) the CBRT
b value of the granular material on the surface, which
Similarly, a is given by a for is equal to 100% in Fig. 5. It should be notedp

o and y o; thus p Rf and that CB = 100% represents CBR values that

p = 2Rf (8) are 40- 60% of the entire granular material.
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Figure 5. Critical bearing capacity as a function of 2a/H for different values
of CBRS
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Determination of Design Charts Fig. 6 enables the conversion of the q/\ which

appear in Fig. 5 into N values, thus yielding the
In order to determine design thickness charts, design thickness charts presented in Fig. 7. The

the a and B parameters should be calculated q/)A and 2a/H values are also given in this figure

1.5 
PP%

first. This is done with the aid of the results in
Table 2, which were obtained from the Bolivian sitestudy on failed pavements. These had the same Verification of Design Thickness Charts
values for the CBRS value of the subgrade.
(N, the umber of operations to failure, corres- The validity of the resulting design charts
ponds to the standard 18 kips axle load; 2a is was verified with the aid of performnce data from
qual on 2 d c 9 ns. T e i take f mithe Bolivia study of failed pavement, with different

equaltypes of subgrades. These data are presented infor the corresponding values of 2a/H; and Table 3.
CBRS = 9%).

Table 2. Performance data of failed pavements in Table 3. Performance data of Bolivian failed
Santa Cruz, Bolivia, study, with CBRS = 9%. pavements with different subgrades

H 2a/H A x 1000 rut depth q/X 1000.N H CBR rut depth
(cm) - I (cm) (cm) (%)s  

(cm)

16.5 1.39 20 7.o 1.84 20 16.5 9 7.018.5 1.34 50 5.0-6.5 2.03 50 22.0 6 5.0-8.022.0 1.04 150 5.0-6.5 2.24 50 18.5 9 5.0-6.5
25.0 0.92 450 5.0-6.5 2.45 50 16.5 12 5.5-6.5

100 26.5 6 5.0-6.0

150 22.0 9 5.0-6.5
Note: 1 cm = 0.39 in. 150 20.0 12 4.5-5.5

200 26.5 6 5.5-7.0
200 20.0 12 5.0-6.0
200 16.5 15 4.0-5.0
350 20.0 15 5.0-6.0

The results of Table 2 are plotted in Fig. 6, 350 21.5 15 5.0-6.5
with q/L being a function of N. It is seen from 450 25.0 9 5.0-6.0
this figure that a linear relationship exists bet- 450 19.0 15 3.0-4.0
ween q/A and log N, as postulated in Equation 1.
This finding supports the theoretical derivations
presented here. Note: 1 cm 0.39 In.
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Figure 6. Relationship between the critical bearing capacity and the number of operations
to failure of the standard axle load (18 kips)
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Figure 7. Thickness design charts for a granular single-layered pavement
and for the standard axle load (Note: 1 cm 0.39 in.)
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Again in this table, N denotes the number of For example, when N equals 0.5 x 106 andoperations of the standard 80.1 kN (18 kips) axle CBR S equals 9%, H equals 16 cm (6.3 in.);
load per lane leading to failure. The rut depth is Smeasured with a beam 180 cm (5.9 ft) in length. according to Fig. 7, H equals 25 cm (9.8 in.).Fig. 8 shows the performance data together with Moreover, using higher values of CBR and lower
the design charts obtained from Fig. 7. It can values of N, Equation 10 may result in negativebe seen that the suggested design charts are in values of H. Thus, Equation 10 is not applicablereasonable agreement with the performance data. for the range of operations under discussion.

It should be noted that using these performance Hamitt (7), states that the thickness of un-
data for a multiple linear regression analysis surfaced pavements is 75% of the thickness of con-yields the following results: conventional structures as obtained by the U.S.

Corps of Engineers (8). A comparison of the thick-H = 9.5 - 22.5 log CBRS + 6.6 log N (9) nesses derived from Fig. 7 with those from the U.S.
Corps of Engineers' procedure for conventional(H is given in cm) structures results in the percentages presented in
Table 4.

The differences in 11 as obtained from
Equation 9 and from Fig. 7 are negligible (less Table 4. Thickness percentages for three CBR Sthan 0.5%). Thus, the theoretical background values
presented in this paper strengthens the validity
of the results. Yet, because of- the limited N x 100 400performance data, the design charts should be used CBRs (%) 20 50 200 400
only when 0.9 < H/a < 2.2.

6 59 64 65 67
Comparison With Other Sources 9 72 74 78 78

Brabston (6) constructed design charts for a 12 74 81 87 87
single-layered structure having a single bituminous
surface treatment. These charts may be formulized
as follows:

H1 = 53.3 - 84.5 log CBRS + 8.1 log 0.4 N (10) From Table 4 it can be seen that the thickness
percentage is not constant; its higher values assoc-

(if is given in cm and N ranges from 1.7 x 106 iated with higher values for CBR S and with higher

to 2 x 107). values for N. In any case, the values are compar-
It can be shown that using Equation 10 for able with the value of 75%; thus, the procedure

low values of N may result in considerably small proposed in this paper may be considered a refine-
values of H when these are compared with Fig. 7. ment of Hamitt (7).

Figure 8. Performance data together with the derived design charts(Note: I cm= 0.39 in)
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Conclusions 2. W.R. Barker, W.N. Brabston, and Y.T. Chou.
A General System for the Structural Design of

There are two main conclusions to be drawn from Flexible Pavements. Proceedings, 4th Inter-
the work described in this paper: national Conference on Structural Design of

Asphalt Pavements, Vol. 1, Ann Arbor, Michigan,
I. The theoretical derivations presented in 1977, pp. 209-248.

this paper enable a determination of design thick- 3. G. Wiseman and J.G. Zeitlen. A Comparison
ness charts for granular single-layered pavements. Between the CBR and the Shear Strength Methods

2. The proposed method is a refinement of the in the Design of Flexible Pavements. Proceed-
procedure proposed by Hlamitt (7). ings, 5th International Conference on Soil

Mechanics and Foundation Engineering, Vol. 2,
It is suggested that the design charts given Paris, 1961, pp. 359-363.

in Fig. 7 should not be extrapolated for N or for 4. J. Greenstein and M. Livneh. Slip Line Field
CBR Also, the minimum thickness of the granular of Anisotropic Soil. ASME, Journal of Applied
material should not be less than 10 cm (3.9 in.). Mechanics, Paper No. 74-APM-A, June, 1974,

pp. 453-458.
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SOME ASPECTS OF PAVEMENT DESIGN AND PERFORMANCE FOR LOW VOLUME
ROADS IN NEW ZEALAND

Robin 3 Dunlop, Ministry of Works and Development, New Zealand

In defining the role of a psveanent, this paper Traffic flows on many roads are light (less than 100discusses the essential features, methods of vehicles per day) and the vehicle type varies cone-
design and performance with respect to flexible iderably from area to area depending on land utilis-
unsealed and thin surfaced New Zealand roads. ation and port outlets.
The materials which are normally used in these Estimating design loadings is sometimes diffi-pavements are identified and assessments made cult as a change in use will turn a satisfactory
on material characteristics for design. By road into one which rapidly deforms under the new
defining the two main modes of pavement defor- traffic conditions.
motion, namely shallow sheer and deep seated
(subgrade) deformation, it has been shown that
etabilisation meinods can be used to reduce the Climate
rate of deformation in both chip sealed and
unsealed pavements. Generally the climate in Now Zealand can be re-
In order to limit the rate of deformation, a garded as temperate, with sir temperatures reaching
Modified Design Approach, which essentially 300C plus in the summer down to below zero in theincorporates both a modified eubgrade and base winter. Rainfall varies from 300 mm in the Centrallayer into the structural pavement, has been South Island region to 7000 mm on the southern partsrecommended and then confirmed as far as prac- of the West Coast. Frost penetration of pavementticable using field performance date. layers is confined to central regions of both North
It is concluded that low volume roads can be and South Islands with a maximum recorded penetra-
constructed successfully using thin total pave- tion of 400 mm in areas serviced by roads.
ment depth provided think time and etabilioation
techniques are employed with the aid of appro-
priate design skills. Soil Types

Naturally occurring soil. very widely through-
out the country end in fact can change over a 10 mRoading in NZ length of road. In Canterbury thick layers of
gravel form the eubgrade while in the Central NorthNew Zealand is a small country (266 917 eq km in Island, volcanic ashes and pumice are the predomin-area), has a low population density (3 million), and ant soils. Further north large arose of swamp andhas a roading network of 92 600 km. As stated by very weak clayey soils predominate.

Langbein at. el. (1) New Zesland's economy is based Geologically the South Island is much more
on the export of primary produce, and therefore the mature than the North and conequently soil typestransport system must cover the country with a ree- are more stable in the South Island.
eonebly close network, but with only a moderate
density of traffic away from the three main contres
of population. General Roading Type

Roads in New Zealand vary from just track@The Roading Network suitable for four wheal drive vehicles, to modern
motorways.?. present the national network of state high- The unsealed road ham generally been developed

ways has of 10 785 km sealed and 770 km unea- from cart tracks by grading and the application ofled while the local county and municipality roads maintenance aggregate. Of the sealed roads, 95%and streets consist of 35 615 km sealed and 45 432 are surfaced with chip male. The typical constru-km unsealed. ction being subgrade, transition layer, subbase,
The present network is divided into two classes, bass and surfacing (Figure 1). Many of these pave-

Class I limits a twin tyred spaced axle to 8.2 menta so constructed were designed, but in the for-tonnes while for Class II the limit is 7.3 tonnes. ties and fifties a "oal as in" policy was imple-
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mentad in New Zealand to increase the total percent- Proesnt Pavement Design and Material Use
age of sealed roads.

A few concrete roads were built in the late Because of the limited funds available in New Zeal-
twenties while in the late fifties to early sixties and per kilometre of road, the practice has been to
a number of pavement layers ware cement stabilised. use local materials and minimal structural depths.

Unsealed Roads
Figure 1. A typical New Zealand pavement croas-
section. Unsealed roads in New Zealand are seldom forma-

lly designed, but are maintained regularly by grader
and maintenance aggregate added twice yearly at an

Base average annual rate of 0.50 m3 per kilometre per
vehicle per day. Regular grading in essential to
limit wheel path rutting, potholing and corrugation
formation.SubbaseTasio

Subb Subgrade Transition The quality of the running angragete variea
........ -throughout the country such that sc-s road control-

ling authorities are forced to use material which
rapidly breaks down under traffic and the fine@ so

Surfacing - Thin bituminous chip anal. formed are blown sway. In other areas good aggre-
Base - Quality unbound granular basecourse. gate is used, but it is pushed down into the sub-
Subbase - Unbound granular material. grade over the winter period and lost.
Transition - Graded layer to prevent fines from the

subgrads migrating into the overlying Sealed Roads
layers.

Subgrdo - That portion of the road formation, from Most existing thin surfaced roads have been des-
formation level down one metre. igned on the basis of eubgrade CBR values. Guide-

Basecourse - Unbound aggregate used as a base layer, lines on pavement design are at present provided by
the National Roads Board 2), while specifications

The Requirements of a Pavement provide for the quality control of materials to be
used in a pavement. These specifications have bewn

For the purpoem of this paper, only thin eur- developed to allow the use of local materials
faced or unsealed pavements incorporating unbound especially in subbase layers.
or bound layers will be considered. Most pavements built in the last ten years have

For a pavement to be considered ndequately doo- been designed as flexible using unbound materials.
igned it must be capable of retaining an acceptable Acceptance of all but the basecouras has been pre-
(to the motorist) surface shape before the design dominantly on the soaked CBR value. The basecoures
life expires. In Now Zealand bfsically three modes is accepted on grading control, sand equivalent,
of pavement distress cause loss of shape in a thin 10% fines limit and weathering resistance. In the
surfaced flexible pavement, namely: last two years atabilieation of many local materials

has changed the mode of pavement performance. The
1. Failure of the surface allowing water infJl- use of the CBR test as the acceptable criterion is

trotion (ag, by cracking); now common for all cement or lime modified materi-
2. Shallow shear within the pavement layers; ala. This teat may not appear the most appropriate
3. Deep seated (subgrade) deformation, but it at least providee some measure of sheer

resistance of the modified materiel.
Assuming an adequate reesal cycle, pavements

should be designed to resist the last two deforma-
tions for the vehicle loadings appropriate to the General Pavement Performance
road.

Moat thin surfaced pavements have performed
adequately to the end of their design life. Many

The Purposes of Pavement Design road controlling authorities maintain a reasonLble
reseal cycle so that surfacing integrity is retain-

Design is not only an attempt to predict the ed.
performance of a system before it Is constructed, From trenching of deformed pavements it ham been
but includes the best utilisation a' available re- confirmed that the two main modes of diatress are
sources to yield cn adequate structLre. Even though shallow shear in the basecouram and deep seated
pavements are different from most civil engineering deformation with the predominant mode being found
structures in that they deform until the surface to ba the former. Shallow sheer appeared to be
ride is no longer acceptable, some attempt at design associated with low shear strength. This : con-
is essential if premature surface deformation or firmed by one hundred besecourses sampled from out-
Phrape change is to be avoided. In the past, pave- of-shape pavements in a local central North Island
ment design ham concentrated on the determination of region where the soaked CBR'. ranged from 3 to 30,
thickness, based either on observation of local areas thus clearly indicating the reason for lose of
performance, or design methods utiliming limited pavement shape. All the basecourses teasted con-
laboratory testing of subgrade soils. taned appreciable quantities of clay, which was

Pavement design is beet approached by the selec- probably produced by hydrothermal end hydrochemical
tion of materials and structure thickness which will degradation.
resist the modem of deformation. Whether now pave-
ment is being constructed or an oxisting one upgra-
ded, the design must recognis that deformetion will The Use of Stabilised Layers
occur. It is the control of the rate at which this
occurs that is of prime concern. For approximately 20 years, stebilised materi-

ale have been used in New Zealand road pavements
(1). In the late 1950's end early 1960's consid-
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arable lengths of pavement were constructed using Identifying Reactive Soilscement stabilised bases and aubbases. Stabilisationdeclined in the late 1960's and early 197' largely Before attempting any atabiliation work it isbecause of the lack of a clear concept of mode of essential to check that the sQil is reactive to theaction leading to concern at the development of proposed atabiliser. Moat soils can be stabilimedreflective cracking. This decline continued until with either lime or cement, but soils containingtwo years ago when renewed interest was shown es- organic matter do not usually react.pecially in lime stabilisation. At the present time In New Zealand laboratory testing is undertakenstabilisation is playing a developing role in New before any soil is stabilised. If reactivity onlyZealand's roading construction and rehabilitation is required a quick response test is specified (5),programme, and its use is expected to increase, while for more accurate results detailed testing isA stabilised layer can be located at any level required. For modified soils the CBR values arein the pavement, or indeed the whole pavement above obtained on the untreated and then treated soil aft-the natural eubgrade may be treated. er a specified number of days curing and soaking.
Increase in bearing of at least 100% indicatesreactivity. If cemented soils are required thenSubgrade Treatment tensile testing with respect to time is carried out
to check strength development.1. By modifying the subgrade soil with small

quantities of lime or cement, the sensitivity toingress of water is reduced. Selection of Materials for Light Duty Pavements2. The addition of a stabiliser to the subgradewill increase the modulus (stiffness) of this top Wide ranges of material types and design methodslayer so formed which, although thin, will greatly axe available for thin surfaced flexible pavements.reduce the rate of deformation in the untreated With limited cross-section and hence limited volumesubgrade. 
of materials per unit length, importation of mater-
isls from a significant distance incurs not only a
transportation cost penalty, but the cartage ofSubbase and Base Treatment reading materials will often cause a substantial
proportion of total pavement wear on the low volume1. Both lime and cement improve the load spread- road network. Therefore for overall economy a roading ability of en otherwise unbound material by controlling authority should aim to use local mater-increasing its modulus and tensile strength. With Ils, either untreated or treated.high lime contents and moderate cement contents, Untreated, modified and cemented materials eachslab action can be developed, resulting in greater have their advantages and disadvantages. Examine-load spreadability of the pavement layer, provided tion of the disadvantages of each, in the localintennive internal cracking can be avoided, situation, is a suitable way of deciding on local2. The addition of a stebiliser will also policy. The principal disadvantages to be consid-increase the shear strength of a material suff- ered for each material are:iciently to enable it to be used at a higher levelin the pavement than that for the untreated mater- Totally unbound materials.

ial.
3. It would appear that lime and probably 1. All subgrede variability must be dealt withcement inhibit hydrochemical and hydrothermal degra- by the superimposed pavement layers.dation of aggregates. This means that presently 2. Nearly all unbound materials have substan-unusable aggregates, after treatment, can be used tial moisture sensitivity.in subbases and bases. 3. Easily won local materials can suffer sub-

stantial breakdown by hydrothermal and hydrochemi-In designing any pavement with one or more ate- cal alteration (t).bilised layers it is essential that the original 4. Most naturally occurring materials whenpurpose of using a stabiliser is understood. It is being won from a source (eg quarry) contain pocketsnot necessarily a process which will automatically of contaminants or low grade materials.bring about a pavement thickness reduction when
compared with conventional unbound pavements, but Modified-soil.
is a system by which locally available material ofotherwise unacceptable quality can be used in place I. Require specific mixing/blending equipmentof a higher grade and consequently more expensive and techniques needing change in job skills andunbound aggregate. management.Likewise, it is not economic to over-stabilise 2. Design method needs modification to affecta material. For this reason, Dunlop, (4) defined two maximum available economies.
distinnt stabilisation phases namely; modified-
soil ard cemented-soil. 

Cemented-soil.
A nodified-soil is one in which small amounts ofstabiliser (.5-3.0 Dercent by mass) areused to 1. All cemented-soil layers are affected bycorrect a grading deficiency, reduce or eliminate shrinkage and thermal strain changes.plasticity, or provide a weak construction platform. 2. The layers are subject to fatigue failureIn this definition, for a soil to be termed modifi- and are vulnerable to over-stressing caused byed, the tensile strength of a lime treated soil overloads (Q).after 14 days curing at 20 0C must be less than 80 3. Crack initiating defects are events whichkPa. The same criterion applies to a cement will usually have to be designed for, (a) and willmodified-soil but the curing time should be seven cause up to 40% increase in the tensile strain atdays. 

the bottom of a cemented layer. When such aA cemented-soil has a tensile strength of defect progresses to full crack development, thegreater than 80 kPa using the same curing conditions vertical strain in the top of the subgrade isspecified for .,i modified-soil. increased by a factor of up to 14 in the area
immediately adjacent. If water filters down the
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crack into the subgrade a concentrated soft spot non-frost susceptible either unbound, or lime modi-
develops with consequent loss of bearing, fied aggregate to a depth equivalent to the maximum

4. Construction variability on the jottom of a frost penetration expected.
cemented-soil layer (the critical zone for tensile 2. Check if the soil is reactive to lime; if
based performance) must be carefully appraised and not use cement.
controlled. Both mixing and compaction are diffi- 3. Decide on stabiliser content on the basis
cult at the bottom of an in situ mixed layer; Otto that the top surface should not act as a slab. Nor-
(9) indicates that a reduction of 30% in assigned mally 2-4% stabiliser is required.
strength should be used for design purposes. 4. Plan to construct late spring early summer

5. Cemented soils increase in stiffness with to allow the stabilised layer time to develop stren-
time, accentuating the load attracting characteris- gth before the winter.
tics and hence likelihood of crack formation unless 5. Ensure that adequate water tables are formed
strength improvement matches the stiffness change. before commencing construction.

6. Design method requires substantial sophie- 6. Shape and compact the surface to a tight
tication, and sufficient testing and construction finish.
control to assure expected properties, if full 7. After one day roll into the surface a thin
economy of the process is to be realised, layer of clean large-sized running aggregate.

7. Construction technique adaption is required
as for modified-soils. This procedure is applicable for roads carrying

less than 500 vehicles par day.
It can be concluded that both unbound end In the first summer deformation in the wheel

cemented-soil layers have problems which are not paths will occur and the duet problem will be simi-
always easy to overcome. Take for instance the lar to that experienced on an unbound unsealed road.
development of the up-side down pavement in which a Over the first winter lime stabilised material in
cemanted-soil layer is used as a subbase. It appears particular can be re-shaped once the pavement
to be one more of accident than real design in that becomes saturated. From this time on dust problems
it was found that cemented bases produced large will be minimal and potholes and corrugations are
reflective cracks on the road surface. Therefore to very unlikely to develop.
overcome both thermal and shrinkage effects and the
danger of reflective cracking the cemented layer has
been buried under a granular base. Design for a Thin Surfaced Road

The writer would question the thousands of
dollars which are now being, and have been spent on This section outlines the minimum input data
trying to accommodate an introduced problem layer. required and then describes with the aid of Figure
Hence the recommended use of a modified-soil with 3 the use of modified materials (defined by tensile
its superior shear strength, modulus and durability strength not exceeding 80 kPa), in a Modified
when compared to untreated unbound aggregate yet it Design Approach for thin surfaced pavements.
is unlikely to cause reflective cracking even when
used in the base.

Traffic Analysis. In determining the pavement
loading prior to determining the required thickness

Recommended Design for Flexible Pavements it is desirable to obtain information on the present
traffic volumes, the loading of the vehicles using

Pavement design is developed in this section as the road, the expected growth rate and the desired
a concept approach utilising locally available mat- design life. If a completely new mmd is being
erials and its consistency with inservice perform- constructed then forecasts of traffic volumes need
ance is discussed in the following section. to be made.

Because of convenience &nd lack of evidence to
the contrary, the AASHO road test data for axle load

Design for Unsurfaced Roads equivelencies should be used, in which all loads are
related to an equivalent design axle (EDA) of 8200

An unsealed road must withstand environmental kg.
changes, traffic abrasion, and vehicle load-
ings. The motorist expects the road to remain free Stage Construction. In obtaining pavement load-
of potholes and corrugations, to be dust free and ings it is desirable to consider the economics of
never become impassable. stage construction. Normally a new flexible pave-

The presently accepted New Zealand technique of ment would be designed for 15-20 years but a short-
applying maintenance aggregate once or twice yearly or design life should be evaluated. Many roeading
and regularly grading falls well short of the authorities are now considering stage construction
motorist's requirements of an acceptable ride, in which the design life is reduced for the initial
little dust and in some cases a passable road. Some construction stage, and an overlay is programmed to
rosding authorities have now decided that an initial be constructed after approximately ten years depen-
outlay of three times the annual maintenance bill ding on traffic loadings.
per kilometre can stabilise the existing unsealed The design life for a stage should take into
pavement to a depth of 200 mm with either lime or account pavement deformation rate, surfacing life
cement and produce overall savings within four years. and residual life so that the next stage will
This treatment also provides a much better service become necessary only when full economic benefit
to the moto:iit. has been obtained from the initial investment.

For thic type of treatmentdeaign requirements
are minimal, but the following steps need to be Environment. Variations in ambient temperatures
considered: do not appreciably change material properties of

unbound material except in the upper 100 mm of the
1. If the road is likely to be subjected to base. In this top layer temperature gradients can

freeze-thaw cycles then stabilised layers should be become quite high thus moving moisture through the
used with caution. This problem can be overcome by unbound layer and changing its shear strength.
overlaying the stabilised material with a depth of Another factor which needs to be considered is the
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possible accumulation of water on the underside of In determining the suitability of the mail whichthe seal. It would appear from New Zealand experi- has been subject to the wetting and drying test aence this only becomes a problem when the bamecoursa simple shear test will provide adequate results.layer is topped with fines whose high surface area The tested soil shear strength should be at leastavailable for water retention promotes seal lifting, twice the expected sheer strength obtained in theIncreasing water contents has a detrimental appropriate pavement layer (Viz Figure 2, developedeffect on the subgrade whereas freezing and thawing using linear elastic layered theory).
can affect any pavement layer constructed of frost
susceptible soils. When designing a pavement thedesigner must allow for adequate subsurface and Figure 2. Maximum Shear Stream versus Depth for asurface drainage. Typical Unbound Pavement

Material Characteriastion Pavement Surface

- --- 1 00Subgrade Soil. Many investigators have demon-
strated on full scale test pavements that linear 

-2000elastic theory can be used to describe the aubgrade
response provided the modulus of the soil is deter-3
mined under appropriate conditions. It is prefer- 300
able that modulus values be obtained from either
in situ or repeated loading laboratory tests. If - 400this information is not available then the empirical 200 100 0relationship between modulus and CBR can be used. Shear Stress (kPa)

E = 10 x CBR MPa Modified-Soil Subgrade Design. The design which
is outlined in figure 3 (Step 1) assumes that anyThe other factor which needs defining is the subgrade with a CBR of five or less should be modi-permanent deformation in the eubgrade. Cleessen fied with a stabiliser, fabric or granular fill toet al (10)have suggested the use of the following produce a working platform with more uniform per-relationship: 
formance with respect to bearing and to provide a

2 - 0 25 transition layer between the aubgrade and overlyinge= 2.8 x 10 X N layers. In adopting a modified aubgrade it is
difficult to asses the strengthened layer's fulla = permissable compressive strain in subgrade potential. If lime is being used to atabilies a
cohesive subgrade soil it can fairly safely beN = number of strain repetitions, assumed that some tensile strength will be developed
in the modified layer. This factor should thereforeIt must be remembered that strains developed in be used in design together with the natural sub-cohesive soils under repeated loadings depend on grade and stabilised subgrade COR values.soil history, saturation and density. Therefore if Reference (5) gives details of a simplified mod-e pavement is being placed on a dense over-consoli- ified subgrade design approach, but a linear elas-dated soil subgrade then the permissiblestraln is tic multilayered program can be used in conjunctionincreased, 
with limiting strain in the subgrade to obtainNormally a subgrade soil is subjected to granular cover thickness. From this point it isrelatively low stresses due to wheel loads, cam- essential to check that a subbase is required aspared with overlying materials, so that shear some lightly trafficked roads need only a basefailure is not possible. In thin pavements with layer.

cover thickness of less than 200 mm it is recommen-ded that shear strength of the soil be checked. Subbease Oesiogn. Step 2 on Figure 3 specifies
the procedure for design of the subbase usingUntreated and Modified Granular Layers. From unbound, modified-soil or cemented-soil pavementresearch recently carried out in New Zealand (11) layers. Although unbound and cemented-soil layersunbound and modified aggregates, after initial are included, as suggested earlier in this papertraffic compaction, tend to develop interparticle a modified layer gives thE best performance forinterlock which remains intact indefinitely provided capital outlay. An unbound siaaeo layer will beadequate durability and sheer strength of the mat- adequate provided durability and shear strength areerial are retained. Therefore these two factors, maintained for the design life of the pavement.durability and shear strength characterise an Both unbound and modified layers develop particleunbound or modified material. interlock which aids the load carrying ability ofAs degradation occurs by physical, hydrochemical the layer yet does not produce undesirable reflect-and hydrothermal means, no present known teat ads- ive cracking.

qustely ranks aggregates for long term durability.
In an attempt to overcome this present lack of an Base Design. Design of the base follows downadequate durability test it is proposed that any Stop 3 of Figure 3 and is very similar to the sub-unbound or modified-soil be subjected to a 12 base design. Again unbound and cemented-soilcycle watting and drying test (.) followed by layers have been included, though the writer con-petrographical analysis of the clay size particles. siders that precracking of the cemented base toRanking of these fines can be aided by the "clay form an essentially modified-soil layer is highlyindex" system developed by Sameshima at al (6). It desirable. Precracking is the process by which ais suggested that a clay index of " 4.5 should be roller is used to deliberately crack a stabilisedregarded as satisfactory. Inservice performance pavement layer into blocks of less than 100 mmindicates that aggregates modified with cement and square, thus preventing wide spaced reflectivelime appear to develop an immunity to degradation, cracking.

In designing abase for a thin surfaced road it
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shear strength of the material being used. As

suggested in the section on materiel cheracteriso- Unsealed Pavements
tion, durability can be checked by an accelerated

wetting and drying test end possibly limiting the In a number of recent trial sections on lightly

plasticity index to less than 2. Unless large trafficked county roads, attempts hae been made to

scale shear boxes are available it is suggested atabilise the top 150-200 mm with quicklime. After
that a minimum CR value of 80 be specified in con- stabiliing, the layer is compacted, cured and left

junction with the durability rehuorments to ensure unsealed.

adequate sheer strength in the base layer. One particular clay road in the Waipa County
Drainage requirements of the whole pavement must near Hamilton was treated this way with no agr-

also be checked to ensure that water which pn- gate being added to the under-designed pavement.

tratee a cracked seal does not filter down into the After its second winter, its appearance is good with

mubgrade and reduce beerier capacity. Also when no potholing or corrugations. The road surface

stabilised subbase layers are used their low parse- has cracked into approximately hexagonal paving

ability with respect to the base may cause pore block sizes and some wheel path rutting has

pressure dissipation problems which need to be over- occurred as predicted (rigure 4). While this road
come by attention to crosefalls, full construction only carries 100 vehicles per day the savings in

widths eand subsoil drainage, maintenance since completion has been approx. 0.

In a number of other sections of road which have
been lime atabilised, unbound aggregate layers

Pavement Performance on 50-i00 l t the of a010mm hv been placed over the tabilisd

layer to add pavement strength. ithin a few
The design concept introduced in the last sac- months considerable potholing and corrugations

tin wa based on many in-service observations of developed in all sections indicating the deficiency

pavements and their performance. No design method of using an unbound base layer for an unsealed oad.

is complete without feedback from observations of The latest development has been to lime stab-

performance of constructed pavements with respect lia an existing unsealed road and one day after

to loading and time. construction roll into the surface a one particle

Even though many "test sections" have in the size layer of clean 37 mm aggregate. This aggregate

past relied heavily on surface deflection nd shape provides resistance to traffic wheal abrasion and

ab performance criteria, a number of the more recant reduces dust lose in the summer.

ones have been initiated with good start data. The
use of "in-service" data is best demonstrated by
examining the results of some test sections on a
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Figure 4. Stabilised Unsealed Road Surface treated, asphaltic concrete and lime treated meth-
ods of overlay. It was apparent that materials
which did not retain adequate shear strength, defor-
med by shallow shear. Likewise the low quality
aggregates treated with 1% of hydrated lime have
performed excellently in service end better than
even the unbound high quality basecourses.

Bradley (14) in triaxial tests performed on
i- both the good quality unbound and poor aggregate

treated with lime found that the resilient moduli of
saturated samples were 400 MPa and 1100 MPa respec-tively for a deviator stress of 250 kPa and a con-
fining stress of 50 kPa. These laboratory results
confirm field performance which indicates the advan-
tages of using a material which con resist shear
deformation under heavy wheel loadings.

East Coast Road Test Sections

In a series of eight test sections constructed
(in 1969) and monitored in a co-operative project
between Waitemata County Council and the Road
Research Unit of the National Roads Board, New
Zealand; bitumen treated basecourse, cement treated
basecourse, local aggregates, lime stabilised sub-
bases and conventional high quality unbound aggre-
gates were used. From results presented in a reporton this project by Malcolm at al (i5) and subsequentTeat Track Results 
Information collected the following conclusions can
be reached:The circular test track at the University ofCanterbury has been used to evaluate twelve differ- 1. The bitumean trusted conglomerate used as aant unbound basecourses under a standard 4.1 tonne baso was found in post testing to have a soaked CaRdual wheel. The difficulty of laying basecourse value of 25. This treated material gave very poorand the extent of grading change with rolling was performance as it deformed to an unacceptable levelobserved. It was found that refusal density could after 4 x 104 EDA.not be obtained by compaction plant, but was achie- 2. The cement stabilised base cracked underved beforo the pavement reached 10% of its design imposed traffic loadings within the first sixlife (ie, traffic compaction plays an important months.role). 

At this stage a chip seal was applied and noAn interesting feature of this testing was the further cracking has appeared on the surface. Per-virtual lack of baeucourse deformation which formance has been excellent with very littleoccurred after refusal density was obtained. This visible rutting and no shallow shear failure. Thedoes not correspond with many studies carried out 150 mm cement stabilised coniglo~iiLele layer over 50in the laboratory (12), in which samples have mm of unbound conglomerate subbase on a measuredindicated consideraTle creep with accumulated Car of 70 has carried 2.5 x 105 EDA without anytraffic loading. It would appear that the densitiues signs of measurable deformation.achieved in laboratory samples are not as great as 3. Of the unbound basecoursas the performancein the field, hence the continued recording of appeared to be related to the layer thickness andcreep. 
the aggregate fines plasticity. Bamecourme layersThe other Important point is the sensitivity of of 150 mm were found to be adequate while the 75 mma besecourse to saturation. As the basecourse is layer exhibited early shallow shear deformation.compacted, the grading changes and more fines are Likewise, the basecourse with a plasticity index ofproduced. These fines will provide a large surface 11 also did not perform well to the extent that thisarea for attraction of moisture hence dictating section reached only one quarter of its expectedequilibrium moisture content. If traffic continues design life.to compact an already dense partly saturated (by 4. The two sections containing lime stabilisedconstruction water) basocourse layer, instability subgrade (150 mm and 125 mm) performed well evenhas been shown to increase rapidly once saturation with the minimal cover depths of 75 mm and 150 mmexceeds 80%. 
respectively. The most interesting point is thatOn examination of the above results it is evi- these two sections have carried a total of 2.3 xdent that there are many problems associated with 105 EDA without showing any appreciable subgradeconstructing a basecourse with respect to minimising deformation even though water contents were high.traffic donsification and avoiding 80% saturation. These results substantiate the recommended designThese points tend to reinforce the modified-soil concept of modifying the subgrade to reduce sensi-concept in which grading and moisture sensitivity tivity to water and improve load carrying ability.are not important.

General Comments on Pavement PerformanceQuarry Road Test Sections

Many other case histories could be mentionedBartley (13) in a report on 13 test sections at (4), but the following concluding comments willQuarry Road near Auckland, New Zealand, has outlined reflect the findings:the problems associated with construction and per-formanco of unbound, bitumen bound, foamed bitumen 1. Unbound basecourses which produced soaked
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CBR values of less than 50 when tested in the labor- when compared with conventional unbound construct-
story were providing unsatisfactory performance in ion. With the limited availability of high quality
service by exhibiting shallow shear deformations. aggregates and the increasing, coat of moving them to

2. Many unbound aggregates which were apparent- the construction *its, use of modified local moter-
ly satisfactory before being placed in a pavement isle in the pavement structure must continue to
had deteriorated. increase.

3. Neither lime nor cement stabilised aggregat-
es have shown these changes in durability properties.

4. Stabilised shoulders appear to reduce inci- Acknowledgement
dance of edge breaks, shoulder wear and water infil-
tration under the sealed pavement. The author acknowledges the permission of the

Commissioner of Works to present this paper. It
does not necessarily represent the policy or opini-

Concluding Comments ons of the National Roads Board or its servicing
agency, the Now Zealand Ministry of Works and
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AN ALTERNATIVE TO THE DESIGN SPEED CONCEPT FOR LOW SPEED ALINEMENT DESIGN

John McLean, Australian Road Research Board

While the design speed concept originated from Table 1. Summary Australian population, vehicleconsiderations of driver speed behavior, it is and road statistics (1972).now treated as an arbitrary means of designingand matching geometric elements. The Implicit Population Population Motor Road Lengthassumption of a maximum uniform driving speed is Country (millions) per sq.km Vehicles per 100examined in tenns of Australian research into the per 100 Populationrelationships between driver iipeed behavior and Population (kialinement design. For alinements based on design Australia 13.1 1.7 40.3 6.6speeds of 110 km/h or more, driver behavior U.S.A. 208.8 22.3 56.7 2.9appears to be In accord with the design speed Ot. Britain 54.2 235.6 26.7 0.6concept. However, for alinements with design Germany 62.0 248.0 28.4 0.7speeds between 90 and 110 kmi/h, driver speedstend to vary according to the standard of indiv-idual features, but the speeds adopted on horiz- often high speed, travel while only modest geometricontal curves art, generally below the curve design standards can be afforded. The designers have beenspeed. For alinements with design speeds of 90 forced to look closely at the principles underlyingkm/h or less, driver speeds vary along the route geometric design practices, and this has led to aaud are consistently in excess of the design growing suspicion that the traditional design speedspeed. The results of the speed studies have appriach may not be appropriate for the design ofbeei used to formulate an alternative approach the lower speed range alinements (I, 2). Accidentfor the alinement design of two-lane rural roads studies suggested that horizontal curves had awhere topographic or financial difficulties consider,,ble Influence on the safety of trafficpreclude the adoption of design speeds greater operations on such roads (3). Other studiesthan 90 km/h. The method is based on the estim- revealed thi , relative to other alinement properties,ation of a desired speed of travel as related to road curvature had the greatest influence on driverterrain classification and overall alinement speed behavior (4).standard. This is used to predict the speed These considerations caused the Australian Roadbehavior of drivers on individual horizontal Research Board (ARRB) to undertake a review of thecurves as a function of the curve standard. This design speed concept and its application to lioriz-method provides quantification, in terms of driver ontal alinement design practice, and to carry outspeed behavior, of what represents a sub-standard research into the relationship between horizontalcurve relative to the overall alinement standard. alinement and driver speed behavior. The present
paper summarizes the results of this research andthe recommendations that have arisen from it. FullAs indicated by Table 1, extremes in several details of the work have been published in thedemographic characteristics place Australia in a project report* (5,6,7,8,9).unique position with regard to rural roads and rural The Ceomotrlc -Road Design Committee of the Nat-road transport. Roads and road transport play an lonal Association of Australian State Roadimportant role in Australian economic and social Authorities (NAASRA) played an active advisory andactivity, yet much of the primary highway network is reviewing role during the course of this work and iscarrying traffic volumes typical of what are regarded currently examining the results and recommendationsas low volume roads In many other countries. While a in conjunction with a revision of the NAASRAnumber of the more significant routes have been des- geometric design policy (10).ignated as National Highways and are being progress-

Ively upgraded to a high geometric standard,economics demand that much of the primary network Evolution Of The Design Speed Conceptremain at a relatively low geometric standard (singlecarriageway with constrained alinement). In the 1920s roads were located on long tangentAustralian road authorities are confronted with sections as much as possible. The radii of thethe problem of designing roads for long distance, and curves joining these tangents were determined solely
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by tile topography and available funds. Little thought Critique Of Current Alinement Design Practice
was given to the acrual speeds at which vehicles
might negotiate the curves, or to consistency in Design Speed Concept
curve design. During the 1930s attention was given
to the simple relationship between radius, super- While most Australian road authorities continue
elevation, vehicle speed and centripetal force, to use design speed as the basis for alinement
resulting in a practice of superelevating curves to design, there has been a growing suspicion that the
resist tle total centripetal force for an assumed concept may have deficiencies if applied in a literal
speed. While speed limits were low, the legal limit sense. Three related criticisms of the design speed
providedIL the assumed speed, hut as limits were raised approach were raised by tile author in a recent
it biecame appareont that some alternative approach to review of the design speed concept and its current
desi , was required, application (5).

Barnett(Ill) provided tilt first formal definition
of design speed and the design speed concept.
Following field trials oin road curves by volunteer Type I Criticisms. Designing according to the
su, bects tCOMdictd by iL Bureau of Publ ic Roads, design values permitted by a specified design speed
BariteLL recommended that supere levat ion be designed does not necessarily ensure consistent alinement
to couintetact the centripetal force for 0.75 of the standards.
assumed desig'.ipee, relyinig on side-friction to Design speed, as defined by both AASHO (14) and
supply the rema li p in horizontal resistance. lie NAASRA (10) only really has meaning in tile presence
defilied IliLe as;sumed d'Sa,ll os.peed as: of physical roadway characteristics which limit the

tl saI i IIill reasna I Iv un i form speed wh ich safe speed of travel. ThiIs is not the case for
woUld he ,Ido)ted by the faster driving group level, tangent sections. Even for physical features
of vehicle operators, once clear of urban that limit safe speed of travel, the design speed
areas' . only specifies minimum values; above minimum values

Whi le his designt speed approach was developed are recommended wherever terrain and economy permit.
specifically for ILeternmninlipg design valuies for curve Thus, a road can be designed with a constant design
radius and superel evav;lto, Barnett argued that all speed as conceived by the designer, yet have consid-
features of geometric design shoild be made consistent erable variation in speed standard and, to a driver,
with tie cliSi',, desi gn speed 'itI a view to achieving appear to have a wide variation in design standard.
hII lanLed les i go.

The Antericaht Association of State Ili hway
Officials (AASItO) pave officiaI endorsemett to tile Type 2 Criticisms. Designing according to tile
(ulsigi slpecd clitCtUIll Ili Its 1938 'lPolicy on ilH.ghway design values permitted by a specified design speed
Classification' (2). This po licy defined design does liot necessarily ensure compatibility between
siCeLd as: tile standards for combinations of design elements.

Ithe taxinum approximately uniform speed which Minimum values for alinement are based on tile
probably would be adpted OIy tL faster group safe operations, as defined by design criteria such
of drivers but not, necessarily, ty the small as side friction factor, for a vehicle travelling at
perceitage of reckless ones' the design speed negotiating such features in

The pub Iicat ion of AASI() 's 'Policy on Geometric isolation. In rolling and mountainous terrain, it
Design of Rural Hlighways' (13, 14) saw the design is frequently necessary for vertical alinement
speed ciltrPit a1s it is kitown tday, Here design elements to be combined with horizontal curves.

speeI is de f I ned as: Adequate minimum values for isolated elements do not
la speed used for tie design and correlation provide the same level of safety when the elements
of the piysI tea features of a highway that occur in combination. Consequently design policies
influen'e vehicle operation' and manuals empliasise tile importance of avoiding

and as combinations of minimum values;.
'the maxinum safe speVed that can be maintained Statements on avoidance of comhiiat Ions of min-
over a sJecified sectlion of highway when inium values are, in effect, an amendment to the
condtlions arte so favourable that the design design speed approach to alinement design. However,
features of tie highway govern' neither such statements, nor the design speed con-

Whi ILe these ttI)ullicat Ions real izud 'balanced cept itself, guide tite designer as to acceptable or
design' as envisadged bv Barnett, with miniumi stand- appropriate combinations, of values.
ards for ail I des Igo elements leing rel ated to the
Choseii detsigin speed, it sII fted tile design speed
c('0ctpt itself away from the behavioural ,teasure Tjyp_ 3 Criticisms. Free vehicle operating

proposeld I him. Desig speed IS no longer the speed speeds and design speed are not necessarily synon-
adopted by 'the faster driving group of vehicle omous.
operatoirs', but has beeonte a design procedural value AASHO (14 p87) argues that, on rural highways,
used for tii 'desip;n aid correlation' of design most drivers aim to travel at an 'approximately
elemesitits which is also a 'maxiItimI safe s)eed'. Thi Is uniform speed' . (T',e orig ral design speed concept
shi ft it interpretation has an iIIortant hearing on is, to a large extent, based otn such ,I assumption.)

lti solCtseluiti Lt deveIoupmtslt of this paper. While this may be true for freeway standards,
Aistralian road authorities have tende, d to follow experience suggests that it does not accord with

Americait gtoe Itric roid dLesi)pit practices. NAASRA (1I) driver behavior on lower standard alinements. A
eiupII.Ov the desigit sleed conepit ill much the saint way driver adjusts Ill s stpeed accoirding to his desired
as AAStHO, with desigi st't, d helng de fihed as the speed sliced of travel and the perceivtuI hazard. As dis-
at which a vehicle can travel : cussed above, tile speed standard, and hetice the

'witlot being ex)osed Lo hazards arising from perception of hazard presented by the alinement, may
curtailed si).lt disltnce , inappropriately vary along a road designed with a constant design
superelIevalted curves, severe grades or pavements speed. Tile speed adopted by a driver tends to vary
too narrow to accmuodate the design volume' accordingly, and may often lie in excess of the

design speed. The situation is further complicated
by differences in perceived hazard for different
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alinement elements. Entering a horizontal curve at variance with the intent of the sight distancean excessive speed will almost certainly result in a criterion. Increasing curve radius to improve sightloss of control situation, so drivers adjust their distance may merely serve to increase operatingspeed accordingly. However, the possibility of speeds, so that the sight distance remainscurtailed sight distances concealing a hazard is per- inadequate for the speeds that prevail.ceived as remote, so drivers do not generally adjust
their speed to a level commensurate with sightdistance restrictions. 

ARRB Research Into Driver Speeds On Curves

Objectives And Data CollectionCurve Design Standards

With a view to resolving differences between
Current minimum curve design standards are based actual driver-vehicle behavior and the designn two criteria: 

assumptions, ARRB undertook an empirical study of
driver speed behavior on horizontal curves. Speed

I. Ensuring that tie side friction demand is data were collected at 120 curve sites on two-lanenot excessive for the design speed. rural highways in three States, and on the approach2. Ensuring that the sight distance is adequate tangents to the curve sites. The nominal speedfor the design speed. 
standards of the curves ranged from 40 to 120 km/h.
Free spot speeds were measured at 20 sites on level

Th, first criterion has developed from railway tangent sections, with lengths greater than 1.5 kmn,engineering practice. It is based on the side force In the vicinity of curve sites.required for a vehicle to traverse a curve at Onedesign speed and at a constant radius equal to thecurve radius. The design standards are derived Analysis And Results
from the equation:

Desired Speed and Overall Alinement Standard.V2  
Tihe speed at which a driver might wish to travel a

127R () particular section of road should have a bearing on12 f 71Z 
the speed at which he chooses to negotiate curvescontained In that section. This speed was referred

where: e = curve superelevation (m/m), to as the 'desired speed' for the road section andf = side friction factor (side force/force was defined as the speed at which drivers choose tonormal to the pavement), travel under free flow conditions when they are notV = vehicle speed (or design speed) (km/li), constrained by alinement features.and R = curve radius (in). A subjective assessment was made of each road on
which carves were studied to divide it into sections

The design value for f is given as a decreasing of relatively uniform character, based on suchfunction of design speed. The relationship between factors as overall alinement standard, topography,f and design speed is supposedly based on a 'driver cross-section, traffic volumes, adjacent land-use,comfort' interpretation of early empirical studies and proximity to major urban development. The(11). However, It is often justified as being rep- lengths of these sections ranged from 3 to 30 kin.resentative of the decline in pavement skid The higher value speed distributions measured o7rosist;ilCU with increasing speed. each section (measured on the better approachThe sight distance criterion is based on the tangents or on long level sections) were regardedmiliMinium sight distance requiremeuits for the design as a measure of the desired speed pertaining to thespeed. The curve radius necessary to ieet these section. When directional differences occurred,repuiremenlts cati he determined for the possible lat- separate desired speeds were estimated for eachoral olearance to line of sight obstructions. For direction of travel.high design speeds, thei siglit distance criterion Scrutiny of the data indicated that tile desiredtends to he the control ling factor, speed on particular route lengths was influenced byThe assunip t ions underlying the ,ide friction road function, typical trip purpose and length forcriterion have not stood uI to experimental Invest- traffic on the road, proximity to major urbanigat ion. Unli Ike the railway situation, road vehicles centres, and, most importantly for design purposes,are not constrained to foe low a path of fixed radius, by the overall standard of alinement as specified byGiennon and Weaver (15) examirnod vehicle trajectories the overall design speed and terrain type. Insuff-on curves with radii ranging from 250 to 875 m, and iclent data were available to specify desiredfound that the minimum radius on the trajectory speeds for all circumstances. Table 2 gives thetended to be tighter than the curve radins. Good 85th percentile desired speeds that can be expectedand Jouhert (16) found that, for substantial dev- for the most common road conditions encounteredlation angles (> 90 deg) and strong constraints on during the research.drivers' lateral positioning, this relationship alsoappliod to curves of lower radius (18 to 116 m).However, for low radius curves with smaller deviation Observed Curve Speed and Speed Standard. Theangles, or with room for lateral nuanoeuvreing, relationship between 85th percentile free speeds fordrivers tend to 'cut the corner' such that the cars on curves and the speed standard of curves isvehicle path curvature remains less severe than the shown in Figure I. The speed standard -f a curveroad curva tUtre. 
is regarded as the maximum speed at which a vehicleFrom a roview of published speed-curve geometry can negotiate the curve without exceeding thedata, tue author (17) concluded that drivers do not NAASIA (10) side friction factor criterion. Thisrespond to superelovation, and hence side friction will often ble in excess of the nominal design speed.factor, when selecting the speed at which they will For curves with speed standards of 100 km/h or more,traverse a curve. Road curvature aplpeared to be the 85th percentile free speeds tend to be less than thedominant factor affecting speed. The strong relat- curve speed standard, while for curves of lowerlonship between speed and curvature Is also at standard the reverse applies.



58

Table 2. 85th percentile desired speed of travel as R = curve radius (m), and
a function of overall design speed and terrain type 2fo ige-araeayrrlrod iha State r = proportion of variance of the dependent
for single-carriageway rural roads with avariable explained by the regression.
Highway classification.

Overall Desired Speed (km/h) Discussion of Results

Design
Speed Flat Rolling Mountainous The results indicate that the interpretation of
(km/h) design speed, as it relates to design standards and
40-50 70* driver speed behavior, is very much a function of
50 - 70 90 the overall alinement standard of the road. For

70-90 t0 roads with design speeds greater than 110 km/h in
90-120 115 110 rolling terrain, or 120 km/h in flat terrain, 85th
>120 120 percentile desired speeds are less than the design

* Under these conditions, tangent lengths are too short speeds, and the original (11) concept of design
for a meaningful measure of 'desired speed'. The speed applies.
value given represents the typical maximum 85th In rolling terrain, for roads with design speeds
percentile speeds measured on availahle tangents. of 100 or 110 kn/h, speeds will vary according to

the speed standards of individual features. However,
tile 85th percentile speeds on horizontal curves will

Figure 1. Relationship between observed 85th not generally exceed the speed standard of those
percentile car speeds and curve speed standard, curves, though this may not hold for other design

120 features such as crests. This situation is subject
to the Type 3 criticisms of the design speed
concept. Increases in alinement standards within

..100 - this range would serve to reduce the basis for such
Z criticisms.

k ,When the design speed is 90 km/h or less, tile
80 - 85th percentile driver will be traversing all

* sections of tile road with a free speed in excess of
the design speed. The Type 3 criticisms of the

d60 - design speed concept apply over the length of the
- - road, and attempts to overcome such criticisms by

40 - increasing curve radii will only serve to increase
operating speeds by a commensurate amount.6 - 85th percentile speed20 =pecdstandlrd The three general relajionships (desired speed

20 tnvs overall alinement standard, curve speed vs curve
speed standard, and curve speed vs desired speed and

I I I I I I I I I I I I curvature) have a circularity which suggests that it

20 40 60 80 100 120 140 may not be feasible to produce a design procedure
whereby the higher percentile speeds can be accom-

CurveSpeedStandard (km/h) modated within the current criteria for safe oper-

ations. Increases in overall alinement standard
will serve to increase the desired speed of travel

Speeds on Individual Curves. Regression which will, in turn, increase the operating speed
analysis revealed that the observed 85th percentile on individual alinement features.
curve speeds were dominantly influenced by the des-
ired speed pertaining to the road section and the
curve radius (expressed as curvature). While An Alternative Approach to Low Speed Alinement
available sight distance had a statistically sig- Design
nificant effect on curve speeds (p < .05), it
represented less than one percent of the variability Rationale
in observed 85th percentile speeds. The other
traffic and road geometry parameters considered in The remainder of this paper describes the devel-

the analysis failed to show a statistically sig- opment of an alternative approach to constrained
nificant effect on curve speeds (p > .05). alinement design based on predicted 85th percentile

A regression based on desired speed and first speeds. (The 85th percentile approximates a point
and second order terms In curvature was found to of inflexion in the normal distribution curve, and,

provide a good description of the empirical data in as speeds tend to be normally distributed, is likely
terms of statistical significance and even spread of to represent the point of diminishing returns when
residuals. The resulting regression equation, with designing according to a percentile speed value.)

all terms significant at p < .01, was: This approach is most relevent to the design of
horizontal alinements where terrain and/or financial
constraints necessitate the use of standards

V (85) = 53.8 + .464 V - 3.26(l . corresponding to a design speed of 90 km/h or less.
c F -3 R x The variation in driven speed along the road Is

4 allowed for, and each alinement feature is designed
+ 8.5(1 J x 10 (2) according to the predicted speed of travel for the

faster drivers. To this extent, it is a return to
2 the original (11) concept of a design speed, but

r =92 without the assumption of a uniform speed of travel.
where: Vc(85) = 85th percentile curve speed (km/h); A suggested design procedure is outlined in Figure

e V2, and further details are given in reference (9).

VF = desired speed of the 85th percentile It is suggested that current design standards
car (km/li); and procedures be retained for alinements based on
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design speeds of 100 km/h or greater. On such aline- tolerance of modern drivers, and the pavement skidments, driven curve speeds tend to be conservative resistance that can be anticipated.relative to the design speed standards. This is in The design f values shown in Figure 4 are basedkeeping with the view that the objective of high on an assessment of the limits acceptable to thestandard alinement Is to provide a high level of 85th percentile drivers observed during the ARRBcomfort and convenience for the widest possible research (8). As they have been derived from therange of road users. circular path formula (eqn 1), they are appropriate
for use in this formula. The values shown for
speeds greater than 90 km/h are in excess of thoseCurve Speed Prediction likely to be required by the 85th percentile driver,
in keeping with th2 concept that high speed aline-Tihe ARRB research showed that 85th percentile ments should provide a high degree of comfort andcurve speed is determined largely by the desired safety for all road users. Tie range of Side Forcespeed of travel pertaining to the route section and Coefficients measured on curves during routinethe curve radius. While the regression equation pavement friction surveys by the Victorian Country(eqn 2) was appealing for its simplicity, and was Roads Board is shown for comparison.very sticctssful In terms of explaining the variability

in observed curve speeds, it tends to produce anom-
alous results in tilt extremes of the data range. Horizontal Alinement Standards

Tile data were subsequently partitioned into fourgroups according to the desired speed value, and Minimum Curve Radii. NAASRA (10) specifies max-separate spied vs curvature regressions applied to imum superelevation rates of .06 In easy terrain andeach group. Higher order curvature terms failed to .10 in difficult terrain, with an absolute maximumproduce statistically significant improvements for value of .12 permitted in mountainous terrain. Thetile grouped data regressions, so four linear speed- curve speed prediction relationships in Figure 3 andcurvature equations resulted. The regression the maximum design f values in Figure 4 can be usedcoefficients were then iterated or extrapolated to compute the minimum curve radii corresponding toagainst desired speed value to produce tile family of these superelevation rates for each desired speed.curve speted prediction relationships shown plotted These are given in Table 3, together with the cor-against radius ini Figure 3. The original data were responding predicted curve speeds.used to check the validity of these relationships
and, with observed desired speed rounded to tilenearest 5 ki/h, tile family of relationships Above Minimum Radius Curves. In keeping withexplained a greater proportion of curve speed normal design practice, superelevation rates can bevariability than did eqIn 2. reduced on above minimum radius curves. TileEach relationship shown in Figure 3 can be interp- reduction in superelevation must be balanced againstreted as tie 85th percentile speed vs curve radius the desirability of reducing the expected siderelatiolship pertaining to a length of road with a friction factor to a value below tie design maximum.relatively liunl ailinement standard giving rise to Tile superelevation rates suggested in Figure 5 arethe desired speed shown. This gives the speed which based on equalizing these two reductions when tileshould be used for tile design of a curve of required superelevation rate is less than . 10.
specified radius.

Individual Curve Speed Standards. The speedSide Friction Factor Design Criterion standard of an individual curve is defined as the
maximum speed at which it can be traversed withoutA review of recent literature relating to driver exceeding the design f criterion. For above min-behavior on curves (8) found that drivers do not imum radius curves, this will generally be greateradjust their speed on curves according to the f value than the predicted speed. Figure 6 shows the rel-utilized, and that the values actually utilized are ationship between curve speed standard, radius andOften well in excess o the assumed design values, superelevation.

particularly in low standard curves. Furthermore,
because of the variations in vehicle path radius,tilt- actual tire/pavement friction force can vary Estimated Desired Speed (or Speed Environment).appreciably from the f value given by the circular The speed at which a driver will travel a particularpath formula (eqn 1). Despite these criticisms, road section when unconstrained by traffic or aline-designers still consider that f Is both a necessary ment elements has an important bearing on curveand valid design criterion. 'l, difference between speed selection. This speed is largely determinedf and the actual friction available is the most by the Impression the driver gains of tue overallImportant factor affecting safe vehicle operations alinement standard. This parameter has been referredon curves, and, as maintenance of pavement skid to as a 'desired speed' when used in the context ofresistance Is outside the realm of geometric design, driver behavior. However, the term 'speed environ-tie designer must concentrate on the friction demand ment' (after Armstrong, _L) has come into usage whencontribution to tile di fference. the parameter Is regarded as a property of theIf f is to remain as a fundamental curve design alinement design.criterion, the driver behavior literature suggests Table 2 gives typical desired speed values as athat it should he based on a different conceptual function of terrain type and the conventtonal designframework from that currently employed. In part- speed values. Table 4 presents this information,Icular, f demand should be seen as an outcome of with some Interpolation and extrapolation, In termsdriver behavior, rather than is a representation of of the proposed alternative approach to alinementit (18). The objective of alinement design for tire design. At tue concept level, the 'speed environ-f criterion is, then, to ensure that the design ment value' would serve the same function as thedriver does not exceed tie design values of f. For current use of a 'ruling design speed'.such an approach, design values must be based on a

realistic assessment of time behavior and comfort
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Figure 2. Suggested alinement Figure 3. Curve speed prediction relationships.
design procedure.
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Figure 6. Curve speed standard related to radius assumed for the derivation of current stopping dist-and superelevation ance standards. With this research as justification,
the design values for deceleration can be increased
to maintain the current balance between horizontal
and vertical alinement when a predicted speed is290 used as tihe basis for design.91 

Even with this amendment, it was evident that
SUPERELEVATiON (r) minimum horizontal sight distances appropriate toi 8 Li 

actual speeds were not being provided on manyexisting low radius curves which were studied, and
that, when in cut, it would not be feasible to
provide the necessary latral clearance. However,

7G - as 'ran off road' is tie main cause of accidents on
such curves (3), the sight distance restrictions did
not appear to be contributing directly. On tightly60 
constrained alinements, drivers will be in an
alerted condition, and a. 2.5 sec reation time maynot be required. An absolute minimum rca:clon time
of 1.5 sec has been suggested when designing for50 /predicted 

speed In constrained situations, which
- 1 ,. 1 1 1 1 1 ., would accommodate most of the conditions encountered0 100 200 300 400 500 during tie research. (The reduced reaction timeCURVE RADIUS () value should not be used on Isolated alinement

features where the driver might well be in a relaxed
state.)

Table 4. The speed environment of two-lane ruralhighways as a function of horizontal alinement Designing For Driver Expectancies
standard andi terrain classification.

The importance of desired speed (or speedTypical Mn. Speed Environment (kmn/h) environment) for driver curve speed selection indic-Curve Speed ates that, above all else, tile driver expectsStandards Fiat Rolling Mountainous corstency in alinement standard. Based both on(km/h) t"e research findings and the operational experience50 65 of major Australian road authorities, a number of60 85 75 rules of good practice can be formulated to ensure70 90 80 that the requisite degree of consistency Is provided.
80 95
90 100100 105 Section Speeds and Curve Standards. On a well

120 120 110 designed section of road in an area with generally>120 120 uniform topographical character, a driver develops
a speed expectancy as quantified by the speed
environment or desired speed concept. This expect-
ancy should be reinforced by designing curves to anSight )istance Considerations approximately uniform standard. Desirably, the
speed standard of curves within the section shouldThe ARtRB speed studies revealed that, in terms not differ by more than 10 km/h, and a 10 km/hof current NAASRA standards, the speeds at which variation in predicted curve speeds should bedrivers operate are often excessive for the sight treated as the absolute maximum variation in curvedistance available. While this applies to all forms standard.. If this latter criterion cannot be met,of sight distance restriction, it is particularly tile designer should seek to change tile speedtrue for sight distances restricted by crest vertical environment pertaining to the lower standard curves.curves located oin tangent sections.

Despite tills anomoly, Australian designers con-sider that, in terms of operational experience, the Isolated Curves. The predicted speed for curvescurrent balance between horizontal and vertical occurring at tie ends of long straights shoulda I Inemeit standards appear reasonable and should be desirably be not more than 10 kin/h, and definitelyretained. In Australian exper!ence, serious accidents not more than 15 kmi/h, below the speed environmentoil crests are more often related to illegal over- pertaining to the road section. 'Long straights' istaking manoeuvres than to stopping distance criteria, a relative term which relates to the overall aline-and this problem would not he alleviated by minor mont standard, and probably ranges from about .25 kmadjustments to minimum sight distance standards. As for low .tandard alinements In difficult terrain toweli as leading to additional construction costs, tile 3 km for high standard alinements iii easier terrain.lengthening of crests that would be associated With
an increase in stopping distance standards wouldserve to rehlnce the total length of road with sight Changing the Speed Environment. When a changedistance adequate lor overtaking. It would also In topographical character or some other constraintincrease tile difficulty of meeting the basic rule of necessitates a change in alinement standard, thisgood pract.ice for combined alinement design that change should be made clear to tile driver. This Iscrest vertical curves should be contained within best achieved by a sequence of horizontal curves,horizontal curves. each having a predicted speed consistent with tueOther researcl at ARRB (19) suggests that modern design f criterion. When going from a high to a lowvehicle/tire/pavement combinations are capable of standard, the predicted speed on sequential curvesachieving much higher deceleration rates than are should not differ by more than 10 kmi/h, and tih,
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speed environment relevent to each curve can be Based on Australian experience, the inadequacies
taken as the predicted speed of the previous curve. of the traditional design speed approach do not

generally result in deficiencies in designs produced
by central design offices in major road authorities.

Discussion Hiere, the accumula-d experience and expertise are
applied at various parts of the design process to

Conservative Design Criteria ensure that such deficiencies do not occur, and this
probably has a greater bearing on the final product

At a superficial level, it might appear that the than either the design speed concept or the design
proposed standards and procedures would result in standards. It is the designer of lesser experience
alioeTments wich ;ire less safe than those based on working inI isolation from centres of expertise who
current standards, due to the increse in design is most dependent on formalized design procedures.
friction factor values land ridiuced sight distance Low standard roads, for which current procedures
standards. This is not tilt east', as the proposed appear deficient, are likely to be designed ir Lhis
vIues are derived from actual driver belavior on latter sitatiLon, and this is where the proposed
existing ai inements des ipuvd according to current alternative approach is likely to be of greatest use.
.[stilards and procedures. lhl resality of driver
behavior (for Aiu;tralian drivers at ltasst) is such
tht, ol low st;nlard silinelleLnts, many drivers Continuing Research
operate with smaller safety miargins than those
traditional ly asstMld, and this fact shnuld be With Australia's particular Interest InI low
rucognizcd in des ign. volume roads, ARRB is continuing to undertake

Trad itional .sLalda rds hlased on the design speed research in this area wiich will lead to a more
concept hr' at tempted to build safety into design comprehensive consideration of tie factors Influenc-
through the, elploy Imelt of very conservative design ing tie speed environment of a road. Attention is
criteria. However, tit ARRB research has demon- also being given to the relationship between traffic
strated that for the lower range of speed standards, operations and alinement design standards. Indicat-
drivers copleI)tnste, tor tile conservtlye criteria by lons are that, in undulating terrain and for design
travelling at specds greater than the nominated speed standards less than 90 kmi/h, improving the
desigi spet'd. The proposed alternative approach, in alinement speed standard produces only marginal
effect, matches tile coInservatism of tilt design improvements in traffic operations. Where traffic
cr1 teria to tie I lsonservat is IIhi cI drivers subj ect- operations are a problem on a low speed alinement,
iVely apply iTi atLil situations. the introduction of auxilliary lanes at various

Atelmpts at deriving sandards from conservative locations Is probably tile most cost-effective means
crittria which are iOt eonsistent witli drivel' of providing an improvement.
belhavior halVe lId to sOne marked lloilMaliCs, partic-
ulrlv with repard to s ight distance requirements.
For eXailItnpL,, AASIIL (1_4)I us[ifies the use of a Conclusions
COlservat ie f cri teron 1 or low desigpn speeds on tie
grounds thit 'drivers tend to overdrive low design Tire original design speed concept was a driver
spted highway*vs'. lhiwever, the Inminimum sight distance behavioral approach to alinement design, with design
standards are derived from ;an assumed 'average speed being regarded as an upper estimate of a
running speed' which I'; less than the noriniated relatively uniform travel speed. While driver speed
design i speed. A more recent amendment (20) bases behavior no longer conforms to tie assumptions
desiraible stopping sight distLance lOil tle noinasted implicit in tie original concept, design speed is
design speed, but this is still likely to be below still used as a 'design procedure' directed at pro-
tle sIpetd It which low standard alinemeits are viding consistent and co-or-Hnated alinement.
'overdriven'. The priposed alternative design For road alinements based on a design speed of
standards are internallv consistent, as well as being 120 km/li or greater, drivers tend to adopt a relat-
consistent with real world behavior. ively nnilorm speed which is less than the design

speed. This is in keeping with tie original concept,
and for roads of tht., type, tie traditional design

Acceptanlce anid Application speed approach provides a valid and rational method
of alinement design.

Whi le application of the proposed procedure IF, On alinements with design speeds between 100 and
recommended as I viable means of achieving efflctive 120 km/li, free operating speeds vary along tire road
low speed alinement designs, it is recognized that according to the speed standard of the horizontal
it may not be acceptablo iII some authorities. alinement, and, while -eldom exceeding the speed
Through several decades of usage, Lilt ties ipn speed standard on individual lorzontal curves, they will
concept has become all Integral part of tie thinking, often be in excess o' the nominal design speed.
procedIres and practices employed in most authorities While this speed variation does not appear to give
for road planning, location and de,,ign. There are rise to operational problems, it should be recognised
instancues whtre the nomnination of a ruling design by designers.
slieed and its associated standards has legislative For the range of alinement standards below 100significance. Remnoval of tie design speed concept km/h, driver behavior is completely at variance with
would, therefore, present problems Ill communicatiou tile assumptions underlying tIe design speed approach.
and the need for cursiderable retraining. Free operating speeds not only vary along the road,

The inslin advantages of tilt proposed procedure but tend to be continually in excess of tire design
are in its emphasis on producing alinements which speed. Alinements call be designed according to a
are curaistent witl driver expectancies. Even If consistent design speed, yet, to a driver ay appear
designs cont illue to be based on traditional standards, to have markedly varying standards. Attempts to
it is strtngly urged that methods such as thse out- introduce additional safety through the application
lied in this paper be used to check the consistency of additional conservatism in design criteria will
and acctptability, in terms of driver behavior, of only serve to increase the discrepancy between actual
low Speed alinement designs, speeds and the assumed design speed.
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An alternative method has been proposed for low 17. J. R. McLean. Driver Behaviour on Curves - Aspeed alinement design which should overcome the Review. Proc. 7th ARRB Conf. 7(5), 1974,deficiencies in the current design speed approach. pp. 129-143.As the method is based on observations of actual 18. M. C. Good and P. F. Sweatman. Driver Strategiesdriver behavior, compatibility between the design on Road Curves. Proc. 16th FISITA Congress,criteria and assumptions and driver speed behavior 1976, pp. 6-87 to 6-96.and expectancies is ensured. 19. S. E. Samuels and J. R. Jarvis. AccelerationEven if the current design speed approach to and Deceleration of Modern Vehicles. Paperalinement design is retained, it is strongly urged presented at the 9th ARRB Conf., 1978.that quantified consistency checks, such as those 20. American Association of State Highway Officials.presented in this paper, be included as part of the A Policy on Design Standards for Stopping Sightdesign procedure. Distance. AASIIO, Washington, 1971.
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OPEN GRADED EMULSIOI MIXES FOR USE AS ROAD SURFACES results in less pollution and lower construction
costs. Construction costs are reduced because of theR. G. Flicks and David R. atch, Oregon State University elimination of the operations of heating and dryingRonald Williamson and John Steward, U. S. Forest Service the aggregate, aggregate screening and maintaining
the asphalt temperature. Eliminating the aggregate
dryer eliminates both a primary source of air pollu-
tion and a fire hazard and results in an energyThis paper describes the development of struc- savings by reducing fuel costs. Using damp aggregates

tural layer coefficients for open gradpx asphalt with lower percentages of fine particles reduces theemulsion surfacing layers which can be used with nuisance of dust (1). Asphalt emulsions are less pol-the AASIITO pavement design method, as modified by luting and less hazardous than solvent solutions of
the U. S. Forest Service, Region 6. A field sur- asphalt.
vey conducted to document the history, perfon- An OGAEM project constructed by the Douglasance and material characteristics of in-service County Road Department of the State of Oregon in 1966
pavements is described and this information, to- was one of the first projects in the Pacific Nlorth-
gether with a survey of experienced users, is west. The success of this project and others prompted
used to determine the most important factors af- the U.S. Forest Service Region 6 to construct an OGAEH
fecting the design thickness for the pavements, project in the Ochoco National Forest. Since thisTraffic, base type, temperature and drainage de- tinie, the U.S. Forest Service has become one of thesign all are important to determine the pavement largest users of OGAEH materials.
thickness. Two procedures used for the develop- In recent years, however, the U.S. Forest Service
ment of structural layer coefficients are des- has not been entirely satisfied with the performance
cribed. The first procedure uses the information of OGAEFH pavements (2). As a result of apparentfrom the performance survey and the AASHTO pavement problems, the U.S. Forest Service, Region 6, con-
desigYh method to determine appropriate layer co- tracted with Oregon State University to develop anefficients for three in-service roads. The sec- improved procedure for designing pavements using
ond procedure is a fundamental approach based on OGAFM niterials through proper selection of layer
layered elastic theory and using information from coefficients (a-values). The U.S. Forest Servicethe field survey. Thi; procedure is useful for currently uses a modified AASHTO design procedure (3).
the analysis of the pavement in the fully cured The factors considered in the determination of the
or partially cured state. Although a conserva- structural layer coefficients for CGAEM include
tive approach was used for both procedures, the traffic, asphalt type, aggregate plasLicity index,developed layer coefficients are greater than the aggregate quality and to a limited extent "curing
values used in the current Jesign procedure. This conditions, traffic control, compaction requirements,indicates that modificaLion of the current values stockpile or aggregate uniformity requirements, etc."
is appropriate. A tabled presentation of layer (3). The U.S. Forest Service recognized the limita-coefficients is proposed which considers only tions of the current design procedure for OGAEM mater-
those factors found to be important for the deter- ials and wished to develop a procedure to establish
mination of design thickness, layer coefficients which gives consideration to lab-

oratory stiffness tests of these materials. This
report is a description of recent efforts to develop
improved layer coefficients. The purpose of the

Open graded asphalt emulsion mixes (OGAEMI) are report is to describe the development of a method ofmixtures of open graded aggregates and emulsified establishing layer coefficients, which considers
asphalt. An open graded aggregate is an aggregate laboratory test results and those factors which affectwith a lov percentage of fine particles. An OGAEM the thickness design of OGAE1 pavements.
is characterized by high void contents on the order
of 20 to 30 percent, and typically less than 10 per-
cent of the aggregate material passes through a No. Performance of Open Graded Cold Nixes
10 screen (1). Three typical gradation specifica-
tions used in the Pacific Northwest for OGAEM are At the time the project was initiated, there waspresented in Table 1, along with a U. S. Forest Ser- considerable confusion as to whether or not OGAEII
vice gradation specification for a dense graded were performing in an acceptable manner. Some engi-asphalt mix. neers indicated all cold mix jobs were 'falling apartPavements constructed with OGAEM1 are cold-mixed while others indicated they provided acceptable, if
and cold-laid with conventional paving equipment. not excellent, performance. Further, no clear-cutUsing OGAEM with conventional equipment generally evidence was available as to which factors most affect
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the performiance of these type mixes. To clarify this factors other than traffic affect the performanceconfusion, extensive field and questionnaire surveys of open graded emulsion mixes. These factorswere conducted, 
include environment, q~ality control, subgrade and
basetye_, and drana-. Weather or climate have
the greatest effect on emulsion mixes during theField Performance Survey curing stage of the mix. Curing studies (6) con-
ducted at Oregon State University and reported inFourteen projects throughout Oregon and Washing- the literature have shown that cooler temperatureston were selected for survey. They included varia- tend to rctard curing. However, the temperaturetions in geographic region, traffic, climate, and dependency of the open graded emulsion mixes resultsresponsible agency. Because the primary purpose of in high modulus values at cool temperatures (6).this survey was to observe different types of dis- This fact may account for the observed success oftress arid to provide information for development of the roads constructed in cooler climates. Rainlayer coefficients, random sampling techniques were falling on an unbroken mix also can cause problemsnot considered necessary. For each project ride by washing the emulsion out of the mix (2). Thisquality, pavement condition and drainage conditions is typically only a problem if a heavy rainfallwere rated. A standard survey form was developed to occurs during the laydown process or before theassure complete collection of the data arid facili- emulsion breaks.tate the cor:ipilation. 

The need for improved quality control wasEach project was driven at normal speeds in a observed on several of the projects. Non-compliancepassenger car. Each evaluator independently rated to specifications was observed for thickness, aggre-the riding quality arid overall evaluation (ranging gate gradation and emulsion content. The openfrom very poor to very good). Roughness or patching graded jobs are usually subject to less qualitydue to slope failures was not considered in the control than a typical hot mix job.evluatio)n process. For each project the following laterials varied for the projects surveyed.pavemert cornditions. were rated: percent cracking Cleanliness of the aggregate was the most noticeable(alligator arid longitudinal), depth and amount of difference, with the cleaner aggregates exhibitingrutting, degree of ravelling (presence of potholes better coating. Variations between design and extrac-would he severe), percent maintenance patch, per- ted emulsion contents were as much as 2 1/2 percent,cent surface sea] retained, surface texture, drain- indicating the level of quality control experiencedage conditions, and dm1ount of asphalt observed by with these types of projects. The effect of emulsionvisual inspection. 
type was not treated in this study. All were manu-The ac tual thickne;;, of emtulsion ix was factured by Chevron U.S.A. and all were either CMS-2measured at each stop. A rut-depth meter was used or CMS-2h.to determine the depth of rutting. Where possible, Subgrade and base type also appear to greatlythe types arid causes of distress, as well as the influence the performance of open graded emulsionreasons for no distress, were documented. A summary mixes. Both Lewis River and Merrill Lake (Sectionof selected data from the survey is given in Table 2. 1) roads have been subjected to considerable traffic;The ride quality ratings of the surveyed pavements however, both projects show very little distress.ranged from 4.2 to 9.2 with an average value of This could be attributed to the very good subgradeapproximately 7., (scale of 0 to 10 where 10 is and base layers (average R values of 64 for Lewisexcellent). The average overall rating averaged River and 69 for Section 1 of Merrill Lake) thatapproximately 7.9 out of 10. were observed by the rating party (4).Th types of distress observed in the open Distress was also observed wherever drainagegraded mixes included distortion in the form of rut- problems (standing water or springs) existed. Thustin;, alK;ilatrr cracking, ravelling, and poor ride it is apparent that removal of water from beneathqua 1i ty. Rutting was observed up to depths of the pavement is a necessary part of design for open1.3 cm (1/2 in.) with an average value of I cm (3/8 graded emulsion mixes, just as it is with the designif.), the only section which exhibited considerable of conventional hot mixes.cracking was a thin 5 cmi (2 in.) section. Other The survey was not of sufficient size to rankprojects exhibited only small armounts of local crack- the importance of the factors which affect perform-irig which could often he attributed to drainage prob- ance. This was accomplished by interviews withems. Rave ling of the surface treatment was ob-served on several of the projects. The poor ride experienced users of OGAEM raterials.quality observed for some projects was attributedto built-in roughness, or cracking caused by thin Factors Affecting Performancesections or drainage prohlems.For each project surveyed, construction informa- To assess the relative importance of the factorstion, traffic data, materials type arid materials which apparently affect performance of OGAEM mater-properties were also obtained. The average age of ials, a questionnaire was distributed to experiencedthe projects surveyed was five yers and the liost users to rank the importance of the factors affectingrecently constructer' project surve/ed was two years performance and to evaluate how the various factorsold. There has been mention of prj.iects constructed might be accounted for through pavement design.in Region 6 which have apparently 'ailed in less The literature review and field survey yieldedive. one of these jobs were included in tis su- twenty-four factors which apparently affected perform-vey. n 

ance. These factors were listed in two questionnaireTri cmi (4 i. ) diameter cores of the OGAUl iwre forms and sent to user agencies, contractors andobtained at all project sites in order to deteirine researchers to rank the relative significance ofthe resilient modulus, gradation, arid residual each factor and to indicate how these factors couldasphalt content and properties (4). The resilient be acconiodated through improved design.modulus tests wer-e conducted usig a diairetral The initial questionnaire resulted in twenty-threerepeated load test system (5). The results of the factors verified as affecting performance. Thetests indicate the average modulus to be on the factors found to affect open graded emulsion mixesorder of 1380 to 2760 IPa (200,000 to 400,000 psi). more than hot aix include seal coat application,Based on the variable performance observed in curing temperatures, rainfall during curing, andthe field survey, it was concluded that several
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humidity. Free draining characteristics and ravel- material:, three projects evaluated during the per-
ling problems of open graded mixes generally require formance survey were selected for further analysis:
a seal coat to be used. The latter three factors Mlerrill Lake Road and Lewis River Road in the Gif-
listed are environmental factors which demonstrate ford Pinchot National Forest, and Burns-Izee Road in
the different nature of the two materials. Hot mixes the Ochoco Ilational Forest.
.set" upon cooling, whereas emulsion mixes cure with In each project test pits were excavated for
t i me. collection of layer samples, measurements of in-place

The mixer performance is also more important densities and moisture contents, and observations of
for a hot mix material than an emulsion mix, because the pavement condition. leasurements of densities
a portion of the mixing of the emulsion mix actually and moisture contents were made using nuclear testing
occurs during the laydown operations. This does not equipment.
occur to the same extent for hot riixes, so mixer per- The material samples from all projects were
formance is of greater importance. A point stressed analyzed to determine gradation and stabilometer
by several contractors and user agencies is the resistance values (R values). CBR values were also
importance of aggregate gradation. A "dirty" aggre- measured for the subgrade samples obtained from the
gilte with a nigil fines content has a larger surface Gifford Pinchot National Forest. The resilientarea. rhis can cause problems with coating or pre- modulus values for the surface 0GAEM materials were
mature breaking. The need for additional quality measured (using a diametral testing device) as part
control of both materials and construction procedure of the performance survey. The resilient modulus
factors was expressed by a majority of the respondents. values for the other material layers were measured

The results of the follow-up questionnaire using conventional triaxial testing procedures (8).
demonstrate the necessity of good quality control This materials information is used along with
and specifications for open graded emulsion mixes, the Forest Service thickness design procedure (Chap-
Table 3 sumiarizes tile areas in which improvements ter 50) to estimate the layer coefficient of each
might be required if an unfavorable condition is surfacing layer. This procedure is useful for
encountered. Ikearly every factor which affects bracketing the design layer coefficient values.
performance is subject to impralvewent by quality When a pavement in good condition is analyzed, thecontrol or specifications. The factors that could layer coefficient value determined will be less than
require design thickness llodificaticis include the the design value because the pavement system will
amount and type of traffic loaJs, curing temperatures, support additional traffic before failure occurs.
base type, and drainage design. These factors are Any additional traffic will result in an increase in
rot subject to quality control to the same extent the weighted structural number of the pavement and
as other factors. The designer should be able to a subsequent increase in the layer coefficient. In
l)redict these factors; thus these factors can and the case of a failed pavement, the determined valueshould ie considered in a thickness design pro- of the layer coefficient will exceed the appropriate
cedure. design coefficient. The value determined in this

The design thickness of a pavement layer is case is the layer coefficient that would result if
dependent on the number of load repetitions, the the pavement system had survived. The analysis has
strength of the paverient material, and the strength been conducted for the nine test pits excavated in
of tile pavement support. The expected amount and the three selected roads. Using the measured thick-
type of traffic can be converted to equivalent axle nesses, the estimate of traffic, a regional factor
loads (4) to represent the number of load repetitions. of 2.0, and the soil support values, it was possible
The strength of an emulsion mix piving material is a to determine an "a-value" for each surfacing layer.
function of temperature and degree of curing (6). Table 4 lists the values used for the determina-
The climate of a road location can be used by the tion of the layer coefficients of the 0GAE1 surfac-
designer to estimate the temperature effPcts on ing layers and the results. For Lewis River Road an
curing and modulus. The strength of the pavement a-value greater than 0.25 would be appropriate. An
;upport is related directly to the type of base a-value between 0.33 and 0.60 is bracketed by
material. Subgrade and base materials are usually Merrill Lake Road. The Burns-lzee Road analysis
weakened by the presence of water, so drainage provi- resulted in a minimum a-value of 0.39. Each of the
sions are an important consideration when the base minimum values is larger than the most optimistic
strength is estimated, value that could be derived using the current method

in Chapter 50 (3).
The method used to back calculate the a-values

Deyelop!nlent of .iiiroved _Layer _Coefficients_ For OGAE of in-service roads is subject to errors from testing,
correlations and traffic determinations. However, aTwo techniques were employed in the development conservative approach has been used so that the

of improved layer coefficients for use by the Forest determined a-values are minimum values. The sample
Service. Tile first method is based on observations size of this investigation is not large enough for a
of in-service roads and use of the AASHTO procedure precise determination of the range of a-values.
(Chapter 50) to estimate layer coefficients (3). This method is being applied to additional roads in
This method is particularly useful for the estimation order to refine the results. Projects approaching
of minimum values for layer coefficients. The the point of failure are particularly useful for the
second method of layer coefficient development is method. Excavating liore pits per project would re-
based on layered elastic theory and improved labora- duce errors caused by materials variability and thus
tory characterization of materials to calculate improve results. Accurate traffic estimates are
layer thicknesses to preclude fatigue and rutting important for this method. If the traffic history of
(4). These thicknesses are compared with those for a project is unknown, the project is not suitable
dense graded asphalt concrete to establish layer for analysis.
equivalency factors and using these factors, layer
coefficients are developed.

Layered System Elastic Theory

In-Service Roads The second approach used to develop layer coeffi-

To evaluate thle layer coefficients of OGAE cients is based on the concept of providing sufficient
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thickness to limit strain. Typically the strain the controlling values considered for the develop-liritations used are the horizontal tensile strain nent. The thickness ratios represent layer equiva-at the bottom of the surface layer (related to lencies where the ratio value times a given thick-
fatigue) and the vertical compressive strain at the ness of hot mix asphalt concrete determines antop of the subgrade layer (related to rutting). The equivalent thickness of an OGAEM layer. The fatiguestrain'; at these two points can be determined using criteria ratio determinations result in the largerlayered system analysis techniques and laboratory average ratio value of 1.27. The layer coefficients
test results of materials strength characteristics, for hot nix materials given in Table 5 are modified

Fatigue cracking and permanent defu)'mation in using this ratio, i.e.
the form of rutting are the failure modes which are
typically considered for this design approach (8,9). a
Criteria for these two modes of failure were deveT- aLot aix
oped as a part of this project (8). Based on the OGAEM 1.27 (2)
field analysis, it was determined that the failure
criteria presented in Figures I and 2 are reason- to obtain the values shown for OGAE1, also listed in
able for OGAEM. These relationships were originally Table 5.
developed by Chevron, U.S.A. for dense graded emul- A comparison of these values with the values
sion mixes but seem applicable for the open graded bracketed by the in-service roads shows good agree-mixes, too (8_). ment. The layer coefficient bracketed by the Merrill

Layer coefficients are determined using the Lake test pits is between 0.33 and 0.60. The layer
concept of layer equivalencies. For equivalent con- coefficient determined using the layer equivalencyditions the design thickness of hot mix and OGAEM concept is 0.31. The appropriate layer coefficient
materials are determined. The ratio of design thick- for Lewis River Road would be 0.25 and the in-service
ness is used along with the known layer coefficient road analysis determined 0.25 to be a minimum layerfor hot mix asphalt concrete (Chapter 50), to deter- coefficient. For Burns-lzee test pit number two,
mine the layer coefficient of the OGAEII material, i.e. the minimum layer coefficient of 0.39 is considerably

higher than the layer coefficient of 0.28 as developed
using the equivalency concept. The Burns-lzee test

dHot Mix pit number uiie minimum layer coefficient of 0.28 isa OGAEM A------- (a[ot Mix)  (1) a more reasonable value and corresponds well withOGAEM the layer coefficient determined using the equiva-

lency concept.
It is important to realize how the assumedwhere: a layer coefficient modulus of the OGAEM surfacing layer affects the

d - design thickness, layer equivalency values for hot mix as determined
using this procedure. The values presented in TableThe method of design thickness determination using 5 assume a modulus value of 1380 OiPa (200,000 psi)

fatigue criteria is illustrated in Figures 3 and 4. for the OGAEM and 2760 MPa (400,000 psi) for hotThe critical horizontal tensile strains based on mix asphalt concrete. The OGAEM moduli correspondfatigue criteria models are determined for both to the average moduli measured for the cores frommaterials (Figure 3). The design thicknesses which the three roads used for the in-service road develop-
limit the strains to the appropriate critical values ment of layer coefficients. Table 6 demonstratesare then determined (Figure 4). Determination of the variation of the average layer equivalency value
design thickness using subgrade strain criteria is as the GGAEM modulus is varied between 690 and 2760similar with the exception that an identical subgrade IlPa (100,000 and 400,000 psi). The table shows thatfailure criteria model is used for both types of the layer equivalencies decrease as the modulus in-
mixes. creases. Thus if a laboratory investigation indi-The layer equivalency determinations assume cates that the modulus of the OGAEM is expected toresilient modulus values of 2760 HPa (400,000 psi) be relatively high, then a larger design layer coef-for hot mix and 1380 IPa (200,r00) Psi) for OGAEV. ficient closer to that of hot mix is appropriate.(4). For this study three different subgrades were The approach used to develop the layer coeffi-
analyzed. The assumed modulus values of the "good", cients is conservative because conservative failure"fair" and "poor" subgrades were 205 INPa (30,000 psi), criteria have been used, and a conservative value
70 IlPa (10,000 psi), and 20 liPa (3,000 psi). The has been assumed for the modulus of the OGAEM.base wodulus has been assigned modulus values equal Despite this, the layer equivalencies are somewhatto 1.5 times the odulus of tile subgrade. A 30.5 cm less than those currently used by the U.S. Forest
(12 in.) base layer is assumed for each case and an Service, Region 6, as shown in Table 7. When com-additional case of a 60 cm (24 in.) base layer is paring these values with what other agencies in theanalyzed for the "poor" subgrade. Pacific Northwest are using, one cannot directly

For a given design life, design thicknesses for compare hot mix layer equivalencies. This is
hot mix and OGAEIl :iaterials were determined for each because the a-values used for hot mix are consider-subqrade condition using the fatigue criteria (Figure ably different, the Forest Service using a-values1) and the appropriate strain vs. thickness relation- ranging from 0.30 - 0.42 and the other agencies usingships. The average value of the thickness ratios is 0.28. Cold mixes oust therefore be compared directly1.27, with the values ranging from 1.23 to 1.29. by a-values or by using a base layer equivalency. ifThickness ratios have also been determined for we compare a-values, we find the high side of theboth types of mixes using the subgrade failure Forest Service values approximately the same as thecriteria (Figure 2). The average value of the thick- other agencies, values of 0.24 - 0.30 vs. 0.25 - 0.28.ness ratios is 1.22, and the values vary between The Forest Service discounts these values for marginal
1.21 and 1.25. quality aggregate, soft asphalt, and poor qualityThe thickness ratios tend to vary slightly for control. The design a-value can be as low as 0.18.
the different subgrade and base strengths, with
slightly lower ratios determined for the better sub-
grades. The variation is minimal and consideration Early Cure Considerations
of this factor will not be included in this portion
of the development. The maximum ratio values are The criteria given are also useful for checking
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the adequacy of a design thickness before a pavement preceding section.
is fully cured. An estirration of the traffic A minimum thickness of OGAEM material is appar-expected during the early cure period (normally 3 ently required because of construction variability.months or less) is used to determiine the allowable The minimum reconmended thickness over a good base,strain values from the failure criteria. The actual based on the performance survey, is 6.35 cm (2.5 in.)strain values during the early cure period are It should be emphasized that this applies to situa-determined using layered theory for, the design thick- tions where there is a good quality base (R = 78,ness and an alppropriate early cure modulus. This CBR = 80+). If the base material is of lower qualitystrain value is checked to assure that it is lcss a greater minimum thickness would be necessary.
than the allowable strain. In the situation where
the strains are greater than the allowable strains,
the designer, can increase the design thickness or Secificationrs. The majority of the factorsrequire limitations of traffic during the early cure which affect the performance of OGAEM materials mustperiod. For details on the procedure for calculat- be controlled with adequate specifications anding additional thickness refer to references 4 and 7. quality control. The current Farest Service and

other agency specifications all cover the factors
affecting OGAEM performance as determined by theCric- lus-- ; R-eco e-dat-ions- survey. Only minor variations in the specifications

for the various agencies are noted. The performanceConclus'ions survey did document non-compliance with specifica-
tions for items such as aggregate gradation, emulsionTh ic kness besiujn. OGALIl pavements have been content, and layer thickness. It is thereforeused successfully in the Pacific Northwest by several apparent that good quality control is not alwaysagenc ies. The U.S. Forest Service has experienced practiced for the OGAEFl material. Improvements insuccess with OGAEL paveruents used for light, medium this area would result ir more uniform projectsand heavy traffic volumes i van ious climatic regions. which should improve performance.

The curren t Forest Service design procedure is based
on the AASIITO design procedure which uses structural
layer coeff icients as a reasure of the capabilities Reconiiendations
of materials iii a pavement system. The factors con-
sidered in the deteriination of a layer coefficient Recomendations are listed throughout thisprircipally incl1ude traffic, asphalt type, aqregate report. In suimary, these recommendations include
plasticity index, aggregate quality, and to a limited the following:
extent "curing c:ond itions, traffic control, compaction
requirements, stockpile or aggregate uniformity 1. llodify the existing layer coefficientseIUirements. etc." (3). used for OGAEM materials by the U.S. Forest ServiceThi-, study has determined that the factors to larger values. The in-service road analysis andWhich aftfect design thickness include the amount arid the theoretical layer equivalency development, bothtype of traffic, curin, temperatures, base type, and demonstrate that the current values used are low.drainage desijqn. The other' factors considered by 2. Replace existing procedures for layer
the orest Service such as asphalt type, aggregate coefficients with a table similar to Table 8 in
quality, triffic control, corpaction requirements, which only those factors which most affect thick-etc. app~arently have relatively less effect on ness de-.ign are considered in the layer coefficient
drsign thickness. These factor's are important. determination. Factors which affect the performancelowever, they are mure appropriately considered in of OGAEM miterials that can be controlled withthe specifications for OGAUIM materials and subjected specifications should be subject to quality controlto quality control. rather than thickness design considerations.

A proposed table for' the layer coefficient 3. Improve quality control of OGAElI projectsdeterminations considering these factors is given in to assure more uniform results on the projects.Table 8,. The layer coefficients presented in the Education of the project inspectors is appropriatetable are estimates based on the layer equivalency to explain the different nature of asphalt emulsions
development (Table 6) [xtrapolation to other temp- as compared to other asphalts.
er'ature conditiorrs is rrot given at this time, but 4. Continue in-service road analysis to developshould be considered as a future study. If the layer coefficient values and refine the failuremajority of the traffic is seasonal, an appropriate criteria models. Only those projects for whichtemperature is the average temperature for the period accurate traffic histories can be obtained should beof use. The surfacing structural number (StJB) is analyzed. Roads for which the terminal serviceabil-the design input used to represent the base strength ity index is approaching 2.0 (failure) are the most(good, fair, poor). A Sit8 of 1.0 would represent the useful roads because the coefficients determinedsituation where one has a good subgrade while an SNB  will be close to the design layer coefficients.of 3.0 would represent a poor subgrade. 5. Analyze projects after construction toThe layer coefficients presented in Table 8 are determine the materials vrriability experienced andbest estimates based on data presented in Tables 5 the deviation from the expected results. This6. Further in-service road testing is necessary to information is useful to the designer for comparisonestablish these coefficients for modular values out- of the lab test results with the results obtained inside thE range of 13M, to 2070 NPa (200,OOC to the field, arid to tire construction supervisor for
300,000 psi). The in-service road investigations determining if changes in quality control procedurescan also be used to define the failure criteria or specifications are appropriate. Tire establish-modeIs. If tire failure criteria are adequately ment of materials variability will involve samplingdefined, the missing values in tire table can be several sections within a project. This procedurefilled in, arid an early cure layer coefficient table is also useful for definition of the stiffnesssimilar to Table 8 could then be developed. This development relationship for field conditions if thetable would perrrit the determination of the thick- sampling is alsc done a' Lime intervals.
ness requirements of uncured mixes for tire traffic 6. Improve conbLruction records to betterexpected during the early life of the pavement. The document the history of each project. A documenta-development of this table has been described in the tion process accessible to the designers would allrw
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analysis of new processes and materials. Table 1. Typical qradation specifications for open7. Improve traffic information collection to graded mixes.benefit the road system managers and the designers.Knowing the traffic history allows the road manager Percent Passingto predict the remaining service of a project and PercentPassingallows the designer to improve the design process. Sieve8. Periodically inventory the pavement system Size USFS Douglas FHWA USFSfor roadway management and for pavement design. The (Open) (ount) (Open) (Dense)inventory would allow the history of project perform- - Open)ances to he recorded, thus providing the information 25 mm 100 100 100 100required to evaluate construction procedures or 12 mm 45 - 70 - - 60 - 85materials. A standardized inventory process should mm - 55 - 75 - -be developed to measure such things as ride quality, 4.7 mm 0 - 20 25 - 45 - 35 - 60surface deflections, and distress. This information 2.0 mm 0 - 6 0 - 7 0 - 7 20 - 40would net only be useful to the designer but also 0.42 mm 0 - - - 8 - 22be useful in the development of maintenance manage- 0.074 mm 0 - 2 - 0 - 2 2 - 8ment systems for the Forest Service.

Note: 1 inch = 254 mmReferences

1. Richardson, E.S. and W.A. Liddle, "Experience in
the Pacific Nlorthwest with Open Graded Emulsi-
fied Asphalt Pavements," Implementation Packqe
74-3, Federal Highway Administration, July 1974.

2. Williamson, R.G ., "Status Report on Emulsified
Asphalt Pavements in Region 6, the U.S. Forest
Service," U.S.F.S., Portland, Oregon, February Table 2. Summary of Ridino Quality and Overall1976. 

Ratl .Smyo iing Quait Proect Overall
3. "Interim Guide for Thickness Design of Flexible Rating of Projects SurveyedPavement Structures," U.S. Forest Service,Region 6, Forest Service Handbook 7709.11, R-6 Project Ride Overall

Supplement do. 20, Chapter 50, January 1974. ProEect4. Hatch, David R., "Development of StructuralLayer Coefficients for Open Graded Emulsion Lewis River #1 7.6 9.0Mixes," Transportation Engineering Report TE 77- Lewis River #2 6.8 8.6
10, Oregon State University, Corvallis, Oregon,
September 1978. Canyon Creek -I 6.6 6.35. Schmidt, R.J., "A Practical liethod for Mleasuring Canyon Creek -2 4.6 3.8the Resilient Modulus of Asphalt Treated llixes," Merrill Lake il 7.5 7.9Highway Research Board, 1972. Merrill Lake .2 4.2 3.96. Hicks, R.G., Williamson, R.G., Santucci, L.E.,
"Effect of Laboratory Curing and Compaction Ringo Butte 9.0 8.7Methods on the Stress-Strain Behavior of Open Hermiston 7.9 9.2Graded Emulsion Mixes," Transportation Research
Board, Washington, D.C., January 1979. Charlois 7.9 9.17. The Asphalt Institute, "Interim Guide to Full Tipton 8.5 8.3Depth Asphalt Paving Using Various Iixes," Burns Izee #1 8.9 8.0
January 1976. Burns Izee # 2 8.9 .0

8. Walter, Jean, "Development of Failure Criteria Burns Izee #2 8.9 9.0for Open Graded Emulsion Hixes," Transportation Silvies Van 9.2 8.5Engineering Report TE 77-9, Oregon State Univer-
sity, Corvallis, Oregon, September 1977. Logan Valley 8.2 8.19. Santucci, L.E., "Thickness Design Procedure for Smith River 8.0 8.5Asphalt and Emulsified Asphalt Mixes," Proceedins,Fourth International Conference on the S-tructural Cow Creek 9.1 9.0Design of Asphalt Pavements, Volume 1, 1977. Indian Caves 6.4 8.2

10. Yoder, E.J. and Witczak, lI.W ., "Principles ofPavement Design," John Wiley and Sons, Inc., L-npqua Cor-unity Colle-e 8.2 8.9
1975.

11. American Association of State Highway and Trans- AVERAGE 7.6 7.9portation Officials, "AASIITO Interim Guide forDesign of Pavement Structures - 1972," Washington,
D.C., 1972.

12. Van Til, C.J., et al., "Evaluation of AASHTO
Interim Guide for Design of Pavement Structures,"
NCHRP 128, Washington, D.C., 1972.



70

Table 3. Improvement areas for the ranked factors which affect performance of OGAEM materials.

Method of Treatment
Rank Factor Quality Mix Pavement Specifi-

Control Design Design cations

1 Emulsion Grade and Type X X X
2 Aggregate Gradation X X
3 Emulsion Content X X X
4 Drainage Design X X
5 Emulsion Content Compliance X
6 Aggregate Gradation Compliance X
7 Curing Temperatures X X
8 Aggregate Water Content at Mixing X X
9 Rainfall During Curing X X

10 Compaction X X
11 Base Type X X
12 Aggregate Quality X X
13 Thickness Compliance X X
14 Aggregate Uniformity X X
15 Amount of Traffic x
16 Seal Coat Application X X
17 Humidity During Curing
18 Oversized Vehicle Loads X
19 Stockpiling Methods X X
20 Traffic Control X X
21 Mixer Performance X X
22 Lift Thickness X X
23 Laydown Machine X X

Table 4. Determination of layer coefficients of OGAEM surfacing layers from in-service roads.

Lewis River Burns Izee Merrill Lake

1 2 1 2 1 2 3 4 5

TRAFFIC HISTORY

Applied 80 KN EAL 2,910,000 2,700,000 215,000 215,000 24,000 24,000 24,000 24,000 24,000

SURFACING (OGAEM)

Thicknes, (cm) 20 a 23 b 17 11 4 5 10 10 13
Res. Modulus (?tPa) 496 1800 1620 2379 1393 1393 1393 1393 1393

BASEc

Thickness (cm) - 43 13 20 27 42 48 35 46
R Value d - 60 68 75 76 65 77 55 55Layer Coef., a2  - 0.04 0.055 0.085 0.09 0.05 0.10 0.03 0.03Soil Supportd - 6.5 6.9 7.8 8.0 6.8 8.2 6.3 6.3
Weighted Struc- - 3.1 1.9 1.7 1.0 1.2 0.9 1.3 1.3

tural No.
e

SUBGRADE
R Value 76 60 71 19 72 60 46 51 68
Soil Supportd 8.0 6.5 7.2 5.4 7.4 6.5 6.1 6.2 6.9
Weighted Struc- 2.6 3.1 1.8 2.4 1.1 1.3 1.4 1.4 1.2

tural No.
--- - --- -- ------------------- - -- -- -- -- -- -- --- ---- - -------- -- -- -- -- -- --Req. Structural 2.0 1.6 1.9 1.7 1.0 1.2 0.9 1.3 1.3

No. of Surface
Min. Layer Coef. 0.25 0.18 0.28 0.39 0.67 0.60 0.23 0.33 0.26
of Surfacing

Performance Good Good Good Excellent Failed Failed Excellent Cracking Excellent

a Supported by 10 cm Pulvermix layer, MR = 1169 MPa, a2 = 15 d Determined using R-Value Test Resultb Supported by 8 cm Pulvermix layer, MR = 6860 Mpa, a2 = 0.50 e Assumed regional factor of 2.0
c Base and Subbase Combined Note: 1 in = 2.54 cm, 1 psi = 8.895 kPa

1 K = 4.448 KN
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Table 5. Layer equivalency development of OGAEM Table 7. Comparison of layer coefficients betweenlayer coefficients, cold mix and hot mix (4)

Total 80 KN Hot Mix Layer OGAEM Layer (a) U.S. Forest Service
Equivalent Axles Coefficienta Coefficientb

Hot Mix Base LayerLess than 10,000 0.42 0.33 80 KR Axles Cold Mix Hot Mix Equl- Equi-10,000 - 60,000 0.40 0.31 valency valency60,000 - 120,000 0.38 0.30120,000 - 350,000 0.36 0.28 < 10,000 .24 - .30 .42 1.40-1.75 1.72-2.16350,000 - 1,000,000 0.34 0.27 10-60,000 .22 - .28 .40 1.43-1.82 1.57-2.001,000,000 - 3,000,000 0.32 0.25 60-120,000 .20 - .26 .38 1.46-1.90 1.43-1.86More than 3,000,000 0.30 0.24 120-350,000 .18 - .24 .36 1.50-2.00 1.29-1.72

Note: 1 K = 4.448 KN
(b) Other agencies

a After reference 3
b Hot mix layer coefficient divided by 1.27

Hot Mix Base Layer
Agency Cold Mix Hot Mix Equi- Equi-

valency valency

Oregon DOT
Table 6. Layer equivalencya variations with vari- (34) .25 0.28 1.0 - 1.1 1.8
ation in the assumed modulus of the OGAEM layer (4). Washington

Highway 0.25 0.28 1.1 1.8(a) Averiae layer equivalency determined using the Department
Frtique criteria model. (38)

FHWA
Subqrade OGAEM Modulus, 0IPa Office of

_____ Federal 0.28 0.28 1.0 2.0Type 690 1380 2020 2760 Projects

......... (36)Good 1.33 1.23 1.11 1.00 -
Fair 1.60 1.28 1.09 1.00
Poor 1.68 1.27 1.08 1.00

Poor, with 1.77 1.28 1.12 1.00
thick base

Table 8. Proposed layer coefficient table for open
graded emulsion mixes, at average annual temperatures(b) Average layer equivalency determined using the of 5 - 130 C.

rutting criteria model.

Surfacing Structural 1 (good 2 (fair 3 (poor
OGAEM Modulus, Pa Number (SNB) subgrade) subgrade) subgrade)Subgrade -OAOMdls ~ ___ ______ _______Type Ultimate690 1380 2020 2760 Traffic Resilient

80 KN EAL Modulus Layer CoefficientsGood 1.44 1.21 1.09 1.00 Pa @ 230CFair 1.48 1.22 1.08 1.00 
_a @ 23ocPoor 1.56 1.25 1.10 1.00 690 0.29 0.26 (.25Poor, with 1.50 1.23 1.09 1.00 l04 1380 0.34 0.33 0.33

thick 
2070 0.38 0.38 0.38

690 0.26 0.24 0.23Note: 1 psi = 6.895 x 10 MPa l0 1380 0.31 0.30 0.30
2070 0.34 0.35 0.35a Layer Equivalency 

-- --

690 0.22 0.20 0.19Desinn Thickness of OGAEM 106 1380 0.26 0.25 0.25Desiqn Thickness of Hot Mix Asphalt Concrete 2070 0.29 0.29 0.29

Note: 1OF 1 l.80C + 32
1 Kip = 4.448 KN
1 psi = 6.895 x lO"3 MPa
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Fiqure 1. Fatinue criteria for emulsion mixes (4)
XI I I
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Lake

1,000 35 - 2
z E" I ,4" Burns

" 500 ,1140 "-3 _Izee

5 500 10340
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Fiqure 2. Subqrade strain criteria (4)
z
nr 10,000

U

- 0
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Lewis
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Figure 3. Determination of critical strain level Figure 4. Determination of design thickness based

based on design life on critical strain level
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LOW TRPP'FIC PORTLAND CEMENT CONCRETE PAVEMENT ON THE
TURTLE MOUNTAIN INDIAN RESERVATION NORTH DAKOTA

DeWayne E. Storley, Department of the Interior,
Bureau of Indian Affairs

The Turtle Mountain Indian Reservation is sit- annual cost to the user in view of increasing costsuated at Belcourt, North Dakota, area near the for labor and materials.Canadian border. The population density aver- The final decision was for a 140 mm (5 inch)ages 55 people per mile of road. This presented non-reinforced, slip formed concrete pavement 6.7 mproblems in maintaining a gravel road, and we (22 feet) wide with a 0.9 m (3 foot) unpaved shoul-therefore began looking for hard all weather der on each side.surfacing. We had two things to consider when The aggregate to be used in the concrete mixwe evaluated surface types. (1) We must came from a glacial deposit. The specificationsutilize local aggregate which consisted of 65% called for crushing all material under 254 mm (10fine aggregate and 35% coarse aggregate and inches) in diameter which resulted in a gradationalso meet the quality requirements for surfacing of 65% passing the 9.5 mm (3/8 inch) sieve. There-_ggregate. (2) The maintenance cost over the fore our design mix consisted of about two-thirdslife of the surfacing would have to be low due fine agcregate arid one-third coarse aggregate whichto rising labor and riterial costs. The final was just about tho opposite of our normal require-decision was a 1.10 mm (5'2 inch) non-reinforced, ments.slip formed concrete pavement, 6.7 m (22 feet) The local aqrttegate also had shale and thiswide. The present gravel surfaced roads were problem in LIP, coarse aggregate had to be watchedtrimmed a depth of 102 mm (4 inches) by an auto- clnety. Our -'pecifications for the coarse aggre-grader. The grade line was checked so excess gate wac modi!ied to increase the maximum shaletrim would be avoided and yet fill areas could contcuj 1>0 0.7% to 1.5%. Excess shale was re-be avoided. This trimming resulted in the moved aftter crushing by washing in a sand screw andconcrete being placed directly on the clay sub- passing through a jig. We found that after crush-grade material. The trim material was used for ing if the coarse aggregate was spread out in ashoulder material against the concrete pavement, shallow layer, rather than placed in a conicalThe joint spacing varied from 4.27 m (14 feet) stockpile, the shale would breakdown faster andto 5.48 m (18 feet) or an 24.38 in (80 foot) could be separated more readily during the washingcycle. The 24.38 m (80 foot) joint was formed operation. The shale content of the fine aggregatewith a premelded joint material with all inter- was not a problem.mediate joints being sawed. In three years we The aggregate specifications were as follows:have completed concrete pavement ol 56.3 kil- Fine Aggregateometer (35 miles) of road arid the maintanance Sieve Size Percent passingcosts have been only for snow removal and 9.5 mm (3/8 inch) 100shoulder repairs. 4.75 mm (No. 4) 95-100
1.19 mm (No. 16) 45-80
0.29 mm (No. 50) 10-30
0.15 mm (No. 100 2-5By 1975 the population in the rural portions of Coarse Aggregatethe Turtle Mountain Indian Reservation was averaging Sieve Size Percent passing55 people per mile of road. Traffic consisted 38 mm (1 inch) 100mainly of cars, some farm to market trucks and 25.4 mm (1 inch) 50-95school buses. These had caused problems in mainte- 19 mm (3/4 inch) 35-80nance and dust control on the gravel surfaced roads. 9.5 mm (3/8 inch) 10-40In evaluatingl hard all weather surfacing we took the 4.75 mm (No. 4) 0-15following two items into consideration. 0.074 mm(No. 200) 0-3(I) We must utilize local aggregate, which, The Physical Properties of the fine aggregatewhen crushed consisted of 65% fine aggregate and 35% conformed to the requirements of AASHTO M6 with thecoarse aggregate. following modification:(2) The maintenance cost over the life of the Physical Properties Max. %0bK wt.surfacing must be kept low to produce the lowest 1. Clay lumps, not more than 0.
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2. Coal, Lignite and Scoria 1977&78 184,441(227,705 sq yd) 7.89 (6.39 per sq yd)
not more than 1.00 Procedure

3. Material passing 0.074 mm (No. The roads to be paved on the reservation had
200) sieve not more than 3.00 been graded several years previously. A centerline

4. Other deleterious substances profile was taken and a new grade line laid, which
(such as shale, alkali, mica, required trimming an average of 102 mm (4 inches)
coat grains, soft and flaky from the present surface. The new grade line was
particles.) not more than 3.00 checked during the trimming operation so excess trim
Sum of materials listed 1, could be avoided and not allow new fill areas. The
2 and 4, not more than 4.00 trimming was accomplished with an Autofine grader
The physical properties of the ccarse aggregate which deposited the material along both sides of the

conformed to the requirements of AASHTO M80 with the road. This material was placed along the finished
following modifications: slab and compacted to form 0.9 m (3 foot) wide
Physical Properties Max. % by wt. shoulder.
(a) Shale 1.5 Trimming an average of 102 mm (4 inches) from
(b) Soft Iron Oxide Particles the roadway surface resulted in the concrete being

(paint rock and ochre) 2.0 placed directly on the clay subgrade.
(c) Coal and Lignite 0.3 The trimmed subgrade without new fill area pro-
(d) Total Spall Materials (includes vided a very uniformly compacted roadbed upon which

items a, b and c above, plus the concrete surfacing was placed.
other iron oxide particles, The concrete was mixed at a central plant and
unsound cherts, clayey, lime- hauled in tandem axle, end dump trucks and dumped
storne particles, and other on the roadbed in front of the slip form paver.
materials having similar The vibrators on the slip form paver were slowed as
characteristics 3.7 much as possible to reduce the floating of shale

(e) Soft Particles (exclusive of particles to the surface.
items a, b, c and d above) 1.3 The slip form paver was followed by the finish-

(f) Clay Balls and Lumps 0.3 ing cart equipped with an astro grass drag to pro-
(g) Sum of Materials listed under duce a rough driving surface. The finishing cart

items d, e and f above (For also carried the angle iron template which cut the
item d, use 't in total sample fresh concrete for inserting the premolded strip.
retained on the 4.75 mm The cure cart followed the finishing cart and
(No. 4) sieve) 4.0 sprayed white membrane curing compound.

(h) Slate 3.0 In a good days operation the contractor could
(i) Thin or Elongated Pieces achieve up to 1.6 kilometers (1.0 miles).

(maximum thickness less than Results
1/4 the maximum width, or We now have 56.3 kilometers (35 miles) of con-
maximum length more than 3 crete pavement in place on rural roads constructed
times the maximum width) 15.0 from 1975 through 1978. The riding quality of the

(j) Material Passing 0.074 mm (No. slab is good to excellent. The transverse joint
200) sieve 1.0 spacing has controlled the cracking and we have
The final concrete mix contained 234.5 Kg. very little random cracking other than what occurred

(517 ibs) of type II cement per cubic yard with during construction. The joints formed with the
0.25 Kq. (0.55 lbs) of water per pound of cement, premolded strips are being watched and if spalling
884.5 Kg. (1950 ibs) of fine aggregate, 442.3 Kg. occurs they will be sawed and resealed.
(975 ibs) of coarse aggregate, 0.16 Kg. (5.5 ounces) We have not had a popout problem due to the
of protex. The 28 day cylinder breaks were gen- shale content. We attribute this to the light use
erally 20.68 MPa (3000 psi) or better and the beam of the vibrators and not floating the shale par-
breaks produced flexure strength of 3.10 MPa ticles to the surface.
(450 ps'i) or better. Slump was kept at 38 mm to The 6.7 m (22 foot) wide slab seemed narrow at
51 mm (1':-2 inches). first, but we now feel this may have some merit in

The transverse contraction joint spacing was keeping the speed down and the drivers more alert.
randomized at 4.27 m (14 feet), 4.57 m (15 feet), As of this date we have not had a head on collision
4.87 m (16 feet), 5.18 m (17 feet), and 5.48 m or other accident which could be attributed to the
(18 feet) with an 24.38 m (80 feet) cycle. Every slab being too narrow. The 0.9 m (3 foot) unpaved
fifth joint was formed with a premolded strip to shoulder provides additional width in case of
induce initial cracking. In order to better control emergencies and adds to the safety of the road.the cracking during hot weather, additional joints The maintenance costs to date have been only
were formed with a premolded strip. The premolded for snow plowing and shoulder repair.
strips had to he placed with care so that they were Acknowledgments
vertical and even with the top of the surface to The author wishes to express appreciation to
prevent spalling at the joint. Transverse joints the following people who worked on this project.
were sawed 6.4 mm (1/4 inch) wide, 28.6 mm (1-1/8 James Anderson, Project Engineer, Belcourt, ND
inch) deep and filled with hot poured rubber asphalt Joseph Marcellais, Project Engineer, Belcourt, ND
sealer. The centerline longitudinal joint had 762 John Decoteau, Engineering Technician, Belcourt, ND
mm (30 inch), 13 mm (I' inch) diameter deformed bars Al Reiner, Sr. Paving Engineer, PCAon 762 mm (30 inch) centers and sawed 9.5 mm (3/8 Henry Mott, Field Engineer, Portland Cement Assoc.
inch) wide, 34.9 mm (1-3/8 inch) deep and filled Calvin Severson, Field Engineer, PCA
with hot poured rubber asphalt sealer. Richard Davis, Engineering Technician, BIA
Costs Francis Davis, Davis Construction, Belcourt, ND
TIhe cost per square yard for the 140 mm (51 inch) Richard Komstad, Superintendent, Davis Construction
slab was as follows: Kenneth Frigstad, Vice-Pres, NoDak Contracting Corp.
Year Square Meters Cost Per Square Meter Neil W. Chauncey, Asst. Area Road Engineer, BIA
1975 91,445(112,895 sq yd) 7.28 (5.90 per sq yd) Sherman E. Oland, Highway Engineer, BIA
1976 99,702(123,039 sq yd) 6.74 (5.46 per sq yd)
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PORTLAND CEMENT CONCRETE OVERLAYS OF EXISTING ASPHALTIC CONCRETE
SECONDARY ROADS IN IOWA

Carl F. Schnoor, P.E., Boone County, Iowa
Eng inee r

E.J.Renier, P.E., Senior Reqional Engineer-
Paving. Portland Cement Association,
Minneapolis, Minnesota

Forty-two kilometers (22 mi.) of exist- costs of this system.
ing asphaltic concrete low-volume roads During the past 10 years, several
were resurfaced with portland cement county engineers in Iowa have begun to re-
concrete in five counties of Iowa dur- analyze the cronomics of resurfacing pro-
ing 1977. In two counties, complete cedures used on their asphalt-paved second-
removal of the old asphalt surface was ary roads in an attempt to decrease maint-
required prior to repaving with port- enance costs and lengthen the required
land cement concrete. In the other maintenance cycle. Their analysis has re-
three, the old asphalt surface was re- sulted in the construction of portland
tained as a base for the new pavement, cement concrete overlays over old asphalt
This paper discusses procedures devel- county roads (3, p.15) in a number of
oped to establish and control grade and counties.
portland cement concrete overlay thick- Figure 2 was produced from original
nes.res in the cases where the old data obtained in 1972 by W.G.Bester,
asp.halt was retained. On one project Portland Cement Association Paving Engineer
grade was established and minimum in Iowa at that time. It shows the effect
thicknr-is retained by use of a com- that an increase in portland cement con-
puter. Economics of design and con- crete mileage had on maintenance costs onstrmI-ti on procedures were determined the low-volume system in one Iowa County.
by county engineers. Projects were In 1977, 34.4 km (22 mi.) of asphalt
approvec' by the Iowa Department of roadway was resurfaced with portland cement
Transt) itation prior to construction, concrete in 5 counties. In general, these
Thi.ess monitoring and required asphalt roads were scme 20 years or more
equipment modification was accomplished in .je and had been resurfaced or seal-
by contractor development and coopera- coated one or more times during the inter-
tion. The resulting pavements show im. This paper directs itself to the
that portland ceme,. concrete overlays techniques used for construction of the 5
can bL successfully constructed over overlay projects built in 1977.
existing asphaltic concrete roads on Two fundamental construction proced-
low-volume secondary 5ystems with a ures were employed. County engineers in
minimum of surface pr'paration and can Clinton and Cedar Counties opted for com-
contribute a long-te:., ecoromical solu- plete removal of the old asphalt surface
tion to the ever-increasing cost of prior to resurfacing with portland cement
mai nterng nco. concrete because the existing surface ex-

hibited extensive deterioration and dis-
tortion. In I 3th cases, after asphalt re-
moval, the e xisting rolled-stone base wasBy September of 1978 county engineers fine-grade& prior to PCC paving. The old

in Iowa had constructed over 6,700 km asrhalt material was salvaged and used to
(4,171 mi.) cf concrete pavement on the upgrade the shoulders. Following removal
Secondary Roads System of the State. This of tbn old asphalt, grading and paving pro-
construction has taken place throughout cedures followed Iowa's standard slip-form
the State as shown in Figure 1. Earlier paving requirements for the County Road
papers i, 2) have been written regarding System. In both cases, the minimum thick-
the per.ormance and related maintenance ness for the portland cement concrete
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Figure 1. Distribution by county of portland cement concrete paverent
on the county road system in Iowa.
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Figure 2. A reduction in maintenance expenditures occurred as the milesof portland cement concrete increased in Greene County, Iowa.
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pavement was specified at 152 mm (6 in.). Figure 4. A Gallion road planer was used
In Dallas County, Washinciton County, to reduce the crown 2.54 cm (I in.).

and Boone County, the county engineers re-
tainu-i the existing a [phalt surface as a "
beso undor the nw port Laid cement concrete
)tvenllellt. E all c l;,, the reosulting con-
crete paving has been excellent. Resurfac-
ing with poitl,ind ciitient conclrete directly
over the old ashlialt required different
cont;tructioti tech iin ,; iu each caso - with
each Countyi e 7 0 g i dell dt I" iili ing the best
proceduoe to fol low for the overlay con-
S t r u UC t. i o n.

Dal1 ; Lu t " " 
U n '..'

In Mahy of 1977 , a I .6 kin (1 mi pro-
je Ct in 1)1 alla County wat; awalrded to the
(Iallot t ('onst-ru tion Co. for the resurfac-
inq of t 7(, mu (3 in.) asphalia concrete
nat , wbil,. ha id b ,an placed over,- 203 mitm AN
Pii i.) of 'ol led-atone bane in tie mid-
l') ol'. Tfhe orig;inal. pavement- ha f been
built 1.7 in (22 ft..) wide and gleometric
st tda - at ts l: t i ifc le I Iowed t 1e use of
narrow shoulders t.ecatie of the narrow each side of the road.
shoulder:;, the contractor was rehuired to Sp.-cifications required the placementwiden thei prior to th,? construction of a of a nominal depth - 152 mm (6 in.) port-
pad- I i tie for the sl ip-form pave.r. The gen- land ,ment concreto resurfacing. In addi-oral cond ition of tie asphal t ie concrete tion, it was required that a minimum thick-paveitent is shown in Vigjure 3. ness of 127 mm (5 in.) aid a -%xmuim thick-

ness of 1 78 mm (7 i n. ) be retained.
At bridges and intersections, approxi-Pigore i. Closeo-up of the surface,showing mately 30.5 m (100 ft.) ef the old pave-general AcondiLtion of tfie roadway at tile ment was completely removed anid the newtime the overlay was placed. grade established by stringline to meet

existing bridge decks or intersecting pave-
- .~$ ~ ~ment sections.

The concrete for tis pro~ject was pro-
duced in a central-mix plant and traits-,.-,' [, ported to tire job-site in dump trucks. It
was th iO deios i ted (irectly on tile asphalt-
ic concrete surface . Tue slip-form paving
opecation was no different than that used
to produce the 6,700 kin (4,171 mi.) of
port land cement aoncrete roadsa already iii
existence il the State. NO new or sophisti-
cated equipment was added. A 152 mm (6 in.)
thick Iowa Department of Transportation
Type B mix was used for the plain concrete
pavement which was constructed 6.7 in
(22 ft.) wide wi tii transverse jointt sawed
or! 6.I m (20 ft.) centers.

ILThe only steel used in tihe project were
762 mm (30 in.) long 1i mm (1/2 in.) dia-meter defoni,ed tie-bars, which were placed

at 0.9 i (3 ft.) centers at the centerline
longitudinal joint. This project was used
as a detour during construction of a neat-Tihel roaciway to be recsurfaced with port- by state hiqhway and an inspection madeland cement concrete had an extremely high following this additional leading showed itcrown. Approximately 25.I im (I in.) of to be in -xceI.lent c ndi tion. The success-this crown was removed with a Gall ion road ful bid on thil; project wai, submitted byplaner as shown iii Figure 4. the llallett Construction Co. t $6.42 per

The Gallion pfaner cut to a width of m
2  

($5.37 per eg.yd.) .
762 mm (30 in.) at center line and amn addi-
tionial pass was then made oil ec'h side of
the centei Iine cut to feather the surface Washington Count_
into the existing profile. t;r,i ;.! pins were
ther set at 15.2 m (50 ft.) interval:s On In August of 1977, Washington County,center lin aid grade ecstabli shod by string- Iowa resurfaced 14.5 km (9 mi.) of exist-lie. Th-'i tri~nline cot,-olled a CMI tri- ing asphaltic concrete pavement with apod auto graLder, which in turn established nominal 165 mm (6.5 in.) thick porfland
the pad-line for tile slip-form paver on cement concrete overlay. The orilinal
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pavement was built in 1958 and consisted of In designing the new grade, the county
102 mm (4 in.) of sand base topped with engineer cross-sectioned the existing road-
152 mm (6 in.) of rolled-stone base and way every 30.5 m (100 ft.)and entered the
64 mm (2: in.) of Type B Iowa specification data into a 9830 liewlett Packard computer.
"Aspqhaltic Concrete Surfacing". Minimum thicknesses of 152 mm (6 in.) at

Figure 5. The computer printout provided centerline elevation from
which required qrade was established every 30.5 m (100 ft.). It also
computed cross-'ection jLc;, zverv 30.5 In (100 ft.) and totalled requ-red
project quant i ties .
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Figure 6. Depicts the entire pavement train including the process
of concrete delivery. Note stringline placement.
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tile outside edge of tIe roadway and 127 mm Figure 8. The inspector measured the(5 ini.) at the centerline were re:quired, depth of penetration on the probe with a
The exi.s tin, ashal t. ic con crete pavement ruler.
was 7.3 m (24 ft.) in width. The new port-
land coentt conlcrete overlay, wee- conlttuc-
t od at G.7 m (22 't. wide. With these
de.,;ni res;t r i-t ior:;, tie aviraqe sect ion
wa: h ti It I '2 im (,. 5 itt. ) tih ick at tile
o ot: 1il ' and hit)(1 a (,1 1 mm (2 in .)crown .

ith, complltt' th(,tri plotted the (]esign
"rot t, i it "e ,t Wt. 1 it I 3, ft ) and
est lihl i !;h,2e1 the fit tl ridu from .,,ich tile
s I i p- form paver wouIld operate . A stample
co m [u t r 1) 1eL i s sh o w n i t Ii ju re 5 .

The Prod (rl;o cot. of Dtecorah, Iowa
wais; tow hidler ott tilht, 'reje(:t at $6.60 per
m

2  
($5.52 1'.,r s, . d. .) .
'rhe fi rit ctstriict: ion procedure col-

sit!iotod of toomin i the exi ;tinq strface and
e La l)L i:; i'ij the eonlUtt,pt-d etL(2rmi ied final
(trade by strin,ilitte. Th, stringlinc was
es t- 1 '1 i -It. tti the ti qh t - hand si d e of the
roadw,y itt the direction of paving. After
the :; t Ii n(i L i nu Wa; itt pdlace -otnrete was
del i v,-ored to a Reox sI ij,- forn, pav(,r from a
c01LIAj -Ii M Ilant t1 bo th dump trucks and
agi tator truck attd was tIepotitei directly
onl t:lt old ;trfuic inl fro t. of the aver. The portion of the rod that penetrated'the only p itce tf equ ii-for, 010ilment re- into the plastic concrete was then veryqu ri re w t lhe l.ver i t;!l f . No f ine-i rad- eaoily checked for lethgth as shown int wai t , 6 t iltows the Figure 8 to assure that proper thickness

J 'a IhI, L w , Io t~ l t:in t IorI Itwas 
being obtained. This simple, but'ito low-s Litttt 1ort~and contment coticrete accurate device, provided the contractordid ot L id i ott the cxi ;t in', asl )tlto t pave- with continual information regarding over-lren -t in; f rI th f th 'Iave r nd Lari t; did lay thickness while the concrete was still

no t~ '' it itt the ttw ptv oinem be-ill a plastic state.It i it Ito( ia ye . Al i tspoc or ecrat in from The Rex paver towed an astro-turf dragA Pt 1 id~ o towoti bty tlte i'ver oticket pave- which produced tile microtexture itt the new
tttt. thickn,:s ; ,it eaL'ch edq, i*nd at the surface. 'he paver also towed a combina-etiter I i, of the plastic ('ortlnd cement tion bridge from which a transverse combedcoi,g(!t4 ovorlay i minitnum f nitce per texture was appliedc following the astro-

s;tat I.tt. A ,ottlt proho, const:;tinq of a turf drag. This last piece of equipment;l'd,t ;tce I rod o l'eratig ill a hol low also incorporated tite curing operation.htool i te owith tit a t ur-type device to Curing was accomplished by application ofiiotd t itut.t or thte surface, of tite. slal, white membrane curing compound. IPais oper-
Wi'; U02(d to check. tIptu. See i'i'iur 7. ation is sfown in l.igure 9.

lijuro 1. A dlelth probe device was used Figure 9. Curing compound was also appliedfor tleo tril til the L icktnet; 0 ot tile r-sur- at the edge of the slab. The two pieces offa, iii';. 'Iie wa:iietr-type <lyvice i:; shown atTh e ofther Q plast iccon sreteownt equipmett -- Rex slip-form pavez, ,plusthe ster foof tihe ptlditic concrete with combination bridge and equipment -- pro-
the steel rod inserted into thc concrete. vided combing and curing.

'I -'- - - !
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Thie new pavement was opened to local Figure 10. General condition of the exist-
farm traffic as soon as flexural test beam ing asphaltic concrete pavement at the timebreak; indi _cated that specified strengths of overlay with portland cement concrete.
had been reached. Both t ransverse arid long-
itudinal }oints were sawed. Deformed 13 mm
(1/2 itt. ) dia me ter t ie- hoers 7 62 mmn ( 30 i n.)

lont welt, placed at .3 in (3 ft. ) centers
acro'ic the cenerine . Ver y Ii ttle edge

tlisp occtur e, as the wat.r content was
kept: to a minimum in the mix design in
12: I i n of te fa.t that none of the
is to -lt coin: ret i weat r wou i be absorbedb the qredo.. 

-* . -. 7 ~b',

'Ihe cliii1 10tedl portlandI c Iment cotcrete
laVetmelt: was -roduced in a minimum of time 5
-- over 1.,737 in (5,700 ft.) was placed
the day following a down-poll-, which
bro luItt all other con.itll cti on ill the area -k
to a coinpLte halt. -- as the procedures
u:ed m linimized handwork ind fittishing
iroblenil;. The r.,ulting pavement hd a " . I.
,r,-.,nt :;ervic, bi l.ity index in excess .,
of '. ('ru.;hted rock shoitlders were added
by c ent', 'crtws prior to openinq tile road-
way to t.itrouli-triaffic.

tBooe Colii ty

of the existing asphaltic concrete pavementIl Boote Coutity , iowa maty miles of with portland cement concrete.
,'p ha I t i c ,oncrete paveient, about 20 rhe existing asphalt ic concrete pave-
years ci eqe, were s truct urally failingI ment w;-q constructed is 1957 and consisted
ll ii lefo of more than a "cover lp" ill of a 132 min (4 ill.) thick soil aggregate,trder to provide additional sat isfactory subbase over which a 115 mtn (4.5 in.) thick

!;ervic(c. 'The _o!iitLy otnqiniter and iowa bituminous-treated a,_,regate base and a
D,'-I'rtlni-it of l'rtcportatien desiqn per- 64 mm (212 ill.) thick bituminous concrete
soill!L dflterini,.,L that a minimum of 127 inn surface had been placed. In general, the
(5 in.) of ,Isphaitic conc:rete was needed existing asphaltic concrete pavement was
a.!; Ill )verl.y to t lh1 exi!;ting aspialt pave- failing structurally. Its' general condi-
In'it. to lrovide sufficient ad di t t -tiit1l tio is shown i l. igure 10.
st rng th fo ccitt ijile-t 1s. The original pavement had been built

A',:ordiinl y, in L')7(, Hoone County 0.7 m (22 ft.) wide and the new portlandawarded a resurftciilj cct.tct relquiring cement concrete overlay was designed 6.7 m
tie '!,l lilt of a 12. In11 (5 itt.) aslllalt- (22 ft.) wide. 'rile crown of tile old pave-
ic ''l:olcr,.til ovr lay ov .r ,a portion of this ment varied from /6 mm (3 in.) to 115 mm
Stilie . ll. rc;itltiit; co;L ili 197(6 was (4.1 int.).
allriOximat-i17 02, 0O0/1 .6 kin (1 ii.) . As in-field examination of tIe old .

Ex e-i t itii' htd sIowtl tLitt inl ItoOte pavt ent was conducted it became appareit
II,, t . thi til, c co t rlct:ion would that tIe profile had deformed less at tileIrIt lir'! ,i .; l oat ii ' t-,) 7 years and centerline than ill any other area, and
,ill ad li i tin 1 ,lint-inixed dtlhtlt overlay therefore, a decision was made to estab-
cf 2'.- 1 m1 (1 in.) to '1 in ( in.) at lish grade control ott this project at tile
a1'1r ji .tl .y 1.) ye r,;. Tlht-r,-f-ro, prior centerline of the existing pavement.Speci-
to .w.rdi I tdd ilt. ilaI conttracts for the ficatioirequired that a nominal thickness;
1.27 mm (5 ill.) id,halti:: overlay lesignt of 152 mm (6 il.) and a minimum thickness
the( coiulty enqjni'r SOllIlited ,ll economic of 127 mm (5 in.) of portland cement coil-
analysi;. tiHe fouind tilat ,ll J tile period crete be maintained. In addition, the
1976-'// ache} 1 tic l ,splirili :;urftcing had portland cement concrete overlay wouldiilcletc.'d , , .. t y It')" ir cost, which have a maximum 70.4 mm (2-3/4 in.) crown
brouiht hi!; 0:11.inat. for ftttire 127 mm and a minimum 127 min (5 iNii.) depth at the
(5 ilt.) dllia] tic €;.ut to !,68,200/ conterline. ' ni e rieant that the greatest
., km ( ] lii.) . Tite !;amo st lin to showed thiickness of portland cement: concrete

that a port land ccmlit cotncrote overlay would occur ill tile wheel ilatls of tile old
coulld be placed over the existing aslitaltic pavement; thus, automatically providing
concrete fo, less .lnd at the same time greater structural capacity where it was
qruatly re:fuce expensive fut.ure mailton- needed tile most.
ance; thereby, reduicin,i tite anttual cost of Using tile above criteria, tite final
tile highway to tite taxpayer. Accordingly, grade elevation was established with a
in July of 19)77, bids were taken for a strinline .6 m (2 ft.) above the existing
portland cement concrete desi n and award centerline grade by tile contractor. IL wasmade to th le liett Construct ion Co. of then adjusted by the county engineer to
Iowa who submitted tile low bid of $5.1.3 remove arty obvious discrepancies.
per .8(, in

2  
(1 sq.yd.) or $66,212/1.6 ktn Specifications required that grade for(I. mi.) for 6.4 km (4 mi.) of 152 mm pad-lines for tile slip-form paver he

(6 itt.) nominal thickness resurfacing electronica] ly eustablished by transferring
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Figure 1i. Subgrader is transferring the qrade from centerl inestringl.ine electronically to a cutting bar attached to the wing
of the subyrader, which cuts thi slip-form paver pad-line at .755 m(2 ft., 5-3/4 in.) below the centerline stringline elevation.

1.4 '

thi 'il Itrof I I frot the center- Figure 12. A contractor-constructed spring-I io .;t rii to th,. ' ul i w;. The loaded templet was used tu detect high',itLl~,zt,:i ,"<:m 'i i ' h i ll; hy u.e of I spots int the pavement surface which would
ial f-width 1 C:.I ;nL-iv.il,*t ; shown il require additional grinding.

I! tI, 1i ii l I In ri iI m n I 1 t- 11i Ic -
I .iI .h ] ..':+v , ,:; c:; , ] is ,', b': :;~u i C,I t io ns

.f rit c t l lt '.: i r tl - it,. ; is- d "tu, ip-"
l et o i 1 L -l i ' u; - I ,- t oi , i i I, .li t .1-

ltia hi +,t h;~ i e x- l ,,,t ..l; ;w *r i t w in''h l. + "s

t. Iii/'} i l I .}1,' I' : I i s Ij ; ll l *I l l y5 1 C lg t , - - & "

s; I I l , ; t It I,::: ; I t ! I i 'k :: h I ! II I 111 i - , .I.
nInI t .. . 1 .7 'on t:, i .) Iit t . A;'..'

I '' !' l ' I it r i 1 ii ] I r- , ' i w ,i I : j I I

t i ro lC l'

, ' li t d i 1'' t . i' ; ti l'I il Ii i i

ti l i i: + I ' I ' . i i . * i -i i " + t I . . 1 1 'i t l I - ai-

-I fti ; , t' '!l,' I' llt I l, tie l-h re tical 1 2mrC)On l t ck

I)It ,L itI ,. ii '1'l , Hj I: trin jI t - I a I t eAt; i

,llorti it ," : me " t'l<t i' i elt Ii M a c k w t it r b to

r, i, . '-! lii ; . -I L , t ;l,) ed k] I lt i ce ru c

till , tI.! i. I i rl [r Int o f' t oh !;l ip-
fI- p "I-. . ,r t . I ;,(t . to l' ' t( W di+; 1)) ICUIJ

i t , f t , t o r t ' o :; I l ! - f o, r il J~ d v , r , t l he i '(e - t h e o r e t i c a l 1 5 2 m i n ( 6 i n . ) n o m i n a l t h i c k -
I11,1 indIr ,)f tlhe pi vill p o , i.tio n  Was; Il('Is.

; i i , Ir t- I I I I L i I- f o r i 1 r , .!c t L: s a n t il e i A s i n t h e o t h e r pt , j ,e t s , t il e c p o r t l i, n d
f illi rdh _.I ', ~ +;,'i - ;., : :;i nilm i I a to i uh the r c em e t: co nc re te o ve r la y th ic k niu+ss w a s co n-

, o t- L I l ] n d i n ! i t t i : r ,l + I e+ p , iv ! n m u [l L s: i l I t .1 1 o s t a n t ] y c h o c k e d w i t h il d e p~ t h p r o b e( + t o
C co i t i L v. T'r h i '.; 1r o I ', Lt i C .l d e dA a 1i d p r i c e a s s u r e t h a t i m i n i m u m t h i c k n e s s;e s. w e r ev
[ fo r 1 1 5; 2 ln :n ( Cl i ll . ) t h i c k" ln i n a 'l .s i , b O b t a i n e d . "76 2 m m n ( 3 0 i n . ) l e n to , 1 i lill

dl a . 6 M 
' 
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0.9 m (3 ft.) centers, . ' . which is -not aspha l t ic pavement, must be
The transverse joints on this project uniformly-moistened prior to concrete,

were sawed at different spacing on each placement.
mile for the purpose of research. In the All of the portland cement concrete :

* first mile, the joints were sawn 12.2 m overlays used concrete mixed in accordance
(40 ft.) apart; in the second mile, 9.14 m with Iowa Department of Transportation
(30 ft.) apart; in the third mile, 7.6 m specifications for Class B concrete which
(25 ft.') apart, and in the fourth, 6.1 m allowed full use of locally available aggre-
(20 ft.) apart. The coarse aggregate used gates. • ' ':; .,
was gravel. on-site surveys made since com-' In Clinton. and Cedar Counties, where
pletion indicate that the 6.1 m (20 ft.) the old asphaltic concrete pavement was
joint spacing is performing the best. completely removed, 'a uniform .152 mm (6 in.)

The Boone County project 'showed that a portland cement concrete thickness was re-
152 mm (6 in.) nominal thickness of port- quiredifor the overlay.L inthe three cases
land cement concrete overlay could be -- where the existing asphailtic'concrete
placed ata cost that was-less than a roadway was used as abase, a nominal
127 mm (5 in.) asphaltic concrete overlay. thickness of portland cement concrete
In addition to the lower initial construc- was specified. " .:.
tion cost, the history of portland cement ' The use of'the old:asphaltic concrete
concrete pavement on the Secondary System roadway as a base provides several advant-
in Iowa indicates a reduced maintenance . ' ages to the contractor. Bad 'weather has
expenditure per mile as the concrete mile- little effect on construction and paving
age has increased. car, start agai'n immediately after an exten-

It should further be said' that the ' Sive rainfall. -In addition, the old
above projects are all performing excell- '' asphaltic 'concrete roadway provided an
ently at this time. They have all been " excellent haul road for materials and a
constructed to specification. and meet Iowa' ' supply route tothe slip-form.paver'., No
Department of Transportation's "Supple- rutting was encountered ahead of the paver.
mental Specifications for Resurfacing In' all cases, close control of the
with Portland Cement Concrete Over Asphalt- amount of water in the portland coement con-
ic Concrete Pavement", dated May 10,1977. crete mixes resulted in little or no edge
This specification requires that all slump to the new'portland cement concrete
portland cement concrete be built with overlay. ' " ....
"lLp-form placing equipment and that the The authors feel that the projects re-
path area over which the slip-form-paving viewed in this paper have developed very,
machine travels must be constructed to' practisca-landusable designs and construc-
line and grade that provides for placement tion techniques that ,can be applied in any
of the designed thickness of pavement by an . case where a portland cement" concrete over-
electronically-controlled machine. The lay is specified over an 'old asphaltic con-
authors suggest that consideration be given crete pavement in order to prolong its life
to allowing an alternate method of control, with a minimum of futuremaintenance.
which would allow electronic sensing As additional projects of this type are
devices to control: slab thickness without undertaken, more sophisticated procedures
construction of pad-lines. for establishing the grade for the portland

Development of procedures whereby the cement concrete overlay from the-old grade
crown would be allowed, to vary could pro- will no doubt be developed. It is suggested
duce a more uniform thickness of slab and that a ski.arrangement, which electroni-
should result in material savings. Crown cally, senses grade at the centerline and
for the new portland cement concrete -over- both edges of the old pavement, be con-
lay is specified on the plans and the sidered.
contractor is.required to-clean any loose
or foreign material; from the existing
asphaltic concrete surface prior to the References
placement of. the new portl nd cement con- .
crete overlay. Where it is necessary to 1. W. G. Bester, P.E. Performance of
completely remove the existing asphaltic Concrete County Road Pavements in Iowa.
concrete due to poor subgrado support, Highway Research Board, Western Summer
consideration should be given to thicken- Meeting, August,, 1970.
ing the portland cement concrete overlay 2. M. J. Knutson, P.E. Low-Traffic
section through that area. On the Boone Concr'ete Pavement Performance and
County project the portland cement con- Maintenancee in Iowa. Technical Bulletin
crete overlay was thickened a uniform 013, American concrete Paving Associa-
64 mm (2 in.) through such areas and a tion, April, 1971. " . .
sawed transverse joint was placed at the 3. M. J. Knutson, P.E. Introduction to
transition point. The simple, but very Concrete Overlays. World of Concrete
practical depth-probe discussed earlier was IV, Phoenix, Arizona, Jpnuary, 1978, ' '

used on all projects and assures that the . p.15.
required minimum thickness is obtained. "

It is advisable that cut and fill
stakes be placed on e .uh side of the road-
way at 15.2 m (50 -ft.) intervals so that
centerline grade can be very simply re- • '
osfablished if lost. "It is required that
any subgrade over which the new portland
cement concrete overlay will be placed,
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OPTIMAL TIMING FOR PAVING LOW-VOLUME GRAVEL ROADS

Anil S. Bhandari, University of Dar-es-Salaam
Kumares C. Sinha, Purdue University

This paper examines the economics of upgrading Therefore, in most instances, when the baselow volume gravel roads with particular emphasis year volume is low but increasing with time, it isupon construction postponement. The concept of possible to invest the capital elsewhere in thebreak-even analysis is re-examined and a case economy to obtain returns that are in excess of thepresented for consideration of construction benefits foregone during the years that constructiondeferment in light of the opportunity cost of is deferred. To pave the road a year before tilecapital. This consideration is particularly optimal volume would mean foregoing excess benefitsimportant for developing countries where capital that could be obtained from an alternative invest-is scarce and the opportunity cost high. ment in the ecanomy, while paving tle road a yearSimplified expressions are developed to deter- after, would mean losing excess benefits that couldmine both the break-even year and tile optimal have accrued had the road been paved a year earlier.year in which to pave a given gravel road. This situation is illustrated diagrammatically inTheir application is illustrated by means of a Figure 1. The top portion 3f the figure shows thenumerical example, stream of annual net benefits arising from paving
the ryad in the year, say ni . The net benedfts of
paving the road in any other year would be the same
as shown, except for the y,.ars before paving whenGravel surfaced roads are generally adequate the net benefits are zero. For example, the netfor most situations of Low volume traffic. However, benefits corresponding to construction in the break-as traffic increases, the maintenance and vehicle even year (nbe) and the optimal year (nopt) wouldoperating costs also increase, making it necessary correspond to the lines onbepq and onoptq, respec-to consider paving the gravel surface. The economic tively. The lower portion of the figure shows theviability of such an action is easily established net present value of the entire project, given thewhenever the reduction in maintenance and vehicle year of construction. The points nbe and nop toperating costs is substantial in comparison to the correspond to zero and maximum net present values,construction cost. The concept of bre.k-even respectively.

analysis (1,2,3) has often been applied in such
cases to determine the cut-off volume above which it
is economically feasible to pave the road. This Design Life, Costs and Benefits
cut-off volume, generally referred to as the brenl-
even volume represents the minimum volume above Design Life
which the net present value of paving is in excess
of zero. In order to make a valid economic assessment ofIf, on the other hand, there are alternative a project, it is necessary to know the time horizonopportunities competing for the same capital, then over which the evaluation is to be made. For mostthe break-even criterion is clearly not the most road projects, this has been tile design life of theefficient way to allocate scarce resources. Under project, taken to vary from 15 to 40 years. How-such circumstances, It is economically more ever, while it is true that a newly constructedadvantageous to postpone construction beyond the facility will have a fixed physical life, it isbreak-even volume until such time when the net conceivable, and often the case, that major rehabil-present value is maximized. If the opportunity itation will be done at the end of this period andcost of capital Is at least as high as tLhe discount in subsequent periods to perpetuate the useful liferate, and the annual net benefits increase monotoni- of that facility. For road projects, this is oftencally with time, then the net present value is done in the fr. cf major reconstruction and over-maximized by paving the road in the year in which lays, whenever the serviceability of the pavementthe first year benefits are equal to the opportunity has f-qJlen below an acceptable level. Under thiscost of .:apital invested. The volume of traffic in assumption, benefits may be assumed to accrue in-this year has been referred to as the "optimal definitely, for all practical purposes. Tilevolume" and the concept as the "first-year-benefits" physical life of a pavement is a function of thecriteri)n (4. design standard and the traffic volume that it is
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subjected to. In this paper, no attempt is made to R: cost of rehabilitation, in dollars per
relate these factors, but instead, the frequency of km
major rehabilitations is assumed to be platned in i: opportunity cost of capital
advance. r: traffic growth rate per annum (generally

less than i)
Let n denote the year in which the gravel road

Costs and Benefits is paved. The present value (P.V.) of various cost
elements per km of roadway, are obtained as follows-

The primary costs associated with road projects keeping in mind that the road is kept in service
consist of tile construction, routine maintenance, indefinitely through periodic rehabilitation:
planned rehabilitation and vehicle operating costs.

Construction costs are assumed to occur only in P.V. of construction costs
the first year of construction while routine mainte-
nance costs at the end of each year. Maintenance i (2)
costs are assumed to remain constant over time. (,+i)n
Major rehabilitation costs are planned to occur
every N years, where N is presumably close to the P.V. of rehabilitation costs
physical life of the pavement.

Vehicle operating costs are a function of the
vehicle types and their relative mix in the traffic. 1 R)
Therefore, a weighted average unit cost per vehicle- (1+i) n  (l+i) N-1
mile will be used, derived as follows:

P.V. of savings in routine maintenance costs
k

c z i P(1) (m-m') (4)
J=1 (l+)n I

where,
c average cost per veh-km (0.6 veh-mile), for P.V. of savings in vehicle operating costs

all vehicle types, 1+r
ci unit operating cost of the ith vehicle = I 365 (c-c') i-r

type, per km (0.6 mile), (l+i)n
Pi = fraction of total traffic that Is of type

i, r<i (5)
k = number of different vehicle types in the

traffic mix. where,
The weighted average cost will be assumed to remain Qn Q0 (l+rn = volume of traffic in year n
constant over time, but have different values on
paved and gravel surfaces, respectively. It follows, l+r
therefor2, that the annual growth rate of traffic -r the discount factor for present value of
Most be tile SaMe for all vehicle types. a geometric series with growth rate r and

The benefits from pavlig a gravel road comprise discount rate i, over an indefinite
largely of the reduction in the total vehicle period (for r<V).
operating and rout ine maintenance costs. Net
benefits are then obtained after allowing for the obtained as:
constructhLn and rehabilitation costs. l

As In all other economic evaluations of this NPV I Qn 365 (c-c') l+-r
nature, the stream of costs and benefits must be (l+i)n i-r
adjusted to reflect the temporal value of money, by
applying an appropriate discount rate. The cho'ice + (min') C R (6)
of an appropriate discount rate is a continuing i (m-0 N_
topic of dehate (5,6,7). For our purpose, the (I+i)N-l
opportuniLy cost of capital will be used as the
disciujot rate aiso. Break-Even Analysis

If we now define n as the break-even year, then
the break-even volume, Qbe, may be obtained by

Definition of Variables setting the NPV equal to zero in equation (6).
Hence,

Let the variables relevant to a gravel road
being considered for paving be defined as follows: 1b 365 (c-c') r (-) + RN

(0 volume of traffic in the base year, in i (l+i) N_l
vehicles per day

m,m': uniform equivalent annual routine R (m-m')maintenance costs per km, before and C + N - iafter paving, respectively Qbei-
afe.avnrspciel.b -'l+r()

cc': weighted average operating rosts per 365 (c-c') 1--
veh-km on gravel. and paved surfaces, i-r

respectively
C: fixed construction costs per km of Provided the base year volume, Q0, is less than

paving Qbe, the break-even year, nbe, may then be obtained
N: frequency of major rehabilitation, in from,

years
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Qbe ' QO (l+r) nbe rehabilitation. With base-year volume known, thebreak-even and the optimal years for paving the roadLog (Q /Q are computed using equations (8) and (11). Table 2c be 0o r shows these values for base-year volumes rangingbe LogP (+r) for 0 be' otherwise zero from 150 to 400 vehicles per day. The year of
paving is taken as zero whenever the base-year(8) volume is in excess of the break-even and optimal

OIuIlmal Year of Paving volumes, respectively.It is clear from these results that the differ-The optimal year for paving the gravel road is ence in the break-even and tile optimal years can beobtained by maximizing equation (6) with respect to large depending upon the base-year volume. Thisn. However, as seen in Figure 1, with thle discount difference reflects the period during which the
rate equal to t e opportunity cost of capital, the economy can benefit more from investing the capitalnet present value is maximum when the undscounted elsewhere. Table 3 shows the net benefit of con-net benefits il the year of paving are equal to struction deferment computed as the difference in
zero. or such a maximum to exist, it is necessary the net present values of paving the road in the
that the net benefits itcrease monotonically wit years suggested by the optimal and the break-eventime. This is ensured as long as the savings in criteria. As indicated in Table 3 the benefits tendthe vehicle operating costs and the traffic growth to decline as the base year volume increases. Inrate are both non-negative, those cases where the base year volume is muchThe net benefits in the first year after paving higher than tile optimal volume, any delay in pavingare given as: 

will lead only to a decrease in the net present
value. However, the type of highway considered inQn ' 365 (c-c') + (m-i') - Ci Ri (9) this paper is low-volume gravel roads where the baseS(l+i)N-l year volume will not generally exceed 400-500
vehicles per day.To obtain the optimal volume (Qu-t), we substitute

Qn by Qopt in the above expression and set it equal Conclusions
to zero.

pt-i Ri 0This paper has presented an approach to deter-.
36 5(c-c') + (i-i') - Ci - _ (~i)N 1 0 mine optimal timing for paving low-volume gravel

roads based on explicit consideration of the oppor-from which, 
tunity cost of capital. As there are many competinguses for capital at any given time, selecting oneC + I - (m-in') use of capital implies the cost of foregoing the= 3 
opportunity to earn a return with it elsewhere.opt - (c-c') (10) This situation is particularly important for de-veloping countries where capital is scarce and theAgain, if Q is less than (opt, we obtain tile opportunity cost is high.optinl year of paving, "opt as: This paper has indicated that the often usedbreak-even criterion is not a desirable approach in

Log N./Q determining the year of paving, and that it is11p3 for Qo<Qo. otherwise economically advantageous to postpone constructionp . oIr) 0 opt beyond tile break-even volume until such time when
the net present value is maximized. The net presentzero (11) value is maximum when the undiscounted net benefits
in the year of paving is equal to zero. By ignoringThe break-even and the optimal years obtained from the effect of the cost and timing of periodic re-equations (8) and (Ii) are rounded to tile nearest habilitation, the optimal time of pavinp call bewhole numbers, in line with tile usual. assumption approximated by the "First Year Benefit Rule" whichof year-end cost outlays. states that the time to pave is when the benefits
during the first year (savings in maintenance and
vehicle operating costs) expressed as a percentageNumerical- Exaple 
of the construction cost is greater than the oppor-
tunity cost of capital. The results of a numericalIn this section a umerical example is consid- example considered in this paper indicated that aered to illustrate the procedure. Although the considerable net savings can be realized by deferingfollowing values are realistic, any different set paving beyond the break-even volume, particularly inof data would indicate the same direction in those cases where the base year daily volume isresults as shown by this example, relatively low.

QO = variable
m-m' = $500 per km 
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Table 1. Break-even and optimal volumes (vehicles per day).

Rehabilitat ion
Frequency (N)
in Years 10 15 20

Break-Even Volume (Qbe) 269 232 216

Optimal Volume (Q opt) 712 615 571

Table 2. Break-even and optimal year of paving

Base-Year Volume Rehabiitatlon Frequency (N) in years(QO) 10 15 20

150 10/27* 8/24 6/23

200 5/22 3/19 1/18

300 0/15** 0/12 0/11

400 0/la 0/7 0/6

*Break-even/Optimal year of paving.
**Where base-year volume is In excess of tile break-even volume,

the break-even year is negative hence taken to be zero.

Table 3. Present value of construction deferment to theoptimal year (dollars per km of road)

Base-Year Volume Rehailltatiin Frequency (N) in years( 0 ) 10 15 20

150 7,195 8,274 8,447

200 11,587 13,326 13,605

300 15,928 11,499 8,538

400 8,434 6,073 3,444
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A PROGRAM OF BRIDGE INVENTORY, INSPECTION AND RATING FOR A LOCAL ROAD SYSTEM

Bill W ade and Melvin Larsen, Illinois Department of Transportation

This paper is an analytical description of the roads and highways. Also, private concerns have
process developed by the State of Illinois, jurisdiction over some structures.
Department of Transportation, in cooperation with Within the State oroanization, the Department
local highway authorities, to not only assure of Transportation has jurisdiction over the struc-
compliance with the Federal-Aid Highway Acts but uctures.on the State and Federal-aid primary, Federal-
to formulate a plan to collect accurate data on aid Interstate and some Federal-aid Urban highway
all bridges with a clear span of 20'-0" or more systems. Other governmental agencies, such as the
onlocal systems in order to demonstrate struc- Department of Conservation, have jurisdiction over
tural condition and needs. The program coor- highways and structures located within conservation
dinates, computerizes and stores, with easy areas and State Parks.
retrieval, the information from efforts of Local
and State authorities with a common goal to
clarify the highway and structure demand for Development of Inventory and Rating System
modern transportation arteries. Positive identi-
fication and documentation of obsolescence and To make a program of this magnitude successful,
deterioration of local bridqes has resulted in it was necessary to effect a cooperative effort be-
a monetary response from the legislature which tween all local and State highway authorities having
is progressively making shorter and safer routes jurisdiction over bridges within the state.
for today's traffic volume and weinhts. In view of the many aaencies involved, it was

obvious from the start of the program that success
was dependent upon coordination. In an effort to
achieve that coordination toward a common goal, the

Foreword project was undertaken with cooperative planning
between the state oroanizations and the various

Under the terms of the Federal Aid Highway Act policy committees representinn the local highway
of 1968, Illinois, like the other 49 states, is anencies. A task force was established within the
charged with the responsibility of inventorying and Department of Transportation to establish recommended
rating all structures with spans more than 20' on policies and procedures to implement the program.
its Federal-aid highway systems. The 1978 Surface This task force was made up of representatives of
Transportation Assistance Act expands this to include several Department subdivisions and the Bureaus of
off-system bridges also. Planning, Maintenance, Design, and Local Roads.

In compliance with the requirements of the Acts, The task force established the policies and pro-
and with respect to the pending need for more detailed cedures necessary to achieve the goals of the program
information on structures in the State of Illinois, and to evaluate the data currently available from
the Illinois Department of Transportation undertook existing road inventory record3 and documents. The
to prepare a program designed to inventory, inspect, task force also established what additional data was
and rate all structures in the State with spans of needed to determine the hiahway needs in the State of
more than 20', regardless of the categorical desig- Illinois. Coordination was mdintained with policy
natijn of the system on which they were located. committees composed of County Superintendents of
Illinois undertook the broader scoped program over Highways, City Enaineers, and Consulting Engineers,
and above that required by the earlier Federal legis- representing local highway agencies. This procedure
lation because of the obvious need in the State for was initiated to assure cooperation from the local
more complete and up-to-date data on all its struc- highway agenciesa-ndcto insure that the needs of the
tures. local anencies were met.

Illinois has approximately 25,000 structures on After initial study, the task force resolved that,
its highway systems, of which some 15,000 are located since the two programs were parallel, all necessary
on the local highway systems and are under the juris- forms and procedures should be compatible with both
diction of local highway authorities. Illinois has the Federal Bridge Inspection Program and the Trans-
102 counties, 1,269 municipalities, and 1,476 road portation Needs Study. The Transportation Needs
districts, all of which have jurisdiction over some Study is the documentation used by the State Legis-
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lature in drafting legislation to meet the highway Local agencies were given the option to assignneeds of the State. 
bridge numbers, and some counties adopted uniqueThe task force was also charged with the respon- structure numbering systems, adhering to the 3000 tosibility of drafting a orogram which would provide 5999 rule. For example, several counties elected tocomprehensive information for use by all state and assign numbers 3000 through 3299 to the structures onlocal agencies in determining the needs and priorities the county highway maintenance system. Then eachfor improvements to the entire highway system within road district within the county was assigned a blockthe state. Tile following objectives were established of numbers. The first road district could be assignedby the task force: 
numbers 3,400 through 3,499. The second road district
could be assigned numlbers 3.500 through 3,599. This1. The program should provide information on the system could be continued to provide a group of num-statewide, regional, or local basis, detailing the bers for each road district, thus permitting the localneeds and the improvements required on highway sys- agency to identify county or road district maintenancetems, and to estimate costs of such improvements for responsibility from the structure number.use in drafting possihle legislation, and for budg- Municipalities were asked to establish numberingeting purposes for state and local governmental systems within the 6,000 ti 9,899 numerical confines.agencies. 
To avoid duplication, a block nf numbers was assigned2. The program should provide a mechanism to to each municipality in each county. For example:handle the current needs and the projected needs on One municipality could utilize the numbers 6,000the various systems in the state, and a dual system through 6,099 the second municipality could use 6,100for determining priorities for replacement based on through 6,199, etc. Care was also taken to assign anexisting revenues at all levels in government. ample block of numbers to each municipality to allow3. The program should provide the capacity to for future expansion of the system.determine the priorities for the improvement or re- Municipalities identified their bridges by numberplacement of structures which are insufficient for on official city maps provided by the Department.safe highway travel. 
These maps were incorporated into the program.4. The program should develope data which could Other governmental agencies (for example, waterbe updated periodically to provide a "continuing districts) or private agencies having maintenanceneeds" study for state and local governments. responsibility for structures were asked to assign5. The program should provide the mechanisms for numbers to their structures in the 9900 to 9999establishing safe load-carrying capacities and the series, to avoio duplication. These agencies wereposting of these capacities for the safety of the asked to indicate their structure numbers on a map.motoring public. 
These annotated maps are available to local agencies

and the general public upon request.The task force undertok the preparation of a With the use of the structure-numbering systembasic prorai to implement those objectives, begin- and structure-number maps, it is possible to locatening with the determination of information required every bridge in the State as defined by AASHro (20'in the Needs Study for inclusion in the Department of between spring lines). The assigned structure numberTransportation's computer data bank to satisfy both will appear on all future name plates. In all cases,Federal requirements and that study, assigned numbers shall be painted in a conspicuousA structure numbering system was established on place on the bridge.te basis of thle road inventory file data available. After establishing the procedure for numberingThe system used a seven-digit number. The first the structures, the task force began preparing thethree digits identified alphabetically the county in necessary inventory forms. As a base for the infor-which thle structure was located. Consequently, Adams mation, the task force started with Plate 14-1 (FHWACounty was assigned county number 001, and the last structure appraisal sheet, Figure 6) required by thecounty in alphabetical order, Woodford County, was Federal Bridge Inspection Proraim and supplementedassigned county number 102. The remaining four the requirements of that document to cover the addi-digits of the structure number were util ized in tional data needed. for use in the Transportationgroups to reflect maintenance responsibility of the Needs Study. To facilitate the efficient handling ofatructure. The four digit numbers from 0001 through the information to be collected, the task force'999 refV.tdsrcue anandb iesaetre t selected to divide and docr'yhent the data on two formsthesnum!ar series from 3000 through 5999 reflected "Structure Inventury Sheri (Figure 1) and "Structurestructures maintained by the counties or townships, Appraisal Sheet" (Figure 2). The Structure Inventory6000 .hrou h 9899 reflected city maintenance respon- Sheet contains the first 57 items on Plate 14-1, plussibility, ad structures numubered fron 9900 through the items added to the inventory to satisfy the Trans-9999 indicated maintenance responsibilities of other portation Needs Study, such as items A, B, or C. Anovermental or private agencies. Water Districts fundamental requirement in the designing of the formand Railroads, for instance, fell into this category, was that it be readily adaptable to the collect-on ofA/fter the maintenance responsibility for the struc- the data in tie field, as well as in a format accepta-thres was ascertained, the structure numbers were ble for keypunchio into the computer.assigIned inc locttnction with the route upon which ihe Structure Inventory Sheet was designed tothey oere located, and the log mile of the structure identify the structure by number and location; toalong lhe route. The numbers were then assigned in indicate. te variety of infan riuaton to be collectedsequence in the ranges of nmummbers denoting proper by item number; description of the item; a new-dataiiaimtenance res1.,.nsihility beginning with thle lowest column for data collected in the field; and an old-!llflbem iii each range. For example, if a Federal Aid data column showing data obtained from existing3econdary route had 6 structures located on it and records. The des cription column is utilized by fieldall were thle maintenance responsibility cof the county, personnel in ti-e collection of the structure infor-the 6 structure numbers would be in sequence, with mation. The new-data column permits coding of thetime lowest number' being located along the lowest log data by field perscmmel and is used for ke-ypunchingmile (or mile post) on the route within that county, the data into the data bank. The old-data columnEach local aqemncy having jurisdiction over structures indicates information current,. available. Fieldthen prepared a nutijer map, accurately locating those personnel are to code the information obtained in thestructures under its jur.-diction. field directly oi the structure inventory sheet and
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verify or correct the old-data information on the ture types, with space provided to denote condition
sheet to reflect current conditions, and needed maintenance or repairs. The inspection

Several of the supplemental items added to the report can be supplemented by drawinos, pictures,
Structure Inventory Sheet provide enough additional etc., as the inspector deems necessary.
data to complete the overall inventory for the struc-
ture. For example, Item 36B, construction section,
includes sufFicient code space for entering the Rating for Load Carrying Capacity
original construction section, thus supplying ready
identificatio- and reference to older filing systems. Two basic procedures were established for deter-

Item 37 indicatfs the microfilm number identi- mining the Operating and Inventory ratings and deter-
fying the micrefilii roll upon which the original mining the safe load capacity of each structure. The
design plans fo- the structure ere located. Other AASHTO Manual of Maintenance Inspection of Bridges
supplemental code items have been added to the form was the authority for determining the ratings for
to provide a more coplete and usable compilation of each structure. The lo,:al highway authority has the
data for each structure. Two copies of the Structure option of using either of the following procedures.
Inventory Sheet were generated from tile data avail- The first procedure ,rovides for the use of pri-
able in the State's data bank for each structure and vate consulting eniineering firms or the use of local
were forwvarded to the agency responsible for the agency staffs to compute the necessary ratings and
maintenance of the structure with the necessary in- make recommendations for posting the structures. Many
structions for the proper coding of the iteiis. local agencies in the State of Illinois have used

The second form used to complete the appraisal Federal highway safety funds to aid in the financing
portion ot the bridge program, a "Structure Appraisal of such ratings. Present statutory requirements in
Sheet" (Figure 2), incorporated items 58 through 84 the State of Illinois permit only reqistered struc-
of Plate 14-1 'Figure 6) of the Federal Bridge Inspec- tural engineers to make ratings or structures and
tion Prociram for use oy field personnel in making the determine safe load capacities. Therefore, only con-
necessary appraisal codings. The information from sulting firms or local aciencies that have qualified
the completed form is adaptable to keypunching. An personnel on staff can follow this procedure.
additional item was added to the structure appraisal Another statutory restriction in the State of
form as item io. 85; the date of the inspection, to Illinois is:
insure record continuity. The Department upon request from any local au-

The Structure Appraisal Sheet heading indicates thority shall, or upon its own initiative, may con-
the computer number for use in the State's data bank, duct an investigation of any bridge or other elevated
as well as the seven-digit structure number. The structure constituting a part of a highway, and if it
code items and numbers are consistent with Plate finds the substructure cannot with safety to itself
14-1. The form provides a brief description of the withstand the weight of vehicles otherwise permitted
item for use by field personnel, plus space to denote under the Statutes, the Department shall determine
a brief written description of materials and condi- and declare the maximum weight of the vehicle which
tions encountered in the field. The form also pro- the structure can withstand, and shall cause or permit
vides a coding bink for the various items for field suitable signs stating maximum weight to be erected
coding and use in keypunching the data. Coding in- and maintained before each end of such structure."
struction sheets ,,ere prepared for each item included The statute also provides penalties for violation
or, the Structure Inventory Sheet and Structural of such load restrictions. Based on the above stat-
Appraisal Sheet. A typical structure coding sheet is utory restriction, a registered structural engineer
shown in (Figure 3). All coding instruction sheets working in the private sector who performs ratings
contain complete coding instructions for each item. a:d safe load capacity determinations of any struc-

In the illustrative typical coding form (Item 43) ture on the highway system must obtain concurrence
shown in (Figure 3), the coding sheets are divided from the Department prior to posting such load re-
into four rajor sections. The first section is the strictions on the structure.
descripti ,n of the item to be coded. The second The second procedure provides for the Department
portion in the coding sheet indicates the purpose for to determine the Operating and Inventory ratings and
which the information is to be used. The third por- to determine the safe load capacity of the structures
tion of the coding sheet indicates tile procedure to when requested to do so by the local agencies. This
be used in obtaining the information to be coded, procedure was established because many local agencies
The fourth portion of the coding sheet denotes the have limited funds available for the repair and main-
code numbers and their respective meanings. tenance of their structures. Therefore, to provide

These coding instruction sheets are also included for a cooperative effort between local agency person-
av guides for use by fiuld personnel in the proper nel and Department personnel in obtaining the neces-
coding of the respective items. The coding instruc- sary field and plan data for calculating the rating
tion sheets were developed from Plate 14-1 and sup- of the structures and making recommendations for
plemented by additional instructions and directions posting, Department assistance was deemed necessary.
to incorporate the proior coding required for the Specifically:
Transporta Lion Needs Study.

In order to issist the many agencies in main- I. The local highway authority initiates a
taining adequate records of their structures, a request for the Department to perform the necessary
BridLie Record Card (Figure 4) was developed for their ratings and provide the posting recommendations for
use. The Card provides for a description of the structures.
structure, hydraulic data, posting and inspection 2. The local highway authority is responsible
data, and information regarding repairs made to the for obtaining copies of the original "as built" plans
structure which permits the agency to maintain an for the structures, if they are available. If "as
up-to-date record, built" plans are not available for a structure, the

Since the Federal Acts require a bi-annual in- local agency is responsible for obtaining the field
spection of all structures on the Federal-aid highway measurements necessary for determination of the struc-
system, a Bridge Inspection Report Form (Figure 5) tural rating by the Department. Photographs are also
was developed by local agencies. The form is designed requested.
to cover tile critical members of the various struc- 3. When the "as built" plans or the necessary
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field measurements have been obtained by the local Local agencies are asked to prepare a small sketchhighway authority, the Department will schedule a of the structure for which more than one type ofmember of its field inspection team to inspect the superstructure or substructure element has been usedlocal structures with the local agency representa- to help the rater to relate the element to its propertive. The field inspector may also take supplemen- function. The overall sketch also is to show thetary photographs of the structure showing damage to back-to-back length of the structure which can bedeteriorated areas or any unique area of the struc- used to confirm measurements for the individual spans.ture which he feels should be clarified to assist the The local agency inspector is responsible for complet-rater in calculating the ratings for the structure. ing the forms and documentina basic measurements of aThe Department's field insp,;t.or will make appropriate structure prior to the field inspection of the struc-notations or recommend 'tions in the field on the "as ure by the Department. When the Department has com-built" plans or drawir . to refl,-I the current condi- pleted the rating and has forwarded the rating andtion of the structure, recommendation for posting to the local agency, the4. After the fie, ' inspecti is completed by standard drawings and photographs taken during thethe Department's inspfn , fm th ins and related in- field inspection are returned to the local agency forformation are used by thwi i..rLent to determine the its records and future use.ratings and posting recommendatiuns for each structure. To aid local highway authorities in determininq5. The completed ratings, based on the operating the cost of the proposed improvements or replacementrating, (which is 75 percent of the yield strength in of structures, cost graphs reflecting the latestaccordance with the AASHTO Manual for Maintenance figures available to the Department are prepared.Inspection of Bridges) and the Inventory Rating (which These cosc graphs are updated annually. The graphsis based on 55 percent of yield strennth of the mate- are guides for estimating structure costs only andrial) are forwarded to the local highway authority do not include any earthwork, excavation, removal ofwith the Department's recommendation for posting of existing structure, etc., since these items varythe structure if the structure will not carry maxi- considerably from location to location. The graphsmum legal loads. If it is determined that the struc- are compiled for several types of structures such asture is capable of carrying maximImi legal loads, the precast concrete, prestressed concrete, wide flangeDepartment will recommend to the local agency that structures with concrete decks, etc. Each graphno restriction be placed on the structure, also has a weight average cost of various structures
which can be used if the type of structure is unde-It became apparent from the beginning of the pro- cided at the timp the estimating data is needed. Agram that many of the structures on our local high- similar graph is also provided for estimating theway systems were built in the late 1800's or the square foot cost for widening an existing structure.early 1900's, and "as built" plans were not avail- A list of standard pay items of the various types ofable. In Jrdr to facilitate collection of field work and the most recent unit cost of these items,data for rating and for use in providing uniform compiled from repair work done on the State system,datd L) tie rater, the Department devised a series is also provided. For example, concrete removal inof standard drawings for the various types of bridges small quantities from zero to 10 cu. yds. is esti-commonly found on our local highway systems. The mated for what can be expected as a unit bid pricedrawings include examples of truss type structures, per cu. yd. These costs cover items encountered insingle span I-beam structures, continuous I-beam repair or rehabilitation of structures.structures, and tinmber structures, together with The responsibility of each of the agencies in-standards depicting the various types of substruc- volved in completing the structure inventory ano thetures comnmonly found. A sample of the standard rating of the structure was established. In general,drawing used for continuous I-beam structures is the collection of field data on the structures isshown (Figure 7). the responsibility of the local highway authority.The drawings are designed for a fill-in-the-bleak Guidance and assistance in the field collection oftype collection of data for simplicity in obtaining data is provided by Department personnel. When thethe field measurements. Using the standard drawitigs, field data has been collected on the appropriatethe inspector in the field is able to review the structure inventory and appraisal forms, the infor-drawings when he has completed his measurement of a mation is forwarded to the Department for inclusionstructure and fill in any blanks to complete the in the structure data bunk.report. After the inventory and appraisal data have beenThe standard drawings, with required entries. included in the structure data bank, the computershould also be supplemented with notes on the drEw- generates a printout of the complete information onings and/or photographs showing any special prcblem the structure. Two copies of this print-out are re-areas, such as damage from vehicular traffic, areas turned to the local highway authority for its files.of deterioration, etc. The dimensions on the stand- For future updates in the structure data bank theard dra&ings, plus the supplemental information on necessary revisions are made on the two copies ofthe condition of the structure will aid the rater in the computer printout. One copy is forwarded to thecalculating the operating and inventory ratings for Department and the second copy is retained in thethe structure .-s well as the recommendation for agency files. The data bank information is then up-posting. Supplemental sketches or drawings can be dated and new printouts are generated. Two copiesattached to the standard drawings to show any unique of the corrected printouts are returned to the localdesign which may differ from the standard drawings, agency. This system, if properly implemented, willFigure 8 shows a drawing of a sustructure. The keep the structure data bank and local files current.substructure drawings are used to provide more com- If a local agency replaces a structure, it isplete information to the rater. These drawings show necessary to complete a new Structure Inventory 5heetthe varioUs common types of substructures, such as and a Structural Appraisal Sheet, with the pertinentpilings, and dimen-ions of lhe various substructure information on the new structure, and to assign amembers such as pile sizes, pile spacing, or dimen- new number to the structure.sional factors of a solid concrete type substr,.wture The new forms are submitted to the Department ofelemen'. These 'rawings are to be supplemented with Transportation, along with a copy of the old formnotations indicating the condition of the various for the replaced structure, including the notationelements by the field inspector to the rater, that the structure has been removed and replaced by
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the new structure and indicating the new bridge number mentation to the State Legislature to justify legis-
that will replace the old. The Department enters lation to meet the higher costs and urgent needs of
the new structure infor.nation into the data bank and the local highway system.
deletes all reference to the old bridge. This method Illinois, like many other states, in past years
assures currency in the structure data bank. did not have the mechanism to identify the overall

It should be noted, ho.wever, that the only time needs on the local or State highway systems. The
a new structure number is assigned is when the bridge lridqe inspection inventory and rating program will
is completely new. If alterations or repairs to an provide a continually updated survey of all struc-
existing structure are mlade, the old structure number tures and the current needs can be ascertained at
is retained, and the itens are updated on the old any time. A program similar to the Structure Inven-
structure inventory to reflect the current structure tory, Appraisal and Rating Proaram for structures in
co;d i tion. Illinois has been established as a Road Inventory

System in the State to provide a continually updated
inventory of the road system. The two programs will

Sapouary clarify the overall automobile and truck transpor-
tation needs in the State.

The Departiment is very gratified by the accept-
ance of the -veral j program by the local agencies and
their cooperative participation in the program, which
has made it a substantial success. A plan of this
nature can be successful only with the complete coop-
eration of all agencies involved. Since this program
was undertaken, continuing interest is being shown
by local agencies. This, we feel, is the result of
planning to meet the needs not only of the Federal
Hir;iway Bridge Inspection Program arid the Needs Study
for the Legislature, but also the needs of the local
agencies in their complex planning and budgeting
processes.

Benefits have already been derived from the pro-
gram. For example, the local highway authorities
have recognized the inadequacy of the design require-
ments presently existing for bridges on local agency
highway sistems. As a result, the County Superin-
tendents of Highways Policy Committee has adopted a
new policy calling for all new structures to be
designed for a minimum IIS20 loading in lieu of the
original HSl5 loading used on many minor roads.

The information obtained in the bridge inspec-
tion program and the ever increasing loads carried
over the local structures by farm-to-market and
other heavy vehicles have made the need for higher
design criteria obvious. Another benefit which has
already been derived from the program is a suggested
priority listing for repair and replacement of all
structures on the local agency highway system for
use by those agencies in planning and budgeting
their highway needs arid improvements. This advice
is available to all local highway authorities who
have completed arid forwarded the inventory and
appralsal of all structures on their respective
systems .

ConclLs ion

Since the conception of this program, the local
highway officials have become deeply concerned about
the condition of their highway structures. As a
result, the State has witnessed a large increase in
the number of structure replacements and repair
projects. Hany local highway authorities have re-
adjusted their priorities for expenditures of high-
way funds and allotfed greater portions of those
funds for repair and replacement of structures, yet
providing that routine maintenance which is vital to
road sys tems.

It is estimated that it will take from 4 to 5
years to incorporate all of the structures in Illinois
into the program. However, as more and more struc-
ture inventories and appraisals are completed, the
need for more highway dollars is increasingly evi-
dent. By continually updating the data bank with
new information when repairs or replacements are
accomplished, the Department can provide ample docu-
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Figure 7.
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LOW WATER CROSSINGS

Gerald Coghlan and Neil Davis, Forest Service, USDA

This paper provides a rationale for planning stream crossings designed to pass 25-50 year
and constructing low water crossings on low floods. A few texts (7, 8) do make brief
volume roads. Fords, fords with culverts and reference to low water crossings as economical
crossings on low structures are described, alternatives for low volume roads, but they
Examples are given of good and poor designs provide few details. T.R. Agg referred to fords
using different types of materials and in his 1929 edition of "Construction of Roads and
involving a variety of environmental Pavements" (9), but the reference was dropped in
considerations. Examples come from National his 1940 edition.
Forests in Minnesota, Missouri, West Virginia The only details on low water rossings that
and New Hampshire. we found were given by A.D. Leydecker (10), and

Sharma and Sharma (11). Leydecker describes the
use of gabions in constructing a ford. Sharma and
Sharma describe both a rubble and concrete ford,

Definitions and a dip with culvert.

Low water crossings are road-stream crossings
designed to allow flooding approximately once a Location and Design Considerations
year. This contrasts with the more conventional
stream crossings designed for 25-50 year floods. Raised road grades and constricted drainage
Low water crossings include the following, as waterways can cause flooding in broad, flat stream
shown in Figure 1: valleys. These flood plains often include

valuable crops as well as residences. The low
I. Fords (or dips) - - Formed by lowering water crossing permits a large, natural waterway

the road grade to the streambed level from bank to which minimizes the flooding of adjacent lands.
bank. Commonly used across dry drainages or whare High approaches to flood-free crossings-may be
the day-to-day stream flow is low. expensive and aesthetically undesirable.

2. Vented fords (or dips with culverts) - - Occasionally, structures that have adequate
Formed by partially lowering the road grade for clearance to pass floods have low approach roads.
floods and providing culverts to handle the Since accoss can be restricted when approach roads
day-to-day flow. Commonly used where day-to-day become flooded, it makes little sense to overbuild
flow exceeds a fordable depth. a structure to insure access. A low approach road

3. Low Water Bridges - - Formed by partially which ramps up and over a high stream crossing
lowering the road grade for flooding and providing also presents an undesirable hump or roller
a bridge tiype structure to handle day-to-day flow coaster appearance and ride.
that can not be handled by culverts. In mountainous terrain, streams on alluvial

fans often appear to be running on top of the
It is reasonable to drive even a modern car ridge. These streams have widely varying, rapidly

through 10-15 cm (4"-6") of water. Single use changing flows and very unstable channels. Stream
access roads, such as those for logging or crossings built to handle peak flows can be large
recreation, rarely need 100% access. Often the and may also appear humped. Floods backed up by
activity itself may not be feasible because of the the constricted waterway often jump around the
same heavy rain which closed the road. Scattered ends of such structures causing washouts or even
farm residences usually can operate adequately running down the road. Maintenance to keep a
with occasional road closures. Often there may be mountain stream in its channel can be very
alternate but longer access routes available when expensive or even impossible. Low water crossings
high water temporarily closes one crossing. in these cases offer a low investment in a high

Most reference books on highway engineering risk situation and minimize the chances of causing
(1, 2, 3, 4, 5, 6) stress the higher standard a channel change.
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Figure 1: Types of Low Water Crossings.
Swampy areas have weak foundation conditions,

(a) Ford (or dip) on the Mark Twain N.F., Missouri making high approach embankments and large
structures particularly expensive and impractical.

In arid or semi-arid regions, drainages carry
little or no water except during sudden, severe
storms. Strut-tures adequate to carry these large,
infrequent floods may be prohibitively expensive.
In mountainous areas, peak flows are often short
lived because of the mountain-caused squalls,
small drainage areas and steep stream gradients.
In northern climates, floods are often associated
with spring runoff, while flows may be low and
steady during the remainder of the year. In
nearly all areas, small drainages can be found
that run only a small volume of water even during
heavy rains.

Economics provide the common denominator for
comparing alternatives, whether low crossings are
considered because of limited access needs,
environmental concerns, terrain conditions,
foundation conditions, or climates. The savings
in construction cost and materials, property
damage, and maintenance for low water crossings

(b) Vented ford (or dip with culvert) on the can be significant. Decreased environmental and
White Mountain N.F., New Hampshire. aesthetic impacts are significant although

difficult to assess economically.
A suggested criteria for access (11) is

closure one to three days at a time, totaling notmore than 15 days a year. The designer, of
course, has the flexibility to vary these criteria
for each specific situation. We typically design
low water crossings for the maximum annual storm.

The exposure of a low water structure to the
full impact of overflowing water is possibly the
most important design consideration. Erosion
downstream and around the ends of the structure
cause the major maintenance problems and even

f "failures. Debris carried by the stream, such as
"1 ..A ice or logs, contribute to these erosion prob-

lems. Cutoff walls and riprap usually are not
carried far enough along the roadway to protect
against high water. While the waterways of low
water crossings may only be designed for annual
storms, the structure itself may necessarily be
designed to resist washout from the 25-50 year
storm.

Fords

(c) Low water bridge on the Monongahula N.F., In their simplest form, fords consist of on
West Virginia unsurface stream crossing on the natural bed of

the stream or drainage. More commonly, the stream
,ed is leveled for the width of the roadway as
shown in Figures 2 and 3. Leveling may be
accomplishid by placing a row of boulders along
the downstream roadway edge and filling behind the
boulders with gravel. A more reliable design may
utilize gabions along the downstream edge. Low
water crossings are usually upgraded as their use
increases.

Once the stream gradient has been changed, as
with boulders or gabions, downstream erosion
usually accelerates. Unless the crossing is on
bedrock or large boulders, or the stream gradient

is zero for some distance downstream, a plunge
pool develops just below the crossing. As this
plunge pool grows, it may undermine the roadway
support, creating maintenance problems. Adequate
embedment of the boulders or gabions and addi-
tional boulders for stream energy dissipation are
important.

Fords may be surfaced with concrete, asphalt
or gabions. The surfacing protects the crossing
from erosion, and provides the driver a stable,
tractive surface.
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Figure 2: Examples of unsurfaced fords (no scale). Figure 3: Examples of fords.

(a) Ford on natural streambed. (a) Gravel ford on the Mark Twain N.F., Missouri.

LRO.AwAy' rADWAY GuIoW.

S YREAMect

(b) Ford with downstream boulders.

RewwAy | RoAow'Ay Guio
Loos o Posts

PLUI :O Po-.

- r--AMB

(c) Ford with downstream gabion (10).

ROCK\ F - ROADWAY I RoADWAY GUmiL (b) Gabion ford on the Monongahela N.F.,
s-~,J . Pos'rs West Virginia.

liw
Reinforced concrete provides the strength

adequate to carry traffic over weak stream beds.
Concrete fords such as shown in Figure 3(c), built
20-30 years ago, have given maintenance-free
service. On the other hand, concrete has a high ' " ..
initial construction cost and erosion throughcracks in the concrete can cause settlement and"-'. ,. ! ' '  

";'4 .'.-
further deterioration.

Asphalt surface treatments are usually ade-q u a te to p r o t e c t t h e d r iv i n g s u r ' ; .., H o w e v e r , " . . ': ; g - " ' ,
where used for erosion protecti ii along the .
downstream edge of the roadway, a iG-15 cm (4-6 .. *
in.) layer of asphalt and aggregate must b., used.

Cabion surfaced fords provide the flc-icility
and erosion resistance characteristic of gabion (c) Concrete paved ford on the Mark Twain N.F.,
structures. Traffic may eventually break down Missouri.
wires on the surface, but the side baskets
continue to hold the crossing together.

Vented Fords

Vented fords, or dips with culverts, create a
very significant velocity barrier with severe
erosion potential.

When maintenance crews upgrade fords to small
vented fords without benefit of a design, problems
often develop. Materials usually include hot or
cold mixed asphalt and concrete grouted rubble
stone. Experience with these smaller vented fords
has resulted in development of the typical
sections shown in Figure 4. The sloped culvert
entrance and sloped embankment catch less debris
and clean themselves during high water. The
sloped culvert entrance, particularly the formed
metal entrance section, also improves the culvert
capacity. A splash apron along the downstream L
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Figure 4: Small vented ford sections (no scale).
edge of the crossing will move the plunge pool(a) Croittd riprap and as;phalt section. further downstream, preventing undermining of the
roadway and culverts. However, where only asphalt

ROAWYAV .-G UOc Posrs contains the road section, Figure 4(b), a cutoff
wall should be used rather than a splash apron.GROUTLLk PHo'ro COLD M,X The weaker asphalt aprons break off and-ASP.&LT Cu deteriorate, quickly becoming a maintenance

-S ' problem.
Figure 5 shows a variation of a vented ford in

which a dipped overflow section was offset from
the culvert. The single 150 cm (5 ft.) CMP and

U .... CLVCT WITHEW S'4s 56.5 m (185 ft.) dipped section was designed as anO'i economic alternative to the five CMP's that would
have been necessary to provide for a 25 year
design period. Woven plastic filter fabric and(b) All asphalt cover. rock were used for erosion protection of the

H- .overflow section and the roadway surface was given
A ,.^ CO . Rorw- a single asphalt treatment.

.Gum Pos-s Larger vented fords may be cast-in-place
concrete structures encasing culverts, as inPLUK.Jr POOL- Figure 6. These structures have been designed

, both with and without wheel guards. Experience/ " . - has shown that sloping the traffic face of the
-- wheel guards, particularly on the down stream

edge, reduces the collection of ice and debrisC F Wduring the overflow periods (Figure 6(c)). The
\V. surface slabs on these type structures must be

well anchored to prevent uplift and displacement
during high flows.

F i gur 5: Cwi vert wi th o ffset ovrflow secL tion, Ch ippetwa N. F. , ,innt.sot, (no sca I)

(a) :'oad centerline profile.

5G.5 M Lij4Scm Drzp
DFSi&,i GRADE OVER FLOW' S E-TI o,.

, k" 150 CM CMP )BOTTOM OF TRE.JCH EXCAVATiow

ExISTI)JG GROUMD LI.E

(b) Cross section through overflow.

PEWETRATIO, ASPHALT TREATMEJ-

15 CM CRUSHED AGG. SURFAIG-

GO cm GRA\/EL
WOVE- PLASTIC

Exr-CAVA-IIO LIMITS FILTER FABRIC.Wr-r M=-D. To .IL'IY SAIJD
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Figure 6: Examples of concrete vented fords on tile Figure 7: Examples of Low Water bridges.
Monongahela N.F., West: Virginia.

(a) Low water bridge on the Mark Twain N.F.,
(a) Vented ford under coi ruct ion. Missouri.

'. , , . 0 .. I .

/4

.. "" ,,i ..-..... :I

(b) Completed vented ford. (b) Low water bridge overflowing on the Monongahela

NF., West Virginia

(c) Overflowing vented ford.

'j.3 ~Low Water Bridg~es

Figures l(c), 7 and 8 show examples of low
water bridges constructed of concrete and concrete
with wood decks. These structures can include
10-45 m (30 - 150 ft.) crossings, and spans of
5-10 m (14-30 ft.). Cutoff walls and/or riprap

II/

7E . should be carried above thle 50 year storm level
where practical. Where this may be impractical
due to the low approaches to the crossings, cutoff
walls should be carried around the ends of the

* .*-.structures to protect the structure itself.
The low water bridge shown in Figure 8 was

designed with pier footings to be buried 100 cm (
ft.) into the river bottom. Built in 1966, the
footings were embedded only 30 cm (1 ft.) into the
stream bed. The structure performed well until
the winter of 1976-77, when an ice flow caught on
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Figure 8: Low water brid e, on the Monongahela N.F.,
West Virginia. the downstream wheelguard. The excessive forces

and current lifted and tilted most of the pier
(a) Structure shortly after construction in 1966. footings. Figure 8(c) shows the structure with as

much as two feet vertical displacement.
F earHad the footings been buried the designed

,,i. depth, damage would most likely not have
Q ' ,. occurred. Also, sloped wheelguards may not have

caught the ice flow. The gabion protected
approaches suffered significant erosion. However,
without the gabions, the approaches would
certainly have been completely lost. A new
all-concrete replacement low water crossing has
been designed.

Summary

Low water crossings have proven adequate and
economical under a variety of environmental and
terrain conditions. While difficult at first for
some designers and planners to accept, the
advantages of low water crossings can be seen,
particularly for low volume roads.
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EVALUATION OF THE STRUCTURAL ADEQUACY OF BITUMINOUS
PAVEMENT3 FOR COUNTIES AND MUNICIPALITIES IN MINNESOTA

Eugene L. Skok, Jr., University of Minnesota
Erland 0. Lukanen, Minnesota Department of Transportation

This paper presents the results of a cooperative in need of that overlay. Also, the engineer would
study between the Minnesota Department of Trans- like to be assured that with the investment in an
portation and a number of the counties and munic- overlay or some other type of maintenance the struc-
ipalities in Minnesota. It is sponsored by the ture there will withstand the expected traffic.
Minnesota Local Road Research Board. The pur- Questions such as "Will the additional investment
Lose of the project has been to make flexible last long enough to be justified?" or "Will a 5.08
pavement evaluations techniques available and cm (2 in.) overlay last 10 or 20 years, 10 or 20
usable by the local agcncies. The procedures months, or 10 or 20 days?", should be answered.
are now available in Minnesota. The evaluation Another question that could be asked, "Is a 5.08 cm
procedures include the Benkelman beam to evalu- (2 in.) or 10.16 cm (4 in.) overlay necessary or
ate the pavement strength and load carrying could one get by with just a leveling course or
capacity, surface condition surveys, and rough- some other type of surface treatment?" There are
ness measurements with the Brokaw Roadmeter to many criteria and factors that will be involved indetermine present serviceability index. In making the decision on a particular road. In fact,
addition, detailed traffic analyses are being the decision that is made on a given road will not
made on specific roads in the three counties and onl depend on its conditicn but also on the condi-
municipalities. The vehicle weights and distri- tion of other roads under tile same jurisdiccion.
butions are being determined to compare with In the last few years maintenance has become a
similar distributions on primary roads. A pro-. much more important part of pavement engineering be-
cedure developed by the Minnesota Department of cause fewer new roads are being constructed. With
Transportation (Mn/DOT) is used for ccnverting the many miles of surfaced roads that are now in
traffic weights and distributions to predict existence, it is necessary to be able to judge which
equivalent 80 kN (18,000-1b) single axle load ones should be maintained and what maintenance pro-
applications. The project includes evaluation cedures are most appropriate. For all except the
of about 193 km (120 mi.) of bituminous pave- very smallest of jurisdictions, some type of a
ments in each of three counties and one 1.6 km maintenance management system should be used to es-
(I mi.) segment in each of six municipalities. tablish priorities.
The paper will demonstrate the relevance of the It is with this in mind that the steering com-
pavement evaluation techniques on low volume nittee of the Minnesota Local Road Research Board
roads and how the results can be used to set up has chosen the subject of pavement maintenance man-
a pavement inventory system. This system can agement, During the last few years, work has been
then be used to lay out a maintenance schedule done to present rating systems and procedures which
for the participating counties and municipalities, will make it possible to quantify some of the para-
All of the procedures presented are usable and meters needed to help make a judgment as to proper
available to the counties and municipalities in maintenance procedures.
Minnesoca. The results of the study are making So far, fojr presentations have been developed
it possible for the local engineers to make de- and been presented around.. the State of Minnesota.(1)
cisions on when maintenance is needed on a given uitse are: 1) Surface c,)n eition rating system; 2)
road and what the most appropriate procedure Rideability; 3) Traffic; and 4) Strength.
would be. The data obtained give the engineer The surface conditi.. rating system presents a
factual information about the road to aid his procedure for evaluating the characteristics of the
judgment in making maintenance decisions, bituminous surface only. By observing these and

putting them into a rating scheme, it has been pos-
sible to determine if a given pavement is in need
of a surface treatment or seal coat or some otherThe cost of 2.54 cm (I in.) of asphaltic con- type of resurfacing.

crete overlay is now approximately $10,000 per !.6 km . The presentation on rideability describes meth-
(I mi.). Pavement engineers, therefore, want to ods by which the roughness of the pavement can be
make sure that the pavement to be overlaid is really converted into a rating from 0 to 5. This is de-
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fined in terms of the present serviceability concepts dition rating sheet (Table I) and then entered indeveloped at the AASHTO Road Test. Table 14, which is a summary of the pavement con-
In the traffic presentation, a method is de- ditions.

scribed which makes it possible to calculate the
load effect on the: pavement in terms of equivalent Rideability
80 kN (18,000-1b) single axle loads.

The strength of the road is defined using two For the pavement management procedures developedprocedures. 'lne first considers the type or strength in INinnesota, the rideability has been defined usingof the embankment and the thickness of the pavement the present serviceability concept. With this con-section layers. The second uses the Benkelman beam cept the rideability is defined as the ability of adeflection test which gives a direct measure of the section of road to serve the traffic that it was de-strength of the road at the time of the test. With signed for. The rating is actually an average ofthese procedures it is possible to estimate the life the opinions of a group of individuals on how wellof the road under the predicted traffic and also de- that road rides based on a scale from 0 to 5. Intermine what the allowable load should be on that the rideability presentation, two procedures areroad during the critical spring period, suggested for determining the rideability of a given
Each of the procedures presented uses concepts section of road: I) Use of a rating panel; and 2)and equipment that are readily available to the Use of the Portland Cement Association (PCA) Road-

counties and municipalities in the State of Minnesota. meter.The procedures presented are either those used di- The rideability can be estimated using as fewrectly by IMn/DOT or are slightly modified from pro- as three raters. However, if more ratings or opin-cedures which are used on the trunk highway system. ions are obtained, this will give a better estimateIt is recognized that there are other factors that of the rideability. The following nine rules shouldwill govern when and what is done to a particular be followed if the rating panel system is to be used.
pavement s,_ction. However, the parameters that are
presented will help in the decision makers by making I. Use the following descriptions to define theavailable more specific information on which to base ride as related to the numerical ratings: 4 to 5 -their judgment. Very Good; 3 to 4 - Good; 2 to 3 - Fair; I to 2 -This paper is a brief resume of each of the pare- Poor; and 0 to I - Very Poor. Ratings between thesemeters and procedures which have been presented. A descriptions (eg., 2.4) can be used to indicate lev-method of summarizing this information into usable els between those showm. The rater should ask him-form is then suggested. self how he would like to ride on a pavement like

this all day. This gUideline tray not strictly ap-
ply to shorter county roads or city streets. How-Summary of Parameters ever, an indication of how well that road is serv-

Surface Condition Rating System ing the public should be made.
2. The rater should disregard grade, alignment,

right-of-way width, shoulders, ditch conditions,The surface condition rating system includes etc., and other conditions which do not directlyprocedures and suggestions. for making a set of sur- affect ride or are governed by the structure of the
face condition ratings. This information can be pavement.
summarized on a surface condition rating form.(1,2) 3. Ride the pavement sections at the postedThe conditions considered under this scheme are: speed limit.
) General structural condition; 2) Surface wear; 4. Ratings should be made for each 0.8 km (1/23) teathering; 4) Skid resistance; 5) Uniformity; mi.) in rural areas and 0.4 km (1/4 mi.) in urbanand 6) Crack condition, a) opening, b) abrasion, and areas as it is difficult to remember the level ofc) multiplicity. Each of these eight conditions can ride for longer distances.be given a rating from 0 to 5. 5. There should be no discussion of ratingsThe general structural condition gives the rating during a session if there is more than one rater inof how good that pavement is performing structurally, a car. There could be some discussion after a sos-The ride may be satisfactory, but it may still have sion, but it should be remembered that there is nosome cracking and patching developing, absolute right rating. Two people will not neces-The surface wear is a measure of how much the sarily judge the ride in exactly the same way.pavement is being worn down by the effect of tires 6. The average rating for each 0.8 km (1/2 mi.)or how badly the pavement is bleeding, or 0.4 km (1/4 mi.) should be recorded as the pres-'The weathering gives a rating of how deteriorated ent serviceability rating for that portion of road.the surface is due to the affects of temperature, These distances need not be exact and if there arewater and wind. other limits which are appropriate they should be

The skid resistance rating is suggested as a used.
means of estimating skid resistance when a number 7. Raters should go on practice runs periodi-from a skid trailer is not availaLle. cally to help calibrate themselves. It would beThe uniformity rating gives an indication of how good to have a series of roads in the area which areblotchy, streaked or nonuniform the surface looks examples of high and low ratings to ride over peri-
generally. odically.

The crack condition rating is a measure of the 8. Ratings should be done in passenger cars incrack width, how much they are abraided and whether relatively good condition. The raters should alsothere are associated multiple cracks along with the be in relatively good condition (not tired, etc.).transverse of longitudinal cracks. Descriptions for 9. Ratings on roads in good condition (3.0 toratings of these parameters are given.(],2) In the 3.5) or higher need only be taken every two or threesurface condition presentation, some examples are years, whereas those with lower ratings (less thangiven showing pictures of pavements which have been 3.0) should be rated about every year.
rated at the various levels of these conditions.

It is important that those who would wish to use Use of the PCA Roadmeter
this rating system do some practice rating before
surveying a system of roads. The PCA Roadmeter is composed of a set of coun-The ratings can be recorded on the surface con- ters which accumulate the number of 3.2 mm (1/8 in.)
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deviations between a car axle and frame from a null vehicle type.
position when driving over a section of road. The The average effect of each vehicle type on the
rating is done using a standard automobile. The PSR performance of the road is called the NI8 factor.is determined using a relationship between counts This can also be considered the number of equivalent
and serviceability established for that vehicle. 80 kN (18,000 lb) single axle loads on the average
There are ten Roadmeters available throughout the imparted to that pavement each time one of that type
State of 1innesota, one in each !'n/DOT construction vehicle passes a location. Table 6 is a listing ofdistrict and one in the Mn/DOT central office. When average N18 factors for 62.3 kN (7-ton) and 80 kN
the Roadmeter is used it should be calibrated peri- (9-ton) roads in Minnesota. For specific situations,
odically. Rules to follow in the operation are in- these factors can be modified in consultation with acluded in an appendix to the rideability presenta- knowledgeable traffic engineer. The N18 factor fortion. Usually a i:n/DOT district will be able to run each vehicle type is entered in Column 8 of Table 2.
Roadmeter ratings for counties or municipalities if To calculate Column 9, which is the design lane
enough lead time is allowed for scheduling. It may daily NI8 for each vehicle type, each rntry in Col-
also be possible for three or four counties and/or umn 7 is multiplied by the respective alue in Col-municipalities to cooperate to obtain their own umn 8. The summation of Column 9 is then the total
Roadmeter. The devices are available commercially daily NI8 at present for that road.
or can be built and installed in any standard car The number of years to be used for design is
using plans available from ln/DOT. then entered along with an estimated percent growth

After the present serviceability rating is de- on the bottom of Table 2. Time growth factors fortermined either using a panel or the PCA Roadmeter, I0 and 20 year periods are listed in Table 7 for
this value should be entered in the appropriate various rates of growth. As indicated in the table,
place on the Summary of Pavement Conditions Sheet a growth of 0.5 percent is suggested for 62.3 kN (7-(Table 14). ton) roads and 3.5 percent for 80 kN (9-ton) roads.

Again, if the conditions warrant it, ocher designTraffic periods and/or annual growth rates can be used. The
time growth factor is an annuity factor and thus canOn the Sunmary of Pavement Conditions Sheet be found in standard annuity tables.(Table 14), there are four entries for traffic. The ENI8 for the design period is then calcu-

The first is the AADT which is the total two-way lated by multiplying the daily N1b by 365 .nd multi-average annual daily traffic. 'This valie can be ob- plying that product by the time growth factor. Thistained either from a traffic flow map for the munic- value should be entered in the appropriate location
ipality or county, or by a traffic study en a road in Table 14.
considered to have similar traffic, or if it is an
existing road, on that given road. To calculate the Strength
one-way ADT, the two-way value is usually multiplied
by 0.5 for two lane roads or 0.45 for four lane The strength of a pavement section is defined
roads. The speed limit should also be recorded, using two methods. These include either the struc-

The equivalent 80 k. (18,000 lb) single axle ture of pavement section or using a direct measure
loads (Z:tb) can be deter:iined using one of the two of strength which for the State of Minnesota has
methods available in :.innesota. The procedure is been defined using the Benkelman beam deflection
sum:narized on the calculation sheet (Table 2). The test.
parameters that are required for this calculation The definition of strength is related to the
are the AADT, the distribution of vehicles, the number of equivalent 80 kN (18,000 lb) single axle
average effect of each vehicle at that location, and loads that the road can take before the serviceabi,-some indication of a growth factor. The AADT can be ity is reduced to some level defined as failure.
determined using a traffic flow map. The distribu- For most state highways, this level is taken as thetion of vehicles can be determined either by making PSR, or serviceability level of 2.5. However, for
a vehicle type study on the road being proposed for lower traijic municipal and county roads, this level
maintenance, on a similar road. An assumed distri- ma", be taken as a serviceability level rating of
bution could also be used. 1.5.

If a vehicle type survey is to be made, it is
conducted for 16 hours on two consecutive weekdays Strength Defined Using Pavement Section. One
other than onday or Friday. The survey should be method of measuring the strength is using the pave-
made from 6:00 -.m. to 2:00 p.m. on one day, and ment structure. The pavement structure is made up
2:00 p.m. to 10:00 p.m. on the next. Vehicles are of the embankment and the various layers of base andclassified according to the types listed in Table 3 surfacing. In order to determine the structure by
which are used for classification by the Planning this method, it is necessary to know the type or
and Programming Section of In/DOT. The results of strength of embankment and the thickness of the lay-the 16 hour count are listed in Column 2 of Table 2. ers broken down into subbase, base and surface.
These values are then modified with the seasonal This information can be obtained from records or by
adjustment factors listed in Table 4. The appropri- making borings.
ate factors are entered in Column 3. The seasonally For the embankment, the stabilometer R-valueadjusted number of each type vehicle (Column 4) is must be determined. If the R-value has not been
obtained by multiplying Column 2 by Column 3. The run on the given soil in the laboratory, it can beseasonally adjusted percentage is then calculated by estimated using the AASHTO classification or thesuming Column 4 and taking each truck type as a per- textural classification with Table 8, which is Table
cent of the total. F of the Mn/DOT Road Design Manual.(3)

If it is not possible to run a traffic survey, The layer thicknesses are converted to granularthen assumed percentages listed in Table 5 can be equivalent thicknesses for the section using the
used. Some judgment should be used in modifying G.E. factors listed in Table 9, which is Table D ofthese values if it is felt there is some appropriate the Mn/DOT Road Design Manual.(3) The granular e-variation to use. The design lane AADT had been de- quivalent can then be calculateT with the following
Lermincr' and entered in Column 6. The design lane formula:
distribution is then calculated for each vehicle
type by multiplying Column 5 by Column 6 for each G.E. = a1D1 + a2D2 + a3D3
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The values of a,, a2 , and a3 can be obtained from (9-ton) axle load, 62.3 and 44.5 kN (7 and 5 ton) de-Table 9. If a pavement section is deteriorating, flections for the same section of road can be ob-then some judgment has to be used to estimate what tained by multiplying 7/9 and 5/9, respectively.
factor is appropriate for the layer. The R-value Equation 2 is the design equation presently used to
and granular equivalent thickness should be entered predict pavement life based on the Benkelman beam
in the appropriate location in Table 14. deflection.

Using the R-value and the granular equivalent
thickness for a given pavement section, the present Log EN18 = 11.06 - 3.25 DS (2)
Mn/DOT design chart for flexible pavements can be
used to estimate how much traffic the section should Using the 80, 62.3 and 44.5 kN (9, 7 and 5 ton)
be able to withstand before the serviceability level deflections, it is possible to calculate a EN18 value
has dropped to 2.5 or 1.5. for each of the load restrictions. The assumption

in each case would be that the maximum deflectionEstimation of Strength Using the Benkelman Beam represents a situation where the load would be re-Deflection Test. One of the direct measurements of stricted to 80, 62.3 and 44.5 kN (9, 7 and 5 ton)
strength using a load test is the Benkelman beam de- during the critical spring period.
flection test. For this test, a known axle load can Table 13 shows the solution to the performance
be run over the pavement section and ti~e deflection equation for various design spring deflections. As
under that load measured. An advantage of this ap- would be expected, if the road is restricted to aproach for estimating strength over the granular lower load during the critical spring period, it
equivalent method is that moisture conditions and will theoretically be able to carry a greater numberother local variations are taken into account. A of total equivalent 80 kN (18,000 lb) single axle
disadvantage is that there are different levels of loads.
flexibility of pavements and, therefore, what would By comparing the number of EN18 predicted frombe a critical deflection level for one may not be the deflection tests with the number of years tofor another, accumulate that level of traffic from the previous

The testing equipment and operational procedures calculations, the number of years of life to a serv-for running the Benkelman beam deflection tests are iceability level of 2.5 for that section of road can
given in Appendix A of the fourth part of Reference be estimated.
1. The procedure outline gives the equipment and A worksheet has been developed which can be usedprocedures required to obtain deflections every to summarize the calculations for design spring de-
152 to 305 m (500 to 1000 ft.). flections, allowable tonnages and estimated roadWith the deflections determined, it is then life. The worksheet is set up to use each deflec-necessary to calculate the design deflection which tion measured. By using this procedure, the varia-represents a given section of road (usually taken tion in pavement strength in terms of tonnage andas a mile). In order to do this, the following predicted life can be observed. It is also possible
variables are considered: 1) Temperature; 2) Time to calculate the average and standard deviations of
of year; 3) Load; 4) Thickness of layers; 5) Strength the deflections in 1.3 km (0 mi.) and calculate ton-of embankment; and 6) Variability measurements. nagej and road life for an average, plus two stand-

'lhe temperature is corrected by using Table 10, ard deviation values. This could also be done for
which shows the temperature correction to 270 C (800 F) the calculated tonnages within each 1.6 km (I mi.).for deflections run at other temperatures. The de- It is suggested that thr latter procedure be usedflections are corrected only for tests at a temper- because it would then b3 possible to see what areas
ature less than 270 C (800 F). within the 1.6 km (I mi.) are low in strength. ItDeflections are converted to a critical spring may be possible to upgrde the whole section byvalue using the ractors in Table IH. The ratios are strengthening relativel) short segments of the road-
dependent upon the time of year and the thickness of way, as shown by the examFle in Appendix I.
the asphalt layer in the pavement section.

The axle load on the test vehicle used is typi- Summary of Conditions
cally a 62.3 kN (7-ton) or 80 kN (9-ton) axle. It
is important to know what the load is. Then deflec- So far in this presentation, procedures have beentions can be calculated for other loads by taking an summarized for determining the surface condition,
arithmetical ratio of the loads. Using the spring calculating the traffic factor in terms of equiva-ratios, a spring deflection for that section of road lent 80 kN (18,000 lb) single axle loads, determining
is determined, the rideability in terms of serviceability rating of

Table 12 shows allowable deflections for various a pavement section, and estimating pavement life orthicknesses of bituminous surface and levels of traf- strength using the pavement structure and a direct
fic. The allowable spring axle chosen from the table, measure of strength of a pavement. Table 14 is anthe axle load used for the deflection test and the example of how this information might be summarized.
design spring deflection are substituted into equa- An attempt has been made to put as much information
tion I to calculate the allowable spring axle load as possible on one sheet of paper for a given pave-in tons. ment section. A brief discussion of how to fill out

allowable deflection this table follows.
LA =LBx design spring deflection (I) Under the heading of General description of the

pavement section, the approximate date at which the
Where: evaluation is being done, year the road was con-

structed and the year it was overlaid are entered.
L -Allowable axle load, kN Under the Structure, the type of surface baseA and subbase are listed along with the thickness ofLB = Test vehicle axle load, kN each. These can be obtained from either records in

the office or by measuring with borings in the field.This calculation can be made for each of the de- The granular equivalent factors are obtained usingflections run on the section of road. Table 9 as a guide. The granular equivalent forIt is also possible to estimate the life of a each of the layers is then calculated by multiplying
flexible pavement section based on the design spring the thickness by the respective factor. The totaldeflection. If the deflection is run using an 80 kN granular equivalent is calculated by adding up the
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values for each of the layers. The embankment R- 3. T. C. Hughes. Development of a Rating System to
value can be either obtained by running an R-value Determine the Need for Resurfacing Pavements.test on the soil in the lab or by estimating the R- Final Report, Minnesota Department of Highways,
value using either the AASHTO soil classification or Ir.vestigation No. 189, 1971.
a textural classification from Table 8.

The Traffic Factors listed are, first, the AADT
which can be obtained, as indicated in the traffic AppenIix I
presentation, either from a flow map or by making a
16 hour count. The speed of the section of road is Examples of several upes of pavement evaluatiDn
the speed limit. The equivalent loads in terms of information.
80 kN (18,000 lb) single axle loads should be deter-
mined since construction or the last structural over- Washington County - Spring Road Restrictions
lay. This can be done using the techniques and the
calculation chart from the traffic presentation. A pavement evaluation implementation "pilot pro-The traffic to 20 years of age or any other age can ject" is under way, conducted by the Physical Research
be obtained using those procedures. The road condi- Unit of Mn/DOT. This "pilot project" concerns itself
tions are defined using the present serviceability with some of the pavement attributes described inrating which is obtained either with the PCA Road- this paper and shows some of the benefits of measur-
meter or a panel using the procedures outlined. ing these attributes.

The Surface Conditions are those obtained with The pavement strength, as measured by the Benkel-the surface condition rating scheme which has been man beam, is of particular interest in Washington
summarized. County. Benkelman beam measurements were taken at

The rut depth can be determined using either the 0.16 km (0.1 mi.) intervals on about 200 km (125 mi.)
A-frame or by running a stringline across the road of county collector routes.
and measuring the depressions in the wheel path. In the 200 km (125 mi.) of road, there were 61

The Strength and Life Predictions of Table 14 segments with different structure or traffic levels;
summarizes the two methods suggested for estimating of the 61 sections, 43 sections were posted with athe years of life with the existing pavement section. spring restriction and 31 were tested with the
The first part uses the structure and the embankment Benkelman beam. Of the 31 sections, 14 62-kN (7-ton)strength to determine the first ENIS that this struc- sections were tested resulting in them all being in-ture could withstand according to the present Mn/DOT creased to all season 80-kN (9-ton) roads, three
Design Chart. This can be read directly from the sections were 53-kN (6-ton) and one was chaiged to achart when the granular equivalent and the R-value 62 kN (7-ton) road. Fourteen 44 kN (5-ton) sections
of the embankment are either measured or estimated, were tested resulting in changing 7 to an 80 kN (9-To determine the number of years to accumulate this ton) road, 3 to a 62 kN (7-ton) road and 4 remaining
Z.i, a table or plot of the predicted accumulation at 44 kN (5-ton). Traffic levels on all of theseof ,NIS can be used which compares the predicted sections are low, so there is no danger of a reducednumber of loads to 2.5 serviceability level with the fatigue life because of the increased axle loads.
accumulation predicted with time. This can be ob-
tained using the calculations from the traffic pre- Clay County - Design Evaluation
sentation. In the next part of Table 14, Benkelman
beam deflection information is used to predict the Clay County, a participant in the project usedlife of the pavement, again without any structural the results to evaluate the effectiveness of their
overlay or improvement. The ENIS predicted in this design for a 62 kN (7-ton) road. A portion ofmanner is the LNI8 for the total life of the pave- County State Aid Highway (C.S.A.H.) 10 was constructed
ment. Therefore, if the pavement is presently 10 in 1972 and evaluated as part of the "pilot project"years old and its total life is estimated to be 22 in 1976. An evaluation of the paves.ant by Benkelman
years, it can be assumed there is 12 years left be- beam showed that the road was 80 kN (9-ton) over por-fore the 1'SR will drop to 2.5. The 80, 62.3 and tions having a sand loam subgrade and 62 kN (7-ton)
44.5 kN (9, 7 and 5 ton) deflections are calculated over a clay loam subgrade. The clay loam subgradeas given in the fcarth presentation. The ENIg values exists only on about 20 percent of the section, so
will be greater for the 44.5 kN (5 ton) deflection the section could be upgraded to an 80 kN (9-ton)than for the 80 k:; (9 ton) deflection because the road by adding additional structure over the clay
lower deflection will result in a longer predicted loam portion of the road. An adjoining segment oflife. The years to accumulate this traffic then can C.S.A.H. 10 was programmed for construction after thebe obtained in the same way as for the prediction of evaluation. The evaluation showed the predominant
life for the structure by looking at the relationship subgrade to be clay loam, indicating the design used
of the accumulation of traffic with years under the would result in a 62 kN (7-ton) road. It also givestraffic level using the traffic calculations, the county engineer the information to do a cost/

benefit analysis for an 80 kN (9-ton) design based
on the traffic volumes and loadings on C.S.A.H. 10.
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portation Research Board, Special Report 16, 1976. of service from the road due to the moves.



109

Because of the vehicle used to move the trans-
formers, there was no measurable loss of service.
The vehicle was a trailer with 96 tires suspended
hydraulically so that the downward force on each
tire would remain constant and equal to the rest.

Tables

Table 1. Surface condition rating form.

Date -

0 YesJob Description Surface Sealed Before
_ _ No

GEN.STR. SURFACE CRACK CONDITIONCONDITION WEAR WEATHERING SKID RESISTANCE UNIFORMITYCONDITIN WOPENING ABRASION MULT.

EJ Excess Skid
Asphalt Number

5- - Good -None -None Coarse Good - Hairline -None -None

- - - - Good - -Go 
1/16....- - Gritty ....

- Long -Slight - Slight -Slight
- Crk. ... - Coarse
... / Fair 1 /

.... .- Gritty - - /1 -

3- - Map -Moderate - Moderate - Cr. Fill. - Moderate -Moderate
-Crk. ...

-- Agg. SI. Pol.

_ 1/4

- Allig -Severe Severe Agg. Pot. Blotchy -- Severe -Severe
Crk. - 12

1/2

-Eros. -Abrasion - Erosion - - Bleeding - Non Unit.- > 1/2 -Abrasion '-Erosion
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Table 2. Calculation sheet for equivalent 18,000-lb. axle loads.

Date

Road Location No. Lanes Design Lane

Design Lane AADT; Map E' Count '" Other

Vehicle Distribution; Assumed 7] Manual Count [- Machine Count [] Other

1 2 3 4 5 6 7 8 9
Vehicle 16 hour Adjustment Seasonally Season. Adj. XDesign Design Lane X N18 Factor Design LaneType Count Factor Adj. No. Percent Lane ADT Distribution Daily N18

I X X

2 X X

3 X X

4 X X

5 X X

6 X X

7 X X

8 X X

9 X X

10 X X

Totals

Design Number Years

Percent Growth

Design FNI8 = 365 x (Daily NIS) x (Time Growth Factor)

=365( )x( ) =

Table 3. Vehicle type definitions for equivalent load calculation.

Vehicle Type
Number Description

I Passenger Cars
2 Panel and Pickups (under one ton)
3 Single Unit; 2-axle, 4-tire
4 Single Unit; 2-axle, 6-tire
5 Single Unit; 3-axle
6 Tractor Semitrailer Combination; 3-axle
7 Tractor Semitrailer Combination; 4-axle
8 Tractor Semitrailer Combination; 5-axle
9 Tractor Semitrailer Combination; 6-axle
10 Trucks and Trailers Combinations plus Buses



Table 4. Seasonal adjustment factors for vehicle types.

Vehicle Type

Data Taken 1 - 3 4 5 6 7 8 - 9 10

Jan.-April 1.45 0.81 1.68 0.88 0,87 1.01 0.95
Hay-August 0.96 0.78 0.76 0.77 0.73 0.96 0.90
Sept.-Dec. 1.27 0.78 0.92 0.73 0.91 0.95 1.07

Table 5. Assumed percent distributions. Table 8. Stabilometer R-values by soil type. a

Vehicle Type 62 kN (7-ton) CO k:; (9-ton) AASHO
Soil Assumed
Type Textural R-Value Comments

1 76.5 78.1
2 15.2 10.0
3 2.0 1.4 A-I Sands 75 Excellent confi-
4 3.7 3.9 Gravels dence in using
5 1.0 1.3 assumed value.
6 0.1 0.3 A-I-b Sands 70 If percent pass-
7 0.1 0.5 Sandy Loams ing No. 200 sieve
8 0.5 3.0 (nonplastic) is 15 to 25 %, R-
9 value may be as10 0.9 1.5 low as 25. In

such cases, it is
highly desirable
to obtain labora-Table 6. Average N18 factor by vehicle type. tory R-values.

A-2-4 Sandy Loams (non- 30 Loamy Sands and

Load Limit & plastic, slightly (70 for Loamy Fine Sands
A-2-6 plastic, or LS and commonly have R-Vehicle Type 62 kN (7-ton) 80 kN (9-ton) plastic.) LFS) value of 70.

Laboratory R-
values range from

1 0.0004 0.0004 10-80 for the en-2 0.007 0.007 tire A-2 classifi-
3 0.01 0.01 cation. It is
4 0.17 0.19 highly desirable5 0.55 0.40 to obtain labora-
6 0.37 0.60 tory R-values for
7 0.43 0.84 the Sandy Loams.
8 1.00 1.50 See Table II for
9 ---- sampling frequency.
10 0.33 0.33 A-3 Fine Sands 70 Excellent confi-

dence in using

assumed value.
A-4 Sandy Loams (plas- 20 Laboratory R-valueTable 7. Time growth factors for 10 and 20 years. tic), Silt Loams, range from 10 to

Silty Clay Loans, 75. It is highly
Loams, Clay Loans, desirable to ob-Annual Growth % 10 Years 20 Years Sandy Clay Loams tain laboratory

R-values. See

Table II for05a  10.00 20.00 sampling frequency.
0.5 10.23 20.98 A-6 Clay Loams, Clays, 12 Laboratory R-
1.0 10.46 22.02 Silty Clay Loams values commonly
1.5 10.70 23.12 occur between 8
2.0 10.95 24.30 and 20.
2.5 11.20 25.54 A-7-5 Clays, Silty 12 Data available
3.0 b1.46 26.87 are limited.
3.5b  11.73 28.28 A-7-6 Clays 10 Laboratory R-
4.0 12.01 29.78 values commonly
4.5 12.29 31.37 occur between 6
5.0 12.58 33.07 and 18.
5.5 12.88 34.876.0 13.18 36.79
6.o__13.18_ 36.79 a Based on data collected by MHD through 1974.

aSuggested annual growth for 62 kN (7-ton) roads. Note: In using the above assumed R-values for flexi-Suggested annual growth for 80 kN (9-ton) roads. ble pavement design it is essential that the



112

subgrade be constructed of uniform soil at a
moisture content and density in accordance
with 14n/DOT Spec. 2105. To minimize frost
heaving and thaw weakening it is also essen-
tial that finished grade elevation be placed
an adequate distance above the water table.
This distance should be at least equal to the
depth of frost penetration. In the case of
silty soils in the distance could be signifi-
cantly greater.

Table 9. Granular equivalent (G.E.) factors.

All bituminous and aggregate courses are converted to an equivalent
thickness of Class 6 Aggregate Base (denoted as granular equivalent
= G.E.) using factors listed below.

IMaterial Specification G.E. Factors

Plant-mix surface 2341, 2361 2.25
Plant-mix surface 2331 2.00
Plant-mix binder 2331 2.00
Plant-mix base 2331 2.00
Road-mix surface 2321 1.50
Road-mix base 2321 1.50
Bituminous treatment base (Rich) 2204 1.50
Bituminous treatment base (Lean) 2204 1.25
Aggregate base (Cl. 5, Cl. 6) 3138 1.00
Aggregate base (Cl. 3, Cl. 4) 3138 0.75
Selected granular material 0.50

aMay be used in design when so approved by central office Soils Section.

:,ote: 1.here the subgrade consists of granular material the district
materials and/or soils engineer may recommend the treating of
the upper portion of the selected granular material with 2.5 cm
(I in.) or 5.1 cm (2 in.) of stabilizing aggregate (Spec. 3149.2C)
or treating the upper 7.6 cm (3 in.) with 0.36 liter/m 3/cm (0.2 gal./
sq. yd./in.) of asphalt emulsion, SS-1.

Table I0. Temperature correction to 26.70 (GOF) for Benkelman beam defTlect.:ons.

Range of Temperature in Degrees Celsius
Deflection

in mm T < 1.6 1.6 < T < 7.2 7.2 < T < 12.8 12.8 < T < 18.3 18.3 < T < 23.9
! BB <

.000 < .254 .127 .102 .076 .051 .025

.254 < .508 .178 .152 .102 .076 .025

.508 < 1.016 .254 .203 .152 .102 .051
1.016 < 1.270 .305 .254 .178 .127 .051
1.270 < 1.524 .381 .305 .229 .152 .076

Note: I mm = .04 in.
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Table II. Benkelman beam deflection ratio table.

Deflection rations to approximate critical spring deflections from
deflections taken during other nonfrozen times of the year for:

Plastic Embankments

Asphalt Surface Thickness Date of Test

Aug.- Hay 16- May 1-Conventional Construction Sept. July June May 31 May 15

< C.9 cm 1.73 1.64 1.52 1.32 1.14
; 8.8 3 c m < 14 cm 1.68 1.54 1.40 1.24 1.14
> 14 cm < 20.3 cm 1.49 1.28 1.25 1.25 1.17
> 20.3 cm 1.3/ 1.16 1.14 1.18 1.13

Full-Depth Construction

> 20.3 1.45 1.12 1.13 1.16 1.12

Semi-Plastic Embankments (L, Sil, and sl. pl. SL)

Date of Test

Aug.- May 16- Mayl-
Asphalt Surface Thickness Sept. July June I-ay 31 May 15

< 12./ cm 1.46 1.52 1.45 1.35 1.16
> 12.1 cm 1.68 1.56 1.48 1.40 1.29

Non-Plastic Embankments (S, S & G, FS, and LFS)

Date of Test

Aug.- May 16- May I-Asphalt Surface Thickness Sept. July June May 31 May 15

< 5.1 cm 1.88 1.83 1.76 1.41 1.30> 5.1 cm < 14 cm 1.48 1.57 1.50 1.36 1.21
> 14 cm < 20.3 cm 1.10 1.05 .99 1.02 1.00

Note: Critical deflections correspond to maxinum deflections which occur in the
spring, during which the pavement is most likely to be damaged by heavy
loads. This ratio table is based on a continuous ten year record (1964
to 19/3) of measured rebound deflections taken throughout the year on
various Minnesota pavements.

Note: 1 cm = 0.4 in.
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Table 12. Allowable spring deflections.

Traffic Two-way HCADTa <50 50-100 100-150 >150
Two-way AADTb <500 500-1000 1000-3000 >3000

Bituminous Surface Thickness Allowable Deflection, cm

Less than Y.62 cm 0.191 0.178 0.154 0.114
7.62 cm to 15.24 cm 0.165 0.152 0.127 0.102
Greater than 15.24 cm 0.140 0.127 0.102 0.089

aHCADT - Heavy commercial average daily traffic volume (excludes passenger

bU cars and 4-tired trucks).
Use AADT only when HCADT is not known.

Note: I cm - 0.4 in.

Table 13. Solution to performance equation predicting equivalent
loads to PSR = 2.50.

Deflection, mm ENIS Deflection, mm EN18

0.508 6,800,000 1.905 92,500
0.635 3,300,000 2.032 75,000
0.762 1,800,000 2.159 61,600
0.689 1,100,000 2.286 51,100
1.016 710,000 2.413 43,000
1.143 490,000 2.540 36,300
1.2i0 345,000 2.667 31,000
1.397 253,000 2.794 26,600
1.524 191,000 2.21 23,100
1.651 147,000 3.048 20,100
1.78 116,000 3.175 17,600

Equation: Log :118 = 5.86 - 3.25 log D.

hlere: E1I8 = Equivalent 80 kN (16,000 lb) single axle loads.
Ds - Design Spring Deflection, mm.

Note: 1 mm = 0.04 in.
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Table 14. Summary of pavement conditions.

GENERAL

Location 
Date

Year Constructed Last Overlaid

STRUCTURE Type Thickness in G.E. Factor G.E.

Surface, (D1 )

Base, (D2 )

Subbase, (D 3)

TOTALS - G.E. =

Enmbankment R-Value Laboratory

En -VEstimated

TRAFFIC Equivalent Loads (YN18)
AADT Since last O.L. or construction
Speed Future

5 yr. _ 10 yr. _ 20 yr.
CONDITIONS

Roadmeter

P. - - Panel Uniformity

Surface Condition Crack Conditions
Structural______

__Abrasion Opening
Surface Wear -_ Abrasion

Bleeding
Mult.

Weathering Rut Depth, in.
Number

Skid Resistance - -< : = Rating

STRENGTH AND LIFE PREDICTIONS
Structure Benkelman Beam

Deflection PredictionsNI8 from Design Chart Spring Defl. (.001 in.) FNI8 Yrs.
Years to accumulate 9 T
Assuming O.L.

7T
Recommended Action _5 T

Present Restricted Tonnage based
Est. Cost on Mn/DOT 603 Procedure

tons
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GEOTECHNICAL ASPECTS OF LOW VOLUME ROAD DESIGN AND CONSTRUCTION
IN NORTHEASTERN THAILAND

TEERACHARTI RUENKRAIRERGSA, Department of Highways, Thailand.

Northeastern Thailand occupies about one-third for years, especially crushed rock for base and sur-
of the total area of the kingdom, and this region face courses. Since tile time of an oil crisis the
is physiographically called tile Khorat Plateau. long haul distance of crushed rock from the remoted
The most available local materials in this area quarries has made the cost of material go up con-
are lateritic soil, gravel and silty sand. Road siderably. For the relatively low traffic volume of
construction in this vicinity encounters with most routes and for the problem of material shortage
the problem of material deficiency, especially associated with tile financial status of the country,
crushed rock for base and surface courses. As the approach of low cost road and staged construction
the traffic volume of most routes is rather low, could be significantly applied to the disign and
in order to help accelerating development in construction of the road network in this vicinity.
this region the approach of low cost road should According to this approach, the local available
be introduced to construct the road network in material and manpower must be utilized as much as
the Klicrat Plateau. In order to satisfy this possible. The most abundant local materials are
approach, the uses of the local material as lateritic soils, silty and sandy soils and terrace
base course are recom;ended. The method of gravel which easily found everywhere in the Khorat
cement stabilization with local materials are Plateau. This paper describes about some geotechni-
strongly emphasized to replace crushed rock. cal aspects such as some properties and tie suitabi-
Examples of cement stabilized roads in Thailand lity of employing such materials in low volume road
with their performance are shown, design and construction. The most suitable method

of stabilization is also suggestpd. Conclusions and
recommendations are drawn on the basis of the local

Introduction experience, research conducted in this region, and

the results of regional international seminars in
Northeastern Thailand occupies about one-third Southeast Asia.

of the total area of the kingdom, and this region
is physlographically called tie Khorat Plateau or
the Northeast Plateau for the relatively flat eleva- Geology, Parent Rock and Climate
ted plain. There are about 80,000 km of unpaved
road in Thailand. Out of this, there are about Rocks in the Northeast Plateau are mainly
5,000 km under the responsibility of the Department arenaceous rocks (clastic sediments of sand grain
of llighwavs, and more than 50 percent is in this size) which are either subhorizontal or very gently
plateau. Every year the mileages of the unpaved road folded. Igneous rocks are relatively rare. The
under the responsibility of the Department of IHigh- modified geologic sketchmap is shown in Figure 1 (1).
ways increase. Traffic volume of these routes is Sandstone is an important parent rock associated
generally low to medium, and most of them are less with sparsely formed basalt plugs, alluvial deposits
than 500 vpd. It is the policy of the Thai Govern- and limestone. The surficial materials of tie North-
mint to build up tie road network linking the nearby east Plateau are silty and sandy soils of about 7
villages to induce communication between the local meters In thickness. The surface drainage of the
people and to raise the standi - of living of tile area is dominant. Thus, even though flooding commonly
dwellers in the remoted areas. Many routes are occurs in some places in the rainy season, tie soil
built because of the political and military influen- is dried out rapidly because water will seep through
ces. So it is hoping that in the near future quite the surficial soil of relatively high permeability.
a few mileages of road are going to be constructed Thailand has a savana-typed climate influenced
in this region. It is interesting to analyze how by seasonal monsoons. There are three major seasons
these roads are built, and what pavement type will, as the dry, the hot and the rainy seasons. The an-
be suitable for the developing countries that most nual rainfall in most of the Northeast varies from
of them have the financial problem, and they have 1,100 to 1,500 mm with the average of about 1,300 mm.
to spend money in other phases of development too, Rainfall increases to 2,000 mm annually near the bor-
not only to construct tile road. Northeast Plateau ders between Thailand and Laos, and Thailand and
has encountered the problem of material deficiency Cambodia. The average temperature is about 270 C.
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Figure 1 Geologic Map of Northeastern Thailand (1]

,/ j "'t ri LAOS

whoh odbunoO

,Wichia blli ,n

S Tho ,m

so Red-Yellow Laono;l;, on Old Alluvium

[] Lava Plateaux and Volcanos ( 8aoaot Rock)

Local I.i.hwav Naterials and later ia! Improvement Laterites and lateritic Sails
Various local highway materials available in the General Characteristics. Laterites and lateri-Northeast Plateau aire laterires, lateritic soil, silty tic soils arc extensively used in road constructionand sandy so is, terrace grave, basalt andi limestone, in Thailand for many decades. Sources of thlese typsl.aterit ic soil and terrace gravel from some borrow of soil are found widely in thle Northeast Plateau.pits oouild be directly emplo yed as base course of This is due to thc suitability of thle climatic condi-the paved feeder road. Ilowever, some sources have to tions, the good drainage of the area, andi otherbe stabilized wth cement to attain thet proper sren- environmental factors inducing the formation of la-gtlh fr serving the mentioned purpose. lDistribution, tertic soils. Literatures conerning, the occurrencepropertiles and at Ilizathio of thle abovementioned of laterittc sails could be fotund out elsewhere (2,3).materials are going to he described in more or less The modified geologic map showing, the probable areasdetail in thle following sections. of lateritie soil formation in the Northeast Plateau

is illustrated in Figure 1.
Lateritic soil is generally used as subbasematerial for the primary and secondary highways.

Lowever, latertic soils from some particular sources
have low plasticity, durable particles, and high CR
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Figur*2. Relationships Between Compi'ssive Strength a value, so they could be employed as base course of

C3rfornia Bearing Ratofor Soil-Cement Speckbn ! () the paved low volume road. In many feeder or access

HISl. OMC. CBR, roads, they are also used as soil-aggregate typed

Sa__le R.surfacv properly. Laterits forming as a massive
Ku .- E A-2-6 12 12.0 42 structure are not suitable for employing in the pave-

Scraburi IA-2-7 32 2072 30 ment structure, even though their bearing value is

Saraburill A-Z-7 39 20.0 15 very high. They can be properly used as the riprap

instead of rock which is deficient in this area.

According to researches conducted at the Thai High-

way Department, most lateritic soils in Thailand have

wide variations in CBR from 7 to 60, depending on

wgrain size distribution, plasticity, durability, and

Nirregularity 
of the grains. The experience of the

Z
tThai Highway Department Laboratory showed that uncon-

fined compressive strength of lateritic soil specimen
Zcompacted at optimum moisture consent in the Procto

ZO mold varies from 275 to 1000 kN/m (40 to 1 0 lb/in

=0 which is not considered to be low (4).

ZData on thu triaxial compression test for the

strength parameters C and 0 are very limited.
MAHMOOD and MOIH (5), reported the effective strength

parameters of lateritic soil with PI of 11 and com-2
pacted a optimam moisture content are as C=48 kN/m

(7 lb/in ) and 0 = 340. REtiLLON (6),recommended a

minimum cohesion of 48 2kN/m (7 l /in ) as a limiting

value and over 70 kN/m (10 lb/in )for acceptable

lateritic soil.

loco K - Classification of Lateritic Soil. Quite a few

o-o SarobtriI classification systems have been specifically deve-

4 Soraaburi 3 loped for laternt4- soils (2, 3). ThesL qystems

lOOkN/m
2 14.5lb/in, are generally hasLd oin agricultural, chemical -id

0 mineralogical factors for which the parameter deter-
100 200 I00 400 5W ination is rather complicated and time consuming.

CBR.'/ Systems of engineering soil calssification such as

Figure3. Variations of Unconfined Compressive Strength with AASHO, Unified Soil, and U.S.Bureau of Soils, all

Cement Content,Comncted Moisture Content based on the data of grain size distribution and

Confpocts Dry Unit Weight,andC ayCOntsnt, (13) Atterberg limits. However, these index properties
changed with treatment during the test and methods

67-DayCure of preparation as demonstrated by many investigators
50 (7, 8, 9, 10). Described properties affecting the

soil-classification systems which have proved so

400C 1. ay successful for sollfrom temperate regions are not

70 readily applicable to lateritic soils.
VALLERGA, VAN TItL and RANANAND (10) tried to

E modify the existing soil classification system by

z M0 introducing some parameters that reflect the nature

of lateritic soils other than grain size distribution
0 0and Atterberg limits. After conducting research on

As Compacted Moisture Content,% lateritic soils in Thailand,VALLERGA, VAN TIL, and

RANANAND (i0) proposed the Exte7.ded Unified Soil

6C Classification System to incorporate the durability

characteristics of gravel and sand to the original
= .system.

E 3000- 70 Stabilization of Lateritic Soil. Stabilization

0 2- of Thailand lateritic soils was studied in the past

1000- &by many investigators (11, 12, 13, 14). JONES and

- -- YIMSIRIKUL (1]) mide an experiment on cement stabi-

0 00 1700 lo 19 2000 2DOOlization of lateritlc soils with P1 in the range of

o As Compocted yUnit Weight, kg/m. 12 to 39. It was reported that CBR value increased

Cconsiderably to more tIhan 10( after adding 3 percent

cement. Both unconfin.d compressive strength and

600C. 7-Day Cure CBR values will be hi icr for greater compactive
effort. The relation.hip between unconfined com-

100 l00kN/n14.51b/,. pressive stength and Ci(,. was shown in Figure 2.

400% Satisfactory results were reported from the

%0(0 laboratory Investi!at il, by MOH, CtlTN, and NG (12)

on samples with 1'I ,.i;e from 11 to 19, while

textural composition ,xtremely variable. It is

IOO0 found that after ;talbi [';.lug with 4 to 7 percent
0______0 ______0 ___cement all the silestith' have 2nconfined c2mpressive

0 10 20 30 40 50 60 70 strength more thau 172) 1N/m (250 lb/in ) which is
Cloy Content -2/u,%
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Table 1 Some Soil-Cement Roads iH T"hoailnd
Route r Year Age Povemeni Structure, mm. Performance

No. Constructed Years Subbase ; Base 2  Surface
23 120-187 1969 9 150 SAT 150 DBST 4  Good riding quality, low deflection

187-212 1968 10 470 SA 180 DBST
24 4- 9 1966 12 100L 5  150 DBST Slightly rolling, patching
201 0-64 1967 11 150 SA 150 DBST
2026 12-66 1969 9 150L 150 40AC8

66-85 1970 8 150SA 150 PM9

2027 0-53 1970 8 150SA 150 DBST Reflected crack, good riding quality, and low53-125 1970 8 150SA 150 50AC deflection
205 244-321 1970 8 150SA 150 DBST

321-340 1968 10 150 L 150 DBST
340-403 1967 11 150 SA 150 DBST

212 57-138 1969 9 100 SA 150 DBST Good riding quality, mostly uncracked
213 0-84 1968 10 IOSA 150 DBST
214 0-55 1969 9 150SA 150 40AC Good pavement condition,some cracks and

55-74 1967 11 1OOSA 150 40AC rutting
217 5-59 1969 9 150SA 150 40AC Good condition,low deflection,much cracked221 0-64 1970 8 150 L 150 OBST Good condition, rutting and crack

1. Data from Maintenance Division 
6 Route Chaiyaphum- Bua Yoi2. Bose is soil - cement 
7 Route Amnatchoreon-Kemmarat

3. SA is soil-aggregate 
8. AC is asphaltic concrete

4 OBST is double surface treatment 9 PM is penetration macadam
5. L is loteritic soil

the criterion suggested by the British Road Research tic soil in Thailand requires only 3 to 5 percentLaboratory from his experience in Africa (15). The cement to attain the unconfined compressive strengthimportance of proper compaction is strongly empha- not less than 1725 kN/m (250 lb/in ).sized by the fact that a sniall decrease in percent Another interesting finding interpreted fromcompaction resil ted in considerable reduction of WOO's data is that the critical clay content forcompressive strength. 
maximum unconfined compressive strength varying fromWOO (13) made a detailed investigation on cement 20 to 25 percent for the same type of clay mineral instabilization of lateritic soils extensively sampling all samples. Any lateritic soils having clay contentfrom Thailand. The Samples employed in this investi- greater or lower than this critical range the uncon-gathin variled from sandv loam (A-2-4) to clay (A-7) fined compressive strength will drop as evidenced bywith the plasticity indices of 9 to 35. After Iater- Figure 3.preting the Wo's lata, the variations in unconfined 'The Siam Cement Company introduced a soil-cementcompressive strengtl with Molded water content, com- road to Thailand for the first time in 1966 bypacteId dry Unit weight, and percentage amount of clay constructing a test road of 5 km long us ing cementcontent are shown in Figure 3. The unconfined com- stabilized lateritIc soil as base course, lie recom-pressive strength inclease2s with cement content for mended the CBR value of the soil-cement base of 120al I valties (If ,-omipacted dry unit weight, molded be a criterion for low volume road with low typedWltLr cont ent ;nd clay content, surface in the Northeast. The criterion for uncon-Moust lateritic soils usable for soil-cement base fined compressive strength is the same as that sug-course construction 3have dry det]s itv g:enerally not gested by the Brii sh ROAD RE§I'ARCl LABORATORY (15),loss than 200(1 kg/m (125 lI/ft ). According to that is 1725 kN/m_ (250 Ilb/in-).rigire 3, It thie value of drv density of 2000 kg/m 3  

The Thai lighway )epartment adopted a criterion(125 11/ft ) and cellant content of 3 percent, the of minimum unconfined compressive strengthof cementuncq fined compressive strength will be about 2500 stabiized soil of not less than 1725 kN/m (250Wm- which is higher than the criterion suggested lb/in ) like the British Road Research Laboratory.by the lir~tish Road Rqsearch Laboratory, that is From the experience of more than 1400 km of lateri-17?5 kN/m- (250 1 Iin ). After making an extensive tic soil-cement road constructed in the Northeastinvest igat ion as reported by WOO (13) and interpre- [lateau, it was found that 3 to 5 percent cement istl ng his data in Figure 3, it is clearly seen that enough to satisfy the unconfined compressivecement requirements for lateritic soil in Thailand strength requirement for the soil with PI of lesscould be ranged from 3 to 7 percent, with an average than 18. For highly plastic latertic soil, 2 per-of 5 percent. This teniLs to substantiate the past cent of lime was added and mixed with the soil toinvestigations (II, 1I.2). llowever, the actual con- cut down its plasticity before applying cement. Atstruction projects in Thailand indicated that lateri- this range of cement content, the unconfined com-
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Figure4. Map Showing Soil-Cemet Routes in 28 days curing and one day immersion. Lime stabili-

zation is not recomme,,ded to use in this region for
Northeastern Thailand its slower rate of strength development than cement.

Its cost is also slightly higher than cement. Lime
is generally employed as a secondary additive for

Poj cement stabilization to reduce the plasticity of
LAOS highly plastic lateritic soil as stated before.

oUdon thani Mml~phon Pavement Design and Performance of Lateritic

Soil - Cement Roads. In Northeastern Thailand there
Sa4nmk are about 1400 km of soil-cement roads with varying

ages of 8 to 12 years. Table I shows the pavement
Khon ,,en %A structure of individual route including other data
0 olzin L concerned such as age of service, type of surface,
aab. Swmkham K\_ai! and etc. 're route map is also shown in Figure 4.

Choiy Ri [ 2 The thickness of the cement stabilized base is limi-
so 001Wted to 150 mm for every route.

tuo 'P"M.i 3. ftl 09 The surface type of soil-cement road may be
J .uk *WM ket 7 penetration macadam, double surface treatment, or

C= oda . oBUrirn...e.. I )asphaltic concrete. Performance of soil-cement road
Nakhon ratchosimo Surin , varied with the type of surface. The performance is

• ,m ievaluated on the basis of the Benkelman Beam deflec-
.- "-~..--- - "tion, riding quality rut depth, and roughness of

CAMBODIA road surface. After such evaluation it is found

LEGEND that performance of most soil-cement roads in this
region is satisfactory. The plastic failure is not

-- ROUTE NO. significant. In the future when the traffic volume
o C'HANWAT increases, only additional few centimeters of high
* AMPHOE typed surface will be enough to strengthen the pave-

ment. This is corresponding to the modified PIARC
definition of low cost - low volume road that will
be described in the Discussion section. So it is

Figure5. Strength Parameters of Stabilized Silty Sand clear that soil-cement could replace crushed rock,
Compared withThose of Other Soil Materials and tile road could serve low to medium traffic (ADT

--- less than 500 vpd) in Northeastern Thailand. Even
S +3C + 3E(--_ though the performance of soil-cement roads tends to
C =47 kN/m z  be acceptable, but they usually encounter with a

700 S+3C(Z ) 35o  serious problem, that is the shown up reflected crack
C= 58 kN/mz on the surface which increased much work in the

= 36.70 . maintenance program. The causes of crack were due
- GilmoreCrusledSto to shrinkage of the soil-cement slab itself associa-

6 = 17 kN/m ' ted with many other factors (16). RANANAND (16)

stated, on the basis of his investigation on some
test roads, that reflected crack could be minimized

j 500.if tile surface is made penetration macadam because
Gi S ( this type of surface could sustain larger deflection
Granitic Sand(22) without crack than asphaltic concrete and double sur-

"40 0 370 face treatment.
A According to the ECAFE's Report of the Seminar

Granitic Clay (211 on Low Cost Roads and Soil Stabilization (17), it
C:35kN/m- was urged to make use of the local material--s in low

volume road construction as much as possible in
order to reduce the cost. Applying the concept of
employing the local materials, staged construction

Lateritic Soil(- ) approach and appropriate technique of soil stabiliza-
C=35kN/m tLion together, cement stabilized lateritic soil is a

:=240 suitable material to serve as base course of low
100. volume road in Northeastern Thailand. From experien-

ce of soil-cement design and construct ion in this
region associated with researches conducted, it is

)OOkN/lT=.14.5 lb/in2  expected that the problems of reflected crack, the
0 100 200 300 400 500 600 700 field control and compaction could be eliminated.

Principal Stress, kN/m .

pressive strengthi,varied from 1725 to 2760 kN/m 2  Silty and Sany Soils

(250 to 400 lb/in-). Silty and sandy soils are earth materials cover-
WOO and MDII (14) studied lime stabilization of ing an extensive area of Thailand. Both of them are

eight latert ic soil samples from the Northeast surqicial soil in the Northeast Plateau. As tile most
Plateau. The P1 are in the range of 9 to 35. Itwas oun tht mot sil ampls sabiizedizlh 7 available materials, they are expected to be employ-
was found that Most soil samples stabilized With 7 ed as parts of the pavement structure for low volume
to 1 perent of hlrted ime developed more than road.1725 kN/m" (250 l bin"-) compressive strength afterrod
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Table 2. Recommended Pavement Thickness for Low Volume Road in Thailand (25)
Buses and Trucks Less I Buses and Trucks Buses and Trucks Buses and Trucks
Than 25 Vpd * 26-60 Vpd.* 61 - 120Vpd 121 - 200 Vpd.

o. Surface Type - Single Surface Type - Double 0 S
CI 0' Surac Type - Dobe Surface Type - Double

rno Surface Treatment Surface Treatment J-,a Surface Treatment Surface Treatment
. Base Subbase Selected Base Subbase Selected 6 Base Subbase Selected Base Subbase SelectedSaterialsMatris l_ .cB MaterialsZ. Ma rl(mm)R. 

8 
;8 CBR 

B 
MaGe r CBRBR. 

5 Mater
D 0 (mm ) )M (mm) (am ) (rm ) ( ram .) am )

2 100 120 140 120 120 150 2 140 120 180 150 130 200

4 100 120 120 120 120 120 4 IAO 120 140 150 150 150

6 100 150 - 120 150 6 140 150 150 130 -

8 100 120 120 120 8 140 120 150

in both directions

Silt V silnd, a f-inc grtaind soil wiLth well grada- Terrace Gravel
lion, hl;Is I-itii ' isid lis st siiist if mnty roads inNiorthlcist c "fii Tha iind. As til prOl'lI Of malterial Terrace grave] Is ole of the most iiportantdicf -litncV is so critical, a p ilt project was con- highway materials that easily found in the Northeastduictild us ingp sijlty sand stl ihilizd with cement. and Plat ean. Sometimes it is formed as lateritic grave]'miilitif".d - li ahllt lor lping that it may be strl'ng whichl has thin layer of iron oxide coat ing around thei1i1igLi t 0 hW 1-111) 11 as baste lourse of IOW volume gravel partidles. Terrace gravel, like lateritica'l. ri l I. resui l t Il, th- ;liorat iy test it was soil, is a well graded material with some quantities1t111id thAt tih ll,Iddl slieL oinc tf silty' sand mixed of fines. The plasticity index is gunerally lowerwith ") Il-ertnt 1-inlsifi ld as;ihllt, or 3 percent than lateritic soil. After blending with tractor in'MCtlit ;H111 3 1'erre01t ciI1Sili d asphia lt, Id high the borrow pit, it can le directly used for subbaseStalhilitv en,,uc:h to Sl-rve this purpose ( 8) . 'lhe, or base courses of low to medium traffic road. GoodeLrlormlanl*Nill tI [t, Lt st r-oald w s ftund i be satis- terrace gravel frotm some sources in tils region maytactorv (l.) .

have CBR as higi as 80.R1ENK,'PAI ER(;SA alild )rE'PANICII (2)) mlade aI further
nVis' ti ci i'i, strnti-niii cl bsit ci tt, risiics of siltysaid stabiili;ld with 'en-n11t, cmiI ls ifiuCl isphalt Or Design of Pavenetnt Structure for Low VoIume Roadbot . hiditi v s with th , a1 i- p riporl ions as ill the in Tha i.lla d

pi.(st st i e (1I8). l110 si rent ' I i, t stab illi i. . ...xii irii l ;,s i-ca lit i inI terms itf sMrnthi parame- The ,losign of road pavenent in Thailand is basedtiLS C 111 11 11% 'lltl i iotic th li-n alilned iiiixial on the CiR of snbgrade and number of heavy tl-u k of- ti-st tll) tie s it i fttiiig for that particullar route, following th method oif THE~ivi . III,- rt-s lIt is sh,lliwn ' l ' 3. Also includ- ASPIAIT INSTITITE (24). As tlher ;ire si) many lmi wi iii t il':it I con- it, Sttlipt Ih pitramelters 11 vOf unone roads, both pavet anid unpaved, in Thailland.Si ) l ii IL'F so Is lii l ! frttII tlk' paIst stud ies St tet itUeS the d ivisiti elgill er his Lo design thell;]I!t'ls- 'o:l-- si-i ct -i J t-, -l'toshd gra"vV- , sld p;avem tll[ St tout i if somie t-llds olr s livt sect iions of,ituriit i -i (5, - , .', 2') road in his al-a Iv himsUlf. lin order t staIndardizeSA I I 'i-,ttrv I) it Is ,bviiuslv sctt thaL silt' the typical pavemnit structure t r any patrticulaor soils:il l 1t 1 iil Ic W it 1 I M Illt In rL -ititt .11id i l m Is I if Id heari1ng v ulil arid traffic voIime ill a 11 divis i(ls,,-isg hii I is vrv i h i- tl-CtIc l ls -v t liit- fnitilt tile. the ltuear-tment (If lliglyis il)l)toittdl a Working Grtoipsit iii trIt l ib witi rs C ,it[ 0. The Stln tli Of stalti- for irafting t le Nost lrob abl- I';ivemi-ti t IesR igin forI i.td siltv -;id i hi h-r th,l i'ompi ;ctt-d laterit ic low Voluiitt Road. Til:: Iorking ;t-oip hls Lo comprt-Soil (5). ;t i ]i ',i (21), nld cr;ini i sitid (22). misc between the theoret ical designt fob lowing theIll 11W, I 1,, Of I-lUs d l tii.- .;iO n If staizlieud ITIet hod of TIHE ASPHALT INSTITUTE (
2

4) atnd the localsilt, : il; I li liher, Wi ill t 10 i It' if !nut irilil experience for the ind vidUan l reg'giolial traffic atndf iCt iol iS IO w-r tlil tlt- (; I Iuri re rtish-d stonte (23). cl ittait ic coudit itit In Thl lanld to set upl the MostThis indictia th at f r l,,w pressure range (low probalOle pavemelt strutture. Table 2 shows sometraffic voluimc) stilbIl i d silt, v sand coud be suita- pavement designs ol- low volume roal for differentbl tusi, Is bse u, CoiirS,, blit for hig:her pressure subgrade soil bearing val lies in Thailand as compiled(Or high tr;ffic vOitlUt,-) it is bettr to Viiiploy by POMTYFN and TIIUI-L-INAUYSt'K (25). AcCordinlg toC rUshl 'toe base for lilger I ife. Table 2 CBR of the blase requiriti- is 60 to 80. Good
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lateritic soil and terrace gravel in some localities as those in Southeast Asia. The regional highway
have CBR values fall in this range and they can satis- materials must be investigated associated with deter-
fy the design criterion for low volume road. mining their properties. Lateritic soil, silty and

sandy soils, and terrace gravel are major types of
soil most available in the Northeast Plateau. The

Disc is s ion appropriate specifications for each must be set up
specially for use with low volume roads and for local

1In 1958 ECAFE organized tile Seminar on Low Cost application. Today the specifications of highway
Roads and Soil Stabilization in New Delhi, India(17). materials adopted by tile Department of Highways are
The Seminar emphasized the use of local materials in slightly modified from those of AASHO. The modified
road construction in order to cut down the cost of specifications are found to limit the effective
the road. In case the available material is not employment of local materials in the tropical areas.
suitable, some methods of soil stabilization should The modes of formation of lateritic soil and other
be tried. lowever, during the past time, the meaning tropical soils are not comparable to the materials
of the word "low cost" had changed dramatically, in the temperate regions. So their nature will be
During the Sixth World Highway Conference held in different and then should their specifications.
Montreal, Canada, in 1970, BENNETT (26) stated that Realizing about this fact, the Department of Highways
staged construction could provide a minimum standard conducted many research projects studying about the
facility which could be improved as the need in- properties and stabilization of some local materials
creases. BENNETT also pointed out that current eco- in Thailand. These are lateritic soils, silty and
nomic analysis methods will seldom provide justifi- sandy soils in the Northeast Plateau, granitic soil
cation for a low cost road. In many international in the North and the South. The research programs
semhinars there are some controversies about the real of the Department of Highways tend to substantiate
meaning of the words "low cost". lany suggested to the conslusion of tile Bandung Regional Seminar in
use "low volume" Instead. However, the Permanent 1976 that research needs in various phases of planning,
International Association of Road Congress (PIARC) design, and construction of low cost roads are im-
compromised the argument and use tile terms "low cost portant for the countries in the tropical region in
- low trafficked road" to satisfy both ideas. In which most of them are developing.
1976 the Indonesian Road Research Inst itute organized From the above discussion it will be seen that
the Regional Seminar on Low Cost Roads In Bandung, the effective employment of local materials, the
Indonesia. A modified PIARC definition of low - cost future planning for upgrading the road to satisfy
roads by VANCE (27) seemed to be generally accepted the future traffic volume, tile appropriate techniques
by the Seminar as: of soil stabilization and staged construction must

be considered harmoniously in design and construction
"A low cost road is one which, having regard to of low cost-low volume roads. This type of road is
conditions of climate and traffic, has been not designed for the present situation alone, but
located and built to geometrical standards com- also for the future expansion. If not, the word
mensurate with future requirements, but has been "low cost" will have no meaning. So, why the UNESCO's
constructed down to a price rather than up to a experts emphasized in tile book entitle "Low Cost Roads"
standard. It is, however, one which should hp that
so designed, coistructed and maintained that it
allows for stage construction when improvement "- the disign and construction of roads in
in economic conditions permits." developing countries have a special character."

(29).
The objective of organizing this Seminar is to

promote tire low cost - low volumed road construction
and the tecrnila cooperation in road engineering to Conclusions
develop the Southeast Asian countries. Some conclu-
sions pertaining to the use of local materials are 1. Geotechnical aspects concerning the low cost -
reached as follows (28): low volume road design and construction are the

effective employment of local materials, the
'rho need for more information about tire distri- appropriate methods of soil stabilization, and
butlon, properties and road performance of natu- the technique of staged construction. All of
rally occurring materials was stressed. Some these should be kept in mind when dealing with
possible practical steps to overcome this was low volume road.
spelled out as follows:
a) identification of those materials of wide- 2. Specifications adapted from experience in the

spread occurrence and Identification of temperate countries are found to limit tile
greatest problem to be faced in recording effective use of local materials in the Northeast
national inventories of material; Plateau and other parts of Thailand.

b) undertaking studies of these materials, such
as full-scale trials, to evaluate their usage 3. Researches on materials and their stabilization
III low-cost road construction; and are needed in Thailand in order that the more

c1) creation of more realistic specifications for suitable specifications are developed on the
low cost road appl ication as tire final step in basis of data from the local resources.
tire abovementloned process.

In this way more effective use be made of local 4. Major soil materials employable for base course
resource , perhaps the most important constidera- of low volu me road in Northeastern Thailand are
tion in lowering tiLe cost of construction." lateritic soil, terrace gravel, and stabilized

silty and sandy soils.
From tire conchsions above it will be clearly

seen that the effective utilization of tire local 5. On the basis of the CBR value, lateritic soil and
materials plays a great role in cost reduction of terrace gravel which are abundant in Northeastern
road construction in many developing countries such Thailand could be directly employed as base course
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of low volume road. Israel, 1967, pp. 42 - 46.

6. For fine grained or high plasticity lateritic 13. WOO, S.M., Cement and Lime Stabilization ofsoil, about 3 to 5 percent of cement is required Selected Lateritic Soils, Unpublished M.Eng.to get th unconfined 2 compressive strength of Thesis, Asian Institute of Technology, Bangkok,1725 kN/m (250 lb/in ) which is adopted as a Thailand, 1971.
criterion for soil-cement base in Thailand. Atthis range of cement content the CBR will 14. WOO, S.M. and MOH, Z.C., Lime Stabilization ofincrease to more than 100. Selected Lateritic Soils, Proc. 3rd Southeast

Asian Conference on Soil Engineering, Hong Kong,
1972, pp. 369 - 375.
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USE OF SOIL SURVEYS FOR PLANNING AND DESIGNING LOW VOLUME ROADS

James A. Scherocman, PE, Consulting Engineer
H. Raymond Sinclair, Jr., Soil Conservation Service,

United States Department of Agriculture

A method was developed to use soil surveys made designing and constructing a roadway. The survey in-under the guidelines of the National Cooperative formation can be utilized during the preliminarySoil Survey to aid highway engineers in design- route selection phase to determine the choice ofing the most economical routes and pavement highway location which crosses the best subgradestructures for low volume roads. The support soil conditions and bypasses the poorest soil areas.value of a subgrade soil is needed in the pave- It can also be employed during the preliminary thick-ment design process, but this value is not nor- ness design phase to determine the estimated struc-mally readily available without extensive field tural number of the pavement cross section. Finally,sampling and testing. Using detailed soil maps, it can be utilized by the contractor during the con-a correlation was developed between the soil struction phase to indicate the existence of suitableseries shown on the maps and the California borrow pits and potential problem soil areas.
Bearing Ratio (CBR) values for those same soils.
Data on soil samples and borings obtained by the
Soil Conservation Service (SCS) were compared to Evaluating Subgrade Soil Strength
similar data obtained b, Indiana State Highway
Comnission engineers in 1rder to develop estima- CBR Method
ted CBR values for 275 different soils inIndiana. The SCS soil maps and the correlation One of several methods available for estimatingof the soil series names to estimated CBR values the relative strength of a subgrade soil for roadallow an engineer to quickly determine the value construction purposes is the California Bearingof the subgrade soil support for any desired Ratio (CBR) test. This method is primarily a pene-routing of a low volume road. In addition, the tration test that measures the shearing resistanceSCS maps and CBR values can be used together by of a soil (1). The procedure is fully described inthe engineer to determine preliminary thickness ASTM D 1883-and AASHTO T 193 (2,3).design calculations for the various routes CBR tests can be conducted-on in-place, undis-chosen. turbed field soil samples. Such tests, however,

evaluate the relative strength of the soil only at
the field moisture and density conditions existingFour primary factors must be considered when a at the time of the test. Most CBR investigations,highway engineer begins a pavement design analysis. therefore, are conducted on remolded laboratory soilThese factors include: (a) Traffic--the number as specimens. The laboratory procedure determines thewell as the type and weight of the vehicles; relative strength of the soil after it has been(b) Subgrade soil strength--the ability of the soil soaked in water for 96 hours.to adequately support the overlying pavement layers; The lab CBR value depends on three primary(c) Material characteristics--the type and quality factors: the soil density, the moisture content of(relative strength) of the layers used in the pave- the soil when the test specimen is prepared, andment structure; and (d) Environmental variables-- the moisture content of the soil after soaking.climate conditions and drainage requirements. Since density and moisture content greatly affectThe goal of every highway engineer should be to the strength of the soil, the initial moisture anddesign a roadway that will adequately carry, at the density values of the laboratory prepared specimenlowest possible cost, the traffic volumes using the should be similar to those obtained by constructionpavement. This minimum cost criterion must include equipment in the field.

both initial construction costs and long-term main-
tenance costs.

This paper describes the use of soil surveys to Soil a ps
determine the relative values of subgrade soilstrength for a particular stretch of highway pave- Another way to estimate the CBR value of a soilment. The soil survey can be used during several is by using the detailed soil surveys published bysteps in the design process to reduce the cost of the United States Department of Agriculture (USDA),
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Soil Conservation Service (SCS). For this method, Making a Soil Survey
a correlation is needed between the soil series
names on the soil maps and the CBR value of that Soil surveys are conducted in the field by soil
soil determined from a laboratory test. Such a cor- scientists who walk the area mapping soil landscapes
relation study was completed recently for 275 dif- (8). They take many soil samples in order to de-
ferent soils in Indiana. termine the soil profiles. The profiles are com-

pared with those in other soil survey areas. The
soils are then classified according to their indi-

Soil Surveys vidual properties, conforming to a uniform, nation-
wide procedure (7).

The Soil Conservation Service is an agency of Soils that have similar soil profiles make up a
the USDA charged by Congress with responsibility soil series. Except for different textures in the
for soil and water conservation and proper land use surface layer, all soils of one soil series have
(4). All soil survey work, including soil interpre- major horizons that are the same in thickness, ar-
tations, is done by the SCS in cooperation with rangement, and other characteristics. Each soil
state agricultural experiment stations and other series is named for a town or geographic feature
governmental agencies under the guidelines of the near the place where a soil of that series was first
National Cooperative Soil Survey. In Indiana, the observed and mapped. All the soils in the United
SCS works with the Purdue University Agricultural States having the same series name, such as Crosby
Experiment Station in making soil surveys. From the or Plainfield, are essentially alike in those char-
very beginning of soil surveys in 1899, they have acteristics that affect their behavior in the un-
been beneficial to land users who desire knowledge disturbed landscape.
about the soils' physical and chemical properties Soils of a particular series, however, can dif-
shown in Tables 1 and 2 (5) as well as their loca- fer in the texture of the A horizon as well as the
tion and extent shown in Figure 1 (6, map 11). slope or some other characteristic that affects the

use of the land (9). The name of a soil phase in-
dicates a feature-that affects land use and manage-

Soil ment. For example, Crosby silt loam, 2 to 6 per-
cent slopes, is one of several phases within the

Soil is a natural, three-dimensional body at Crosby soil series.
the L .rth's surface that is capable of supporting When conducting a soil survey, the soil scien-
plants and has properties resulting from the inte- tists gather soil samles for laboratory testing.
grated effect of climate and living matter acting Some of the data collected during the laboratory
on earthy parent material, as conditioned by relief part of the investigation are shown in Tables 1 and
over periods of time (7). Soils have distinct hori- 2 (5). Among the data available for use by highway
zons or layers, as shown in Figure 2 (1, p. 19). desTgn engineers are the Unified and AASHTO soil
The horizons or layers, which are approximately classifications, sieve analysis, Atterberg limits,
parallel to the surface, have distinct characteris- permeability, soil reaction, shrink-swell potential,
tics produced by the soil-forming processes. depth of the water table, depth to bedrock, and

An organic layer of fresh and decaying plant frost heave potential.
residue is at the surface of most mineral soils. After determining the extent or area of a par-
Below this organic layer is the A horizon, formed ticular soil., the soil scientist delineates the
or forming at or near the surface. It is an accumu- boundaries of each soil on aerial photographs. Es-
lation of humified organic matter mixed with mineral sentially all soil maps in the United States are
matter. The A2 horizon is mainly a residual concen- drawn at a scale between 1:15840 to 1:24000 (10.16
tration of sand and silt, which is high in resistant cm or 4 inches to 6.70 cm or 2.64 inches per mile).
minerals content as a result of the loss of silicate The larger scale allows contrasting soil areas as
clay, iron, aluminum, or a combination of these, small as 0.81 to 1.21 hectares (2 or 3 acres) to

The B horizon is a layer of change between the be drawn on the aerial photographs. Packets of
overlying A and underlying C horizon. The B horizon different soils smaller in size than this, however,
is characterized by (a) the accumulation of clay, are not shown on the soil maps. The properties of
sesqui-oxides, humus, or a combination of these; the soils in the small, unmapped areas may be more
and/or (b) a prismatic or blocky structure; and/or or less favorable than the soil delineated on the
(c) redder or browner colors than those in the A map.
horizon. The combined A and B horizons are gener- Detailed soil surveys have been completed for
ally called the solum, or true soil. If a soil about 60 percent of the United States and approxi-
lacks a B horizon, the A horizon is the solum. mately 65 percent of Indiana. In areas not yet

The C horizon, excluding indurated bedrock, is surveyed, local SCS personnel are available to as-
little affected by soil-forming processes and does sist highway design engineers determine the type of
not have the same properties as the A or B horizon, soil in a particular location.
The material of the C horizon may be either similar
or dissimilar to that from which the solum is pre-
sumed to have formed. The R layer is consolidated Correlation of CBR Values
rock. It commonly underlies the C horizon, but can
be directly beneath either the B or A horizon. ISHC Data

The depth or thickness of an individual soil
horizon varies within defined limits for each par- In conjunction with the construction of the in-
ticular soil. Some soils, however, form in two terstate highway system across the state, the
materials. The properties of the top part of the Indiana State Highway Commission (ISHC), Division
B horizon soil can be different from the properties of Materials and Tests, has collected many soil
of the bottom part of the same horizon; each part samples from the various soils found along the
of the soil can then have a different CBR value, routes. Sometimes these soil specimens were taken

along several possible route centerline locations
in order to determine which route encountered the
best soil conditions. The only way to judge field
conditions was to take field soil samples,
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Once a particular route had been selected for a (at least 8 samples of each soil) were available onproject, additional soil samples were taken to de- about 58 primary soils to determine estimated CBRtermine the type of subgroup soil along the proposed values in a manner similar to that described aboveroadway. These samples were usually taken at prede- for the Crosby soil series. Due to the variabilitytermined intervals along the centerline, in some of the CBR values obtained for each soil, however,cases without regard to actual field conditions, and because of a very limited number of samplesPockets of poor soil were thus sometimes missed dur- available for some particular soil series., a statis-ing the field sampling, only to be "discovered" tically based analysis could not be completed. Asduring construction, more data is gathered from future correlation workA small number of collected soil samples were between ISHC soil tests and SCS soil maps, a revisedused to determine the CBR value of some of the soils and updated listing of estimated CBR values will befound along the route. These values were used by published for Indiana. Once the CBR numbers for theISHC design engineers to determine the required major soils were calculated, the values for the re-pavement thickness for individual paving projects. maining soils were assigned according to similar soilIf several soils with different CBR numbers were de- properties. Nine CBR classes were used to group thecermined within one project limit, generally the 275 Indiana soils for pavement design purposes.lowest value was used for design purposes, and all The CBR values selected were 2 through 8, 10, and 15.the pavement for the total length of the section A tenth CBR class CBR=0, was used to indicate thosewas set at the same thickness. This procedure led soils which are peats or mucks and are completelyto very conservative and costly design practices unsuitable as foundation soils for highways.when better soil conditions (higher CBR numbers) Table 4 shows a correlation of the estimated CBRwere encountered over a significant distance within values determined for Indiana soils with both thea particular project. Unified and AASHTO soil classification systems (10).
Each group of AASTO soils is shown in the first--
column, with the most probable comparable UnifiedData Correlation system soil in the second column. The typical CBR
number range for each soil classification is listedFor both preliminary route selection and pre- in the third column, followed by the most probableliminary pavement thickness design analysis, SCS soaked CBR value within the range.soil survey data and soil maps can be used to es- Table 5 lists the estimated CBR values fortimate the CBR values of the soils along a particu- Indiana soils. Some of the soils listed have beenlar roadway route. A way was needed, however, to formed in two different parent materials. Thesecorrelate the data in the SCS soil surveys with soils, marked with an asterisk, can have two differ-actual laboratory CBR values for the same soils. ent values of soaked soil strength; thus the twoSeveral joint meetings were held between ISHC given CBR values--the first for the upper part andpersonnel, SCS soil scientists, and other interested the second for the lower part of the B horizon.

engineers to determine if such a soil correlation
could be obtained. Many hours were spent in review
of ISEIC information to determine exactly what data Words of Caution
were available for each individual CBR test number,particularly (a) the exact location in the field The information shown in Tables 4 and 5 must bewhere the sample was taken, and (b) other soil sam- used with caution. The CBR values listed are validple characteristics, such as Atterberg limits, only for Indiana soils. In addition, the estimatedfield moisture content, field density, soil sieve CBR numbers have been determined based on a limitedanalysis, and soil classification, amount of laboratory testing. No soil has only oneThe SCS soil maps were then used to identify the CBR number. Depending on the density and moisturefield location when the actual soil samples had been content of the soil, its CBR value can vary signifi-taken. This location correlation required several cantly. The numbers listed, therefore, are the mostmonths of extensive cross checking between ISC pro- probable values expected for a particular soil.ject plans, field soil sampling notes, and the SCS The CBR values given for use with the soil sur-soil maps. In addition, SCS personnel went back to vey maps are those for the B horizon. For roadevery field site (over 162 in number), examined and building purposes, the A horizon soil should beclassified the soil where the ISIIC sample had been stripped and removed before a pavement structure istaken, and compared the data obtained to the ISHC constructed on the B horizon material. In relative-CBR test information. ly flat terrain, the roadway subgrade is normallySome obvious errors were discovered--the CBR built entirely on the B horizon soil. In rollingvalue for a given test site might be 3 while the countryside, however, roadway cut sections moresoil maps would indicate an A-4 or ML soil, with an than five feet deep may be encountered. Thus theestimated CBR value of 6 to 10. Usually, however, C horizon soil may be used as the subgrade soilthe laboratory CBR values agreed well with the ex- foundation. The information contained on the soilpected CBR value for a particular individual soil maps for this horizon is less reliable than thatseries name. for other soil horizons near the surface.Considerable scatter was found in some of the The information contained on the soil surveydata. Table 3 shows 18 actual laboratory CBR values maps should be used only for preliminary highwayobtained on Crosby soils from highway projects in 9 design purposes. It can be used to determine prob-different Indiana counties across the central part able roadway route centerline soils. It can alsoof the State. The values range from a low of 2.2 be utilized for preliminary thickness design calcu-to a high of 4.7. The average laboratory CBR value lations without a detailed analysis of the subgradefor this soil series is 3.60, with a standard devia- soil. It must be emphasized, however, that fieldtion for the 18 values of 0.62. For this particular soil samples should be obtained, tested, and analy-soil, an estimated CBR value of 3.0 was selected as zed before a final pavement structural section isthe design value. Approximately 84 percent of all selected.
laboratory CBR test values are equal to or greater
than the chosen design CBR value.

Of the 275 soils in Indiana, sufficient data
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Summary Transportation Materials and Methods of Sampling
and Testing, Part II, Eleventh Edition, 1974.

The subgrade soil CBR data developed for Indiana 4. United States Department of Agriculture, Soil
lils using SCS soil maps and laboratory CBR tests Conservation Service, National Conservation

,an be established for other areas through coopera- Planning Manual, Title I, 1978.
tion between the Soil Conservation Service (SCS) and 5. National Cooperative Soil Survey, August 1978
the state highway department. It will take some and March 1977.
effort and patience to collect and correlate the 6. Soil Survey of Hancock County, Indiana. Soil
necessary information. Applied together, the CBR Conservation Service, U. S. Department of
data and soil surveys can be used effectively during Agriculture, U. S. Government Printing Office,
the route selection phase, preliminary pavement May 1978.
thickness design phase, and construction phase of a 7. United States Department of Agriculture, Soil
highway project. Taxonomy, a Basic System of Soil Classification

for Making and Interpreting Soil Surveys. Hand-
book 436, 1975.
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Table 1. Morphologicala and estimated soil properties of Crosby soils.
ESTIMATED SOIL PR0PERTIES
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'The Crosby series consists of deep, somewhat poorly drained soils formed in loess and the under-

lying glacial till on moraines and till plains. Typically these soils have dark grayish brown

silt loam surface layers 22.9 centimeters (9 inches) thick and mottled light brownish gray silt

loam subsurface layers 5.1 centimeters (2 inches) thick. The subsoil is mottled yellowish brown

clay loam in upper 48.3 centimeters (19 inches) and yellowish brown and grayish brown loam in

lower 15.2 centimeters (6 inches). The underlying material is brown loam. Slopes range from
0 to 6 percent.

Table 2. Morphologicala and estimated soil properties of Plainfield soils.
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aThe Plainfield consists of excessively drained soils formed in sandy drift on outwash plains,

stream terraces and glaciated uplands. The surface layer is brown loamy sand 20.3 centimeters

(8 inches) thick. The subsoil is dark yellowish-brown sand 30.5 centimeters (12 inches) thick.

The substratum is light yellowish-brown, yellowish-brown and strong-brown sand.
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Table 3. CBR values for Crosby soils. Table 4. Comparable soil groups.

County Sampled Lab CBR Value AASH-TO Usual Most Probable

Bartholomew Group Unified Group CBR Range CBR
Boone 3.6, 4.0 A-i-a GW,GP 20+ 25
Hancock 3.1, 2.2 A-l-b SW,SP,QVI,SM 15-20 15Henry 3.0, 3.9 A-3 SP 8-12 10Madison 4.7, 3.8 A-2 GM,SM,GC,SC 8-12 10Marion 4.0, 3.5 A-4 NL 6-10 7-8Montgomery 3.0, 3.0 A-6 CL 4-7 5-6Tippecanoe 3.9, 3.2, 4.6 A-7-5 MH 3-6 4Wayne 3.3, 3.6 A-7-6 CH,CL 2-5 3

Table 5. Estimated California Bearing Ratio (CBR) alues for Indiana soils,

Estimated Estimated EstimatedSoil Name CBR Soil Name CBR Soil Name CBR

Ade 10 Crosier 4 Huntington 4Adrian 0 Cuba 5 Huntsville 5
Alford 5
Algiers 5 Dana 5 Iona 5
Alida 7 Darroch 6 Ipava 3
Allensville 6 Del Ray 3 Iva 4
Allison 5 Dickinson 8
Alvin 8 Door 6 Jasper 6Armiesburg 5 Dowagiac 6 Johnsburg(a) 4Aubbeenaubbee 4 Dubois(a) 4 Jennings 5
Ava 4 Dunning 3 Jules 5
Avonburg(a) 5
Ayr* 7-4 Eden(b) 3 Kalamazoo 6
Ayrshire 6 Edwards 0 Kerston 0

Edenton(b) 3 Kings 2Bartle(a) 5 Eel 6 Kokomo 3
Baxter 2 Elkinsville 5
Beasley 3 Elliott 4 Landes 7
Bedford*(a) 5-2 Elston 8 Lawrence*(a) 5-2
Belmore 8 Evansville 3 Lenawee 3
Berks(b) 4 Lindside 4Birds 5 Fabius 10 Linkville 4
Bloomfield 10 Fairmount(c) 3 Longlois 6Blount 3 Fincastle 5 Lorenzo 10Bonnie 4 Flanagan 3 Lowell 3Bono 2 Foresman 6 Lucas 3
Boonesboro(b) 6 Fox 6 Lydick 6
Boyer 10 Frederick 2 Lyles 5
Brady 7 Fulton 2
Brems 15 Mahalasville 3Bronson Genesee 6 Manlove 5Brookston Gessie 6 Markham 4
Burgin 3 Gilford 5 Markland 3Burnside 8 Gilpin(b) 4 Martinsville 6

Ginat(a) 4 Martisco 0Camden 5 Glenhall 6 Massie 8
Carlisle 0 Granby 8 Matherton 6Casco 10 Grayford 5 Maumee 8
Catlin 5 Guthrie*(a) 4-2 McGary 3Celina 4 Medway 6
Chalmers 3 Hagerstown 2 Mellott 5
Chelsea 15 Hanna 7 Mermill* 4-2Cincinnati(a) 5 Haskins* 5-3 Metamora 4Clarence 3 Haubstadt(a) 4 Metea* 7-4
Clermont 4 Haymond 6 Miami 4Colyer(c) 4 Hennepin 6 Milford 3Conover 4 Hensha., 4 Millsdale(b) 3Conrad 0 Hickory 4 Milton(c) 4Corwin 4 High Gap(b) 4 Monitor 5
Cory 4 Hillsdale 7 Montgomery 2Corydon(c) 2 Homer 6 Montmorenci 4
Coupee 8 Hoopeston 7 Morley 4Crane 5 Hosmer(a) 5 Morocco 10
Crider* 5-2 Houghton 0 Muren 5
Crosby 3 Hoytville 2 Muskingum(b) 4
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Estimated Estimated Estimated
Soil Name CBR Soil Name CBR Soil Name CBR

Mussey 10 Rensselaer 4 Toronto S
Riddles 4 Tracy 7

Nappanee 3 Rimer* 5-3 Trappist(b) 4
Negley 7 Robinson 3 Treaty 3
Newark 4 Rockcastle(b) 3 Troxel 5
Newton 8 Rodman 15 Tyner 15
Nicholson(a) 4 Romney 3
Nineveh 6 Ross 6 Uniontown 4
Nolin 5 Rossmoyne(a) 5

Runnymede 4 Vigo 4
Oakville 15 Rush 5 Vincennes 4
Ockley 6 Russell 5 Volinia 6
Octagon 4 Ryker S
Odell 4 Wallkill 0
Ormas 10 Saranac 2 Wakeland 6
Oshtemo 8 Saugatuck 8 Wanatah 5
Otwell(a) 4 Sciotoville(a) 6 Warners 0
Owosso* 5-4 Sebewa 4 Warsaw 6

Seward* 5-3 Wasepi 10
Palms 0 Shadeland*(b) 6-4 Washtenaw 3
Parke 6 Shipshc 10 Watseka 10
Parr 4 Shoals 6 Wauseon* 4-2
Pate 3 Sidell 5 Wawasee 5
Patton 3 Sleeth 5 Wea 6
Pekin(a) 5 Sloan S Weikert(c) 4
Peoga 4 Sparta 15 Weinbach(a) 5
Petrolia 3 St. Clair 3 Weiss 10
Pewamo 3 Starks S Wellston 4
Pike 5 Steff S Westland 4
Pinhook 5 Stendal 5 Wheeling 6
Plainfield is Stonelick 7 Whitaker 6
Plano 5 Stoy(a) 5 Whitson 3
Pope 7 Strole 2 Wilbur 6
Princeton 6 Sunbury 3 Willette 0
Proctor 5 Switzerland 3 Wingate 5

Swygert 3 Woodmere 4
Quinn 5 Sylvan 5 Woolper 3

Wooten 10Ragsdale 3 Taggart S Wynn(b) 5
Rahm 3 Tama 5
Randolph(b) 4 Tawas 0 Xenia 5
Rarden(b) 3 Tedrow 10
Raub 5 Tilsit(a) 4 Zanesville(a) 4
Rawson* 5-3 Tippecanoe 6 Zipp 2
Reesville 4 Toledo 2

'Soils that have a fragipan or compact, impervious layer at a depth of 18 to 32 inches below the top of
the soils.

cSoils that have bedrock at a depth of 20 to 40 inches below the surface of the soil.cSoils that have bedrock at a depth of less than 20 inches below the surface of the soil.
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Figure . A soil survey delineating Crosby (CrA) and Brookston (Br)
soils.
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Figure 2. Major soil horizons. No one soil profile would contain all horizonslisted, but most soils have some kinds of A, B, or C horizons.

01 Organic - original plant forms recognigable
02 organic - original plant form$ not rcnizlable
Al MInerl - mixed with humus, usually dark colored

Ap - plow layer

A2 Light colored, maximum loss of clay, humus, and plant nutrients

A3
B1 Transitional more like A

)more like D

Altered In place to have soil structue and an accumulafion
of clay and/or sesquioxidesSolum-

the true B2 Bt - clay accumulation
soil Bir - Iron accumulationShir - humus and Ion accumulsteonBx - hrdpen horiton

B3 Transitional to C

Weathered, wuaulMV wonholldatd mae11a11C CX - fwdpsrn- Oak"e in fis.te-
Cm - hfirdlson, dofst Makshe Inswa
or - soft bedrook

F Consoldlated bedrock

: ):!, :,+:+i .+.+.+:+ +.......V-
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DO EARTHWORK iN TIE COLD WEATHER?

Wayne A. Bieganousky, U. S. Army Corps of Engineers, WES
C. W. lovell, Purdue University

Abst-cract Literature Review

The latest (1973) survey of cold weather Temperature Effects on Soil Properties
earthwork pract ices in the United States and Canada
showed that the level of such activity was Unfrozen Soil. The compaction characteristics ofincreasing. A nmber of operations may be carried soils have been observed to be temperature
out at unit costs equal to or less than those dependent over the range of temperatures
expucted in the summer. Still other operations will experienced in tie field. Tie source of thishave higher unit costs in the cold weather, but can behavior is believed to be tile viscosity of thebe just ifind n 'le basis ,'f benefits or savings water, which determines the case or difficulty
to tit road tier and/or t. ag ency or company doincj with which soil particles or aggregation of
tt construct ionl. ProIlill tt alloll these savings alrc particles can reorientate during the compactive

(1) thIe earlier availabilit/ of a new and safer process (22). Hence, a decrease in soil temperaturefacility; (2) tIte better tIilization od retent iol results in a corresponding decrease in maximum dryof etWpoV'es .ith Yt'Lr-al-ond coistruction schedul- density and an increase in tile optimum moistureill; atd (i) the redlittion in inflation which content for a given compactive effort. llightr;atiCottpI;itlls earl i or projeoct ttompletlon dates. T[Ii s et al (16), researching (in tile laboratory) thepaipe r si.lllhesi:esI the reported state-o f-the-art, t e.-pe rat tire effects on the compaction and strengthand makes rec.mendations with resptct to tile cold behavior of a clay, conclidcd that the detrin'tntalweather euirthwrk practit:tc; which seem to le effects produced by loi temperatures might 1-eproMtis fil o t01LOW Vo I 1iI'C roatl . These overcome by modest increases in the colipact Ivc-
retosn!:it dat lott; ire potill llt IIv tis itll o t ill a,ency effort.
that wisi :; to r.-eval lnatt: ;1111 po I b]. , 

cxpLand its
cold weatht.r activity. Frozen Soil. The engitleering properties of frozen

soils are very dependent on temperature. In
general, some unfrozen liquid is present,
reiroslthi l, tle "adsorbed" water. In a fro:.cnhe obj.,t ,)f tlt reseat'ch rep )rted ill this soil, the unfrozen water cnn e>.ist in equilibrium

pape.r wajs to establish and Slu ltnttirice the overall with tilt' ice ever a wide temperature rainge belowstto-,f-t!n-art ilt Cold IWitIlier a rthwork, (o C. Lovell (21) observed that substintialspecificallI for highways, airfi,.lds, aitI l-uilding, proportions of Cthe total soil moisture of finecontstructio ill arva:; of sasotllyi I I -roten trotllld. grained soils remained tinfro;:en at temperatures as,A m.re coildJtIre ptes;lntat itit of the f iding i.s; cold as -25 C. In Figure 1, the percentage ofCOlttuaitIte l il unpullisho, report () ) for the itt froze-n water versus teilttitrature for various soilV. ;. .\rmy Cotrps f lFtt,il-eirs Cold eg iJols Lypes is plotted. ObS:erve tLalt essenti.lllv allte;car h ald l En,ineerin, Laboratory (CIR!.E,) . the moisture in the sand is frozen at O°C (18).Re la t'd reo;i-eL '1 k i , tied ill . pili:;hd report The strength behavior of I frozen soIl is
(2'.) ' t1 so( t -ta1-be-pthI i shed IpMIpr (29). WhiIe dependent, ill part, upon the acount of frozenile lopic w cotl Lrt ltiol of low Voltiit' roads ire water. With decreasing temrperattires, an ilncreasiLng
'ivt II IO paltitiClar attentiol ill til' iteri ttire proportion of the soil moisture b cnme ; fruzen and:;t.alch anl tit s.!;ti,'lttairs dlrect,.l to prictitiolers, tie ice ' ,'s' the soil grains ill position.tii p ,tuntial Ipplicat-ions ar. cert-I aitily pretent. lovell (21) found that the compressive strengths ofThe ectnoiti advitttu; 1  at foirdel b all earl ior partiall 'frozen saturated soils demonstrated aCompletit Of the projt;ct thr,,utj h cold we, thor strong temperature dependency. Ont set of results,work seen stronger todt than ever Iefore. contside r la, soils molded at approximate Standard

AASIITO peak:s, exhibited compressive strength ratios
of /. to I for silty clay taid 2.8 to 1 for clay at
temperatures of -18OC and -5°C. Laboratory data or
well documented field evidence describing tile
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compaction characteristics of frozen soils is meager.
The compaction curves of Figure 2 are schematic for Siting. The primary considerations in site orsandy soils at various freezing temnperatuires and ice rotsecinfrcldwahrprtosaecontents, to avoid problem soils, and minimize haul distances.Wet silty soils, because of their frost suscepti-

bility and ready release of moisture upon thawing,
are especially troublesome and should be avoided

- (9). Heavier plastic clays with 3 to 5% moisture
above optimum can be compacted if high impact

otampers are utilized. Granular soils are the

30 least sensitive Lo cold weather effects and give
the most satisfactory results.

By minimizing the haul distance, the usual warm
weather economics are effected. It is also possible
to reduce special problems such as the freezing ofo borrow material to the truck body (20). Long haul

CA routes also require greater maintenance. In the
cold weather, much borrow material and equipment

-o manhours may be required just to keep these routes
trafficable 

(35).
CIO SILT wnd In selecting sites for winter construction,0SI SAND eldIg consideration must be given to the project profile

I, o ; Jwith relation to tiL natural grade. The normal
0 -10 -2o -30 practice is to limit winter work to deep cuts or

TEMPERATURE 'C deep fills. Due to the high cost of ripping
frozen overburden and the difficulty encountered in

] r . o,-irozcn :;litr Colteut of Soils vs. cutting side ditches, shallow embankment profiles
!e:.ip.raltcrL [flow Froe;,:ing (From 18). are better scheduled for summer operations.

Transition sections, cut site to fill site, also
incorporate the complication of construction
operations within the depth of frost penetration.

+20-C Small Area Excavation. Smill area excavation
includes the procedures most commonly used to
excavate for utility trenches, footings, culverts
and the like. When working with non-frozen soil
during cold weather, the usual procedures can be
followed. However, it may be advantageous to
provide some means to prevent frost penetration
during the non-working periods. A continuous
operation (24 hours) is a possibility under some
circumstances.

Removal of soil frozen to a moderate depth will
require extra effort, and often times challenges
the ingenuity of the contractor. Each method has
its merits and disadvantages, and the choice of
procedure must be based on the particular job.0 5 10 I5 20 Breaking through frozen ground with power shovels,

w t,, ,. % dozers, front end loaders, rippers, air hammers,
and wedges appears to be the popular procedure.

Figure 2. Compaction Studies with Frozen In frozen ground 12 to 18 inches (0. 3 to 0.5 m)
Soils (From 18). thick, backacting shovels have proven to be the

most successful. Bucket attachments which provide
deeper penetration into the ground are available

Current Cold Weather Earthwork Practices (19, 2). Excavation of frozen ground accelerates
wear and tear of the equipment, requiring more

Scheduilig. Two indis;pensable conditions for frequent servicing.
successful winter operations are careful preplanning Drilling and blasting to loosen frozen groundand timely preparat ona (4). Cold weather earthwork is another principal method. Several developments,
cannot be accompl ished economically if scheduling, e.g.i, ds layed shoot ing, new and inexpensive
planning, and preparation are laphazard. explosives, and mechanized drilling, have

With proper scheduling, operations fairly considerably reduced costs and broadened tile
insensit ive to cotd weather, such as rock opportun ities for frozen ground excavation (18).
excavation, can proceed as during warner periods of
the year. The added equipment and supplies deemed Thawing (another option) Is accomplished by
necessary to carry out winter operations must be many of tile following procedures.
present on the joh site in advance. A further
example Wo1l hbe tile advance preparation of an area (1) Insulation with straw or wood scraps,
to be excavated, prior to the ground freezing. possibly covered by black polyethelene sheeting

A vital asset ill scheduling is knowing the to draw the heat (19).
weather forecast in advance. Up-to-date weather (2) With steam and cover; by jets, steam
informltioln, which statistically analyses weather points, or coils laid on the ground surface (1).
trends for different areas in the United States, (3) Open fires of coke, tires, straw, wood;
is availablh, from 50 to 100 companies specializing could possibly use reflectors or enclosures (10)
in forecasting (30). (4) Blanket of hot sand.

(5) Flame throwers (26).
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(6) Ponding or spraying heated water on the
open surface.

(7) Gas Burners (24, 33)

Method number (6) is disadvantageous in that -"--- - - -
ponding water is slow and will probably increase - -
the moisture content of the soil being thawed.

The excavation and placement of rock embraces
few new difficulties as a result of cold weather.
The usual procedures employed during warmer periods Figure 3. Loosening Ground with Dozer Mounted
are generally adequate for winter months. A Ripper; Multiple Passes for Deep
difficulty may arise if the rock ledge is water PeneLratLon (From 18).
bearing. Stockpiled shot rock containing free
water may freeze into a solid mass. Frozen
overburden will also impede progress in rock Large rock excavations are generally not
excavation (23). affected by cold temperatures and work may proceed

as during %:armer periods. Peat bogs are unique
_Lrge Area Excavation. Highway cuts and borrow situations, in that freezing temperatures tend to
Jits are examples of large area excavations. In assist operations. Freezing to a moderate depth incases where the soil is unfrozen and the tempera- such deposits increases the trafficability and the
tures do not fall consistently below the freezing stability of the side slopes. Once the surface is
mark, it may be sufficient to follow the usual tcafficable, scraperi can easily remove the soil.
excavating procedures. Modifications may be L.arge surface areas are worked to expose the peat
desirable when the temperatures are at or below deposit to the freezing temperatures. Ripping may
freezing. The principal objective is to maintain increase the depth of frost penetration.
the soil inI an unfrozen state during excavating,
liauiling and placing operations. Haulin. Hauling of non-frozen borrow to the job

Continuous operations, 24 hours per day, 7 days site is accomplished with the usual earth moving
per week, can be ut ilized to this end, once a equipment. During periods of freezing temperaturesgivcn cut or borrow area Is opened. Restrict the or for long haul distances, it is advisable to
excavation to as small an area as possible. This cover the material in the truck with canvas to
will reduce the surface exposed to freezing retain tile heat. If feasible, heating the truck
temperatures and lessen borrow waste. Loading the boxes or scraper bowls reduces the opportunity for
haul ing equipment with power shovels and front end the soil to adfrei:ze to the compartment.
loaders has two distinct advantages. First, tile eeping tile haul road, borrow pit, and spread
exposed surface is limited. Secondly, working a area in good condition will permit an efficient,
hiqh bank will tend to keep the temperature of the high speed operation. Operators must remain ilert,
borrow material higher than if excavating from particularly during periods of reduced visibility.
the surface down with scrapers.

During cold weather operat ions, the soil has a F. The fill spread ill
tendency to adfreeze to tIle steel surfaces of the necessarily be kept to a minimum to reduce the
loading and hauling equipment. Provisions must be surface area exposed to freezing temperatures.
made for periodi.c removal of the adhered soil to The ramp method of placing fill can be adipted top revent equilment damage and loss of efficiency. fac ilitate lhis end, Figure 4. This technique is

heC normal anner iII which frozen soil is removed
Cosits Of chi ipp ing frozen chunks with air
haI:mers., picks iod shovels (20). Heating the Finished Grode
boxes with the equipment exhaust Is another Large Area Exposed to Freezing
1)ossib ii1i ty. .

I ..cavation of frozen ;ground of moderate depth
over a a rpge aral extent is usually accomplished
meci n'I cl 1',. Thaw il i; ia generally not practical. if. ts as Placed in
)Oe of te most efflect irvi methods is by tractor Worm Weather Rolled Fill

imoiinited ripper (1.3, 1-4, 3"2). Tie forward Lip of I _ _ _I_ _ _1t11. ripper r'aches hLneatI the frozen slab and Original Ground
tears; oul larne chunks. ligure 3 depicts the a. Warm Weather Noral Method
met hod of a ICCeSSiVO ci ;SeS, ea lo, ed to rilp
,rc;ater ]ept his o! frozen ,roiimd.

'ledr some ci rcumstanices, tile frozen ground
may be too hard to pelletrate wi ithe ripper. I nished grae
slch aI cas;es, breaking throu ; the frozen crust
with e!xlo:;ives lay p rvide a starting Point for an
effect ive ripper operat ion. Several important tips
for successful ripping, operat ions are as follows (12): Lifts os Placed in Small Area Exposed- "-,kzqld Weather Rolled Fill " to Freezing

(I) Hlold nll iii,; to a millimai; this operation
does not move carth.

(2) hwel tile cut small; prevent ripped areas Original Ground
from refrez7iIg4. b Cold Weather (Romp) Method

() Watch traction; side hill operations are
dif ficl t. Figure 4. Embankment Profiles, Warm Weather vs.

Cold Weather Lifts in Rolled Fills
(From 22).



136

essentially the same as that used to cover and
essenialy t so -ase asltatdilsed to sor aField Engineering and Inspection. The surveyingcompact in solid-waste landfills. A smooth and engineering tasks perfdrmed in the field aresubgrade is essential for high speed operations and generally adversely effected by cold weatherless equipment and operator fatigue. The work conditions. The combination of windchill, extremeareas should be bladed smooth prior to shutting cold, and reduced visibility impair proficiencydown each day. Lift thicknesses of 6 to 12 inches and operating effectiv!ness. One of the most(0.2 to 0.3 m) for soils and 3 feet (I m) for rock common difficulties is trying to locate referenceare generally acceptable. Utilizing tile hauling points in deep snow. Grade control is alsoequipment as compaction pieces, as much as harder to maintain because of greater equipmentpractical, will enhance the efficiency of the congestion on the confined work areas. Moreoperation. This practice has merit in either inspection is required during cold weatherc o l d o r w a r m w e a t h e r . n p c i n i e u r e u i g c l e t econstruction than during warmer periods, if a

quality embankment is to be constructed. Eliminat-Compaction. The degree of difficulty in obtaining ing snow, ice, and frozen soil from the fillthle desired density is a function of the material may require continuous inspection in thetemperature, texture and moisture content of the borrow area, depending on the attitude of thesoil. Dry sands and gravelly soils are relatively contractor and his equipment operators. Continuouseasy to compact, and fairly insensitive to operations, 24 hours a day, 7 days a week, willfreezing temperatures. Low evaporation rates and require more staffing to perform the engineering
freezing temperatures make it impractical toinspection services.
lower the water content of wet cohesive soilsthrough spreading and drying. It appears that Equipment. Special precautionary winterizingthe maximum l w ater content for effective cold E u p e t p c a r c u i n r i t r z n

the axim waer ontnt fr efectve oldsteps must be performed in order to maintain aweather placement and compaction is approximately fleet of operable construction equipment during
2 to 3 above optimum. Heavy plastic clays with the cold weather season (6, 17, 27, 34).moistureTable I illustrates the operational efficiency
satisfactorily compacted using high speed impact I illutaes th ope t t i
tampers. Silts are avoided, if possible, because of construction equipment with respect to
of their hi ,hl susceptibility to frost action (35). temperature T), light (L) and precipitation (P)of, theiarivh suscheiblityeto rse t acton(35). (22). Malfunctions resulting from various sourcesWet cohesive soils have been used with alternatng impose greater maintenance and servicing require-layers of granular soils. The granular soil layers ments. Hence, greater down time will require aprovide horizontal drainage paths for escaping larger fleet of equipment to perform tile givenexcess water during consolidation and spring thaw. task. Rental equipment is generally available to

meet this requirement due to the reduction of work[Use of Frozen Soil. Specifications are very during the cold season. Ice, snow and frozen groundrestrictive with respect to the use of frozen will make traction difficult, resulting in a slowsoils. It is customarily written that no frozen speed operation. Equipment will need to be shutsoil be Incorporated Il thle embankment, or that no down periodically in order to remove adfreezing
foundation be placed on frozen soils. These material from the truck and scraper compartmentsrigorous specifications are warranted since and crawler tracks. Several precautionary measuresignoring them may lead to extensive damage from taken at shut down will facilitate "starting up"settlement or shear Instability. There are, for the next day's operation (6, 12, 17, 27, 34).
however, provisions for disposal much more
satisfactory than simply wasting the frozen soil.

Some embankment designs permit the placement Table 1. Relau i ve efficiency of operation ofof frozen material outside the "design" section, construction machinery. From (22)
i.e., beyond the shoulder break. However, even
here the thawed material may produce an erosion
problem. Frozen soil may also be used in Weather Factor Excavation Machinery Hauling Machinerystabilizing-berm structures. Stockpiling the Air Temperature (OF): 

T  2 E 2frozen soil to thaw and reuse at a later date is 87 89another alternative. The thawed material can either 70 99 1oobe used as fill, or to dress up the borrow areas. 0 ooFigure 5 illustrates the above mentioned 1 97

25 98to
dispositions (22). is 92 96

-5 79 88
-25 43 66

Light Co.dition z L Z L

K ] Fro,,, So Nte',,o,, Bright Sunshine 96 96Indirect Sunshine 100 100
Dug k 88 96
Sub-rtic Winter Twilight 65 82

Precipitation E p 2 E

Hooy gain 81 85Light Rgain 97 98wo,,. or , Dry, Teaperature 50° P 10 100
S~ockp.I* Light Snow 97 95

Heavy Snow 73 76

F.ll Co OCled ,I P.,/ NorlQ SOCClbptlon,

Personnel. Investigatorf (15) have found that
Or9ftal Ground Sur fae cold weather affects men psychologically and

Figure 5. Locations Where Frozen Soil Can be Used physiologically. The net result is a loss inefficiency due to the climatic factors. Tle U. S.without Detrimental Effects (From 22). Army (8) has found that tile elements which govern

the comfort, and therefore the efficiency, of
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workmen in cold weather are air temperature, The contractor, although faced with thesurface wind velocity, and relative humidity (22). increased costs of winterization, is credited withClimatic factors can be related to human working the following obtainable benefits:
efficiency as shown in Table 2. Any reasonable
combination of the climatic variables shown in (1) Greater utilization of equipment andthe three parts of Table 2 can be combined by capital.
multiplying the respective working efficiences. (2) Stable year round work force ofFor example, at a temperature of 150 C at dusk with experienced operators.

(3) Availability of rental equipment.a light snow falling the working efficiency for (4) Opportunity to meet completion deadlines;manual laborers is (0.88)(0.92)(0.90) = 0.73 (22). hence no penalty fees.

(5) Supplies readily available.
(6) Savings of cost of construction increasesTfable 2. Relative working efficiency of manual which occur from January to June (4).Taboers. Relate w g e(7) Savings in unemployment insurance rates.laborers. rom (22) (8) Savings derived from not staffing a

skeleton c:ew during shutdown.
WAthar Factor Working Itflcoiaey (1) (9) Cost savings derived from easier
Air Tap.ratue (or): construction under certain circumstances.

as 7270 95 The cost of winterizing and performing cold weather50 100 earthwork will in part depend on the nature and
32 97 conditions of the soil to be moved, the15 8 specifications covering the grading requirements,-1 73 the experience of the contractor, and the-25 33 permissable latitudes in the quality of the end

Light Condition: product.
Bright cun.h.L,. 97 The public, the owner and the manufacturer alsoIndirect ... h 

100
Dok 92 stand to benefit economically from cold weatherSoharti, wint.r twilight 56 construction. The public receives a new facility

Precipitat ion: sooner, reducing inconvenience, travel time,
Heavy rain 36 traffic fatalities, injuries and property damage.Light rain 

89Dry. temperat.re 50'F 100 Statistics shot. that Interstate highways facilitiesLight Soo 90 are safer than the older facilities they replaced.(navy Snow 41

"On completed sections of the Interstate system theExposure to very cold temperatures may result in fatality rate is 2.8 deaths per million vehicletissue or non-tissue damage. lavers and Morgan miles, compared with a rate of 9.7 on older
(15) present an excellent summary of the physiologi- highways in the same traffic corridors" (25).cal reactions to cold weather. Improving the Lovell and Osborne (22) attempted to express thecomfort of the individual will improve efficiency. increased safety in terms of economic savings.
abs anid heaters will do much for the morale of the An earlier completion date also means aoperator. If the unit cannot he equipped with a reduction in the total elapsed time from financialcalm, plani as much work as possible so that the commitment by the owner to use of the facility.Wind is at the Operators back. Encourage workers With current high rates of interest on constructionto dress properly, and to have additional clothing loans, there is considerable motivation to reduceon the job site for ,unexpected cold or windy construction time. The manufacturing of buildingcondit i ons. Several layers of clothing provides products follows the same general seasonal curve asmore warmth, allows more freedom, and permits that of the construction industry. A savings infaster adjustment to changiing conditions than one building material costs could be realized ifhavy. ;armen t (15). b i d n a e i l c s s c ud b el zd iseasonality were reduced. A leveling out of

construction activity would enable the manufacturerEconomic_ i~sidat ion _. Much of the controversy to plan for nearly constant production each monthCoFIcernlO1, icoalstrtietion seasonal ity revolves of the year (36).
around its economic feasibility. proponents of
cold weather construction regard "tradition" as the
mijor obstacle to overcome; while opponents often Replies to Questionnaires
caphita; i;tethe high cost of winterizing a site.
dithout cold weather act ivity, there Is much Up-to-date information on techniques of coldseaonal uemployment and a host of Labor problems, weather earthwork and the state of the art in Northhigh hourly wages, labor shortages, American is lacking. One survey was completed indifficulties in recruiting new workers, costly 1966 (37). The authors solicitet! replies toovert ime paymet1, high unemployment inslralce rates, questionnaires in 1973 from state highway depart-retriltie labor practices, lack of a stable and ments, district offices of the U. S. Army Corps of

properLy trained work force, anid an absence of Engineers, and selected Canadian province highwayemployee loyalty to the contractor (31). These departments. All questions emphasized earthdifficulties spread out, adversely affecting embankment construction during conditions of sub-rvlufactutr ti;g wagets, production schedules of freezing temperatures. The responses are fully,uilding suppliers, and costs ,,f building presented only in an internal report (3). Sincem Lter ials. ie overall condition feeds inflation the tabulations are large and of unsuitable format,and places an economic burden on tie nation (31). for presentation here, only a selection of the 1973Economic Studies by various proponents of responses from the state highway departments iscold weather work have demonstrated that net included. Although the information is somewhat old,economic benefits are expected, provided -that it is the most recent known to the authors.
planning is adequate (4. 5, 7, 9, Il, 23, 31, 36).
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The continuation of work or placement of experience, New York has limited its operations
certain embankment materials during adverse between 1 November and I April to approved rockfill
weather conditions is commonly determined by the only.
"Engineer". In all but a few state specifications,
placement of frozen soils in embankments or
placement of fill on frozen foundations is Sumnmary and Conclusions
prohibited. Practically every department which
allows the placement of fill during subfreezing The practices of state highway departments,
temperatures reported using granular soils or Canadian provinces and the U. S. Army Corps ofrockfill. In accordance with state specifications, Engineers in constructing earth embankments and
frozen subgrades are either removed or left in proceeding with earthwork through the winter monthsplace. When wasted, the frozen soil is generally was investigated via a questionnaire in 1973. The
deposited outside a designated slope beyond the replies were tabulated and critically reviewed withhighway shoulder. Frozen subgrades are left in respect to the amount of earthwork, procedures
place when they meet a depth-of-frost criterion, utilized, and respective attitudes regarding the

Alaska does not place frozen material in feasibility of cold weather earthwork. Theyembankment construction, but will permit a frozen showed that cold weather earthwork in the U. S. is
subgrade to remain if it is granular, and if the performed on only a small scale. Advances in
specified density had been obtained prior to technology are proceeding at a slow rate andfreezing. Had the lift not been compacted or if increases in the volume of cold weather earthwork
ice lenses have formed, placement of the next have been quite nominal. This is in spite oflife is suspended until thawing of the frozen strong evidence that when such activity issubgrade has occurred. carefully planned it can produce a net saving. The'The heavy snowfalls in the mountainous areas primary reason for such a situation seems to beof California suspend all work except some rock "tradition". Hopefully those agencies constructing
excavation. When absolutely necessary, California low volume roads will be less restrained by historic
accomplishes highway embankment construction precedent, and can be motivated to experiment in
during cold weather by maintaining 24 hour shifts order to achieve some of the potential economic
to keep the soil in an unfrozen condition, advantages.
Kansas also uses the continuous construction
app roach oln occas ion.

Colorado normally does not permit the placement Acknowledgments
of soil during freezing weather, but suggested a
"div uncompacted lift" be placed prior to shutdown The research reported herein was sponsored by
to act as an insulating blanket. This lift can CRREL and the School of Civil Engineering atthen be reworked at the start of the following shift. Purdue University. Appreciation is expressed to Mr.
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USE TIE GEOTECIVNICAL DATA BANK!

Gary D. Goldberg, Woodward-Clyde Consultants
C. 14. Lovell and R. D. MilIes, Purdue University

Abstract The need therefore exists to make this

information more accessible both for the engineerComputerized systems of data storage, retrieval interested in detailed information of a site andand analysis for information about the soils and the engineer interested in general soil character-
rocks within a state are being used relatively istics over a large area. A computerized geotech-frequently. These systems have particular and nical data bank is the most efficient, expedient,special potential uses in the design of low-volume and economical way to reduce the accumulated dataroads, where the funds to generate original to a form which can readily be made available togeotecinical data are very limited. This paper interested individuals, such as highway engineers,
briefly describes the data likely to exist in such geotechnical engine rs, contractors, and land use
a system, how to access them, and what kinds of planners.
predict ions can likely he made from them. Of This pape' briefly describes the development of
special interest are: (1) frequency distribution a computerized geotechnical data bank, includinganalyses of particular soil characteristics to the data likely to exist in such a system, anddetermine typical magnitudes and variabilities the kinds of predictions that can likely be madewithin a given area, and (2) correlation of simple from them. Of special interest are: (1) frequencyand easy-to-measure soil characteristics with distribution analyses of particular soil
parameters that require complex and costly tests, characteristics to determine typical magnitudes andEither approach may supply appropriate presumptive variabilities within a given area, and (2)
values for the structural roadway design, which can correlation of simple and easy-to-measure soilhe vrified by original subsurface investigation characteristics with parameters that require complexif the budget permits. Specific examples are and costly tests. Both uses of the data are
drawn from the Indiana bank of geotechnical data. particularly appropriate to low volume roads,

where the geotechnical data generation for a
particular job is quite limited.

Tir1 need for geological, pedological and
geotechnical engireering information for' use in site Data Bank
selection, planning, design, construction, and
maintenaice of transportatlon facilities and of most Large amounts of geotechnical information forenineering structures is widely realized. Much of transportation projects are accumulated each yearLie information un it ially required by the engineer by highway departments throughout the United
is used in preliminary construction planning, site States and abroad. Geotechnical investigations
selection and for giuidance in further soil are conducted to provide surface and subsurface
invest igat ions. tifortrinately, most of these data information relative to soil, rock and water.are necessarily limited in quantity due to economic This information is used in selecting the proper
and time constraints. locations for the project and in making design

The engineer is therefore faced with tine decisions (3, Ii). Subsequent use of this
problem of detenrining the location, sequence, information after the design and construction of athickness, and areal extent of each soil stratum, project from which soil samples are taken andincl uding a description arnd classification of the geotechnical data generated has been limited (4,
soils and their structure, by extrapolating tire 10).
data from a few selected sites to an area many Recognizing this, geotechinical data banks havetimes greater than that which has been sampled. been developed in a number of geographic locations,
Even though large amounts of detailed soils data e.g., South Dakota (i), Kentucky (9), Indiana (2)are available from previous work performed during and Sweden (5). Tine authors' experience is with
planning and construction of nearby projects, tire Indiana data bank, where data have beenthese data are usually not readily accessible for collected from private consulting firms, privateuse, or their existence is unknown, soil testing firms, and from tests conducted by

the Indiana State Highway Commission (ISHC).
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What data are likely to be available from such All of this information is transferred to asources? The minimum information stored for a Data Input Form (DIF) such as is shown in Figure 1.
particular boring is: A User's Manual, explaining in detail the

operation of tile computerized data system, must be1. Location, prepared (2). Included in the User's Manual are
2. Gradational characteristics based on descriptions of the data items, the codification

standard sieve sizes and hydrometer analysis, scheme to make the system compatible with
3. Atterberg limits, computerized storage and retrieval, card formats,
4. Visual textural classifications, and card and column locations for each data item.
5. Color based on moist condition. Also needed is a listing of the programs used to

add additional data to the data bank, to checkIt is simple to write a computer program utilizing data input errors, to use the computer programs for
the above information to classify tile samples by data management and manipulations, as well as
the American Association of State lighway and example problems on the use of the data bank.
Transportation Officials (AAS1ITO) and Uified Soil
Classification (USC) systems (2).

Other inforation to be stored, if available, Benefits of the Data Bank
includes:

The benefits which can be obtained from the1. Organic content (loss on ignition), development of a computerized geotechnical data
2. In situ moisture content, storage and retrieval system can be divided into
3. in situ dry and wet densities, two major categories: (a) the direct use of raw
4. Specific gravity, data; and (b) the use of statistical methods to
5. Compaction test results, reduce the data to a usable form via distribution
6. California bearing ratio (CBR) characterizations, correlations, and predictions.
7. Unconfined compressive strength and Either approach may supply appropriate presumptive

failure strain, values for the structural design of low volume
8. Strength data from triaxial and direct roadways, which can be verified by original

shear tests, subsurface investigation if the budget permits.
9. Consolidation test results.

In addition to laboratory test data, field Direct Use of Raw Data
information to he stored should include:

A computerized geotechnical data bank providesI. Project identification, the capability of retrieving an extensive listing
a. project number of available soil and rock information both quickly
b. contract number and economically. For example, the location of
C. road number possible sources of granular and select borrow
d. data collection agency materials could be facilitated, along with route

2. Sample location, selection studies and right-of-way appraisals.
a. county Problem soil areas may be identified. In addition,
b. district the compilation of large scale engineering soil
c. townsh ip maps and profiles based on engineering
d. range characteristics is possible (1). This information
e. section would he of particular value in locating low
f. eille number volume roads.
g. stat ion number
h1. offset ani the left or right direction

from the centerline Statistical Methods of Data Reduction
3. Sample Identification,

a. horing number Statistical methods are used to study the
b. laboratory number variability of soil properties, to compare one
c. saml in); procedure soil type to another, and to group soil types4. Date the sample was taken from the hole, with similar soil characteristics. Various

5. 1hy:siographic region, correlations among selected soil properties can
0. Parent material from which tile soil has also 1e useful to the engineer when extensive

been derived, laboratory testing is not possible (8, 12).
7. Ground surface elevation, 'rhe first step in assessing the variability and
8. l)epth from which the sample has been typical magnitudes of selected soil characteristics

removed, is to develop frequency distribution characteriza-
9. Dlepth to bedrock, tLions of selected soil properties. In an attempt

10. lepth to groundwater, to explain the variation in the data, the soil
1. Standard penetration resistance (SPT), samples may be grouped according to physiographic
12. Pedological soils Information, regions and parent material area. Figures 2

a. soil association name through 4 graphically illustrate the range, 95%
|). soil series name confidence interval, and the mean of selected soil.
c. horizon parameters, based upon such groupings for Indiana.
d. slope (topographic) class These values will help the engineer LI obtain an
e. erosion class idea of the e._xcted values of the soil parameters.
f. natural soil drainage class Prediction models of parameters that are
g. permeability difficult to measure and therefore require complex
h. flooding potential and costly tests are potentially of value if
i. frost heave susceptibility correlations can be made with simple and easy-to-
j. shrink-swell potential measure soil characteristics. This was attempted
k. pH1 for tile Indiana data with dependent variables of:



142

(i) coefficient of consolidation (Cc) and compres- state, but generally the relations were stronger
sion ratio (Cr, which equals Cc/l+eo, where eo is when the population of samples was from a smaller
the initial void ratio), (2) unconfined compressive geologic or pedologic unit.
strength (qu), (3) standard Proctor maximum dry As new data become available for incorporation
(Yd ) and wet (Ym ) densities and optimum into the data bank, they should be used formax max validating the existing prediction models. Themoisture content (wopt), and (4) soaked California reliability of the equations can subsequently be
bearing ratios (CBR) at 100 (CBRS0I) and 95 (CBRSO2) improved. Soils information which was essentially
percent of standard Proctor maximum dry densities. "lost" after a project was completed, can now be

The independent variables included: (1) initial utilized for future highway projects and improve-
void ratio (eo), natural moisture content (wn), ments. The data bank should be maintained for all
natural dry density 0(d), liquid limit (wL), potential users, particularly the designers of low
plastic limit (wp), plasticity index (I ), percent volume roads. Initial access to the bank for the
cla,, overburden pressure (po), and preconsolidation latter group would undoubtedly be on a manual
pressure (p) for tile consolidation test data; basis, with possible computerization later.
(2) WL,, Wp), w , 'yd and liquidity index (1 ) for
tile uncon fined compressive strength data; and (3)
wl,, w, I , and shrinkagi limit (ws ) for tite Acknowledgments
compaLtioA and CR test data.

If a particular dependent variable resisted The authors are grateful to the Joint Highway
state-wide modelling, or if data were contained in Research Project of Purdue University, the Indiana
significant quantities to justify modelling on State Highway Commission, and the U. S. Federal
smaller units, that is, physiographic regions, Highway Administration for their financial support
ptarent material areas, and in some cases on soil of the research reported herein.
types, the data were grouped accordingly to
determin,2 if the prediction models could be
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Table 1 Summary of Regression Equations for Prediction of Compression Index (Cc) and Compression Ratio (C ).

Unit Dependent R2  Regression Equation Number of
Variable a Samples, N

0.856 'c = 0.5684 (e° + 0.0033 wL - 0.0082 wp + 0.0329 Pc - 0.4322)
All C 0.800 C = 0.5363 Ce - 0.4110) 96

S ml sc c 0C

Samples 0.792 Cc = 0.0002 (w2 - 106.2727)
c n

0.783 Cc = 0.0129 (wn + 0.1015 wL - 16.1875)
----------------------------------------------------------------------

Cr  0.691 Cr = 0.2037 (e. - 0.2465)

Cc  0.838 C = 0.5673 (e° - 0.4422)
-------------------------- -------------------------------------------

log C 0.831 log Cc = 2.7904 (e - 0.3346 e
2 

- 0.8449)
Wabash c -------------- 0 0 ----------------.-------- 29
Lowland 0.750 Cr = 0.221 (e - 0.3074)

Cr  0.748 Cr = 0.0065 (wn - 11.6361)

0.735 Cr = 0.0034((eo ) (wn ) + 8.3647)

0.859 Cc = 0.0101 ((e ) (wL ) - 0.5765 w1 + 12.665)

0.833 C = 0.0114 (wn + 0.2491 wL - 18.8134)

Crawford C 0.788 C = 0.4941 Ce - 0.3507)Upland c c (e
0.777 C = 0.0133 (w - 12.1886)c n 28

0.740 C = 0.0001 (W2 + 455.8889)
r n

Cr  0.736 Cr = 0.0033 ((Ce ) (WN) + 12.5168)

0.721 C = 0.1164 (C2 + 0.3594)r 0
0.894 Cc = 0.6076 (e° + 0.003 wL - 0.0095 wp + 0.0430 pc - 0.4186)

Outwash C 0.842 C = 0.5621 co - 0.4215) 63and c c (e 6
and 0.822 C = 0.0153 (w, + 0.1022 w - 0.3104 w - 11.6123)Alluvial c I Lp
Deposits log C 0.772 log C = 2.1389 (o - 0.2967 e2 - 0.9374)

c c o o
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Table 2 Summary of Regression Equations for Prediction of Unconfined Compressive Strength (qu).

(qu in kPa; Yd in kg/m 3 )

Unit Dependent R 2  
Vegreseton Equation Number of

Variable a Samples, E______________________Samples, N

Calumet
Lacustrine qu 0.756 qu= 0.00268 (y2d 37.333) 40
Plain

log q 0.750 log q = 0.025-7 2Y 1625

Lacustrine 2
Deposits log qu 0.699 log qu 0.0257 ( + 116.150) 48

Table 3 Summary of Regression Equations for Prediction of Standard Proctor Maximum Dry Yd ) and
Wet (y ) Densities and Optimum Moisture Content (wopt). max

max (-('s in kg/m 3

Unit Dependent H2 Number of
Variable a Regression Equation Samples, N

All
Samples wop t  0.894 wopt = - 7.958 (yd - 9.005) 138

max

log 'd 0.816 log Yd = - 3.683 (/wL + 0.127 log wL - 0.454)
max max

0.785 log Yd = - 0.224 (log wL - 5.269)

max

Valparaiso Ym 0.790 Y = -7.118 (log wL + 9.962 (11wL) - 2.976)
Mo rainaL max max 26
Area log y 0.694 log Y = - 0.135 (log wL - 8.294)

max max

0.972 wop t = 11.649 (ym - 1.298 yd + 3.203)
otmax 1.9 ma 323

wopt 0.870 wopt = 6.769 (yd - 9.355)
max

0.810 wept = 23.0357 + 0.002 (wL) (wp) - 285.939 (I1w/L)

Residuum Yd 0.772 Yd = - 7.0843 (log wL + 14.095 (1/wL) - 2.906)
of I na x max
Limestone log w 0.781 log wo p t  0.004 (wL + 22
Bedrock opt = - L 259.0381)
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Figure 1. Data input form (DIF).
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Figure 3. Distributional characterization of plasticity index.
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UTILIZATION OF SULPIIJR-TREATED BAMBOO FOR
.OW-VOLUME ROAD CONS'TRUCTION

H. Y. Fang, Lehigh University

This paper pr'esents the current research find- Engineering Properties of Bamboo Culmings on the utilization of sulphur treated bam-boo for road construction. Basic engineering In using bamboo for engineering application, itproperties of bamboo culm (stem) including modu- is necessary to examine the basic characteristicslus of elasticity, compressive and tensile of bamboo culm (stem). Bamboo consists of two dis-strength, as well as bamboo-water interaction tinctive layers of fibers. The inner portion isare summarized and discussed. Two major appli- soft and spongy-like with a white color containingcations, namely: bamboo rod used as a substi- 157 to 30/ of the fibers. The outer portion istute for steel bar in structural concrete and stiffer with a light green or yellowish color andbamboo reinforced earth are presented. Perfor- contains 40/ to 604 of tile fibers. As indicated bymance and durability of bamboo structures for Fang and Fay (9), the fiber content and its behaviorengineering uses are examined. Finally, a field are mainly related to the bamboo age, type of bam-application procedure for bamboo used as rein- boo and its sampling location within the culm.forced earth for protecting low-volume roads Figure 1 shows the variations of fiber contents ver-against landslide is proposed. sus sampling location (11,17,22). It indicates that
the bottom portion has more fiber content than the
top portion. The aged bamboo (3 to 6 years old) has
more fiber than young green bamboo. The generalFor road construction, large quantities of ma- strength characteristics of bamboo fiber and culmterials are generally required. Since economic con- include tensile strength and compressive strength,sideration is one of the major decision factors, it modulus of elasticity, modulus of rupture, specificis necessary to examine alternate or low-cost mate- gravity, and others as summarized in Table 1. Basedrials for future road construction. In some regions on previous and present research findings, it can bethe conventional construction materials, such as concluded that the aged bamboo gives higher strengthsteel, not only are costs high but also hard to get. of all kinds than green (young) bamboo. The bottomIn such regions, the ucilization of indigenous and portion of the bamboo has higher strength, higherreplenishable material is ideal for road material, specific gravity than the top portion of the bambooand it is believed that bamboo is one of such an culm. TD consider bamboo for conioaris-n with otherideal material (6). materials, Table 2 lists the srreugth-weight ratioBamboo is classified as bambuso!,deae or as Bam- of various materials among whi h the strength-ratiobusaceae. It can be found in many parts of the of bamboo shows an excellent condition. Since bam-world and has been used as a low-cost construction boo is a fiber material, the longitudinal and trans-material for many years. However, bamboo has a verse directions are different. To examine thismajor weakness due to high water absorption poten- point, a Pennsylvania bamboo has been used for study.tial which leads to swelling-skrinking and decay Iwo strain-rosettes were installed on the surface ofand perhaps these factors are the main reason why bamboo culm, one on the knob (joint) and the otherbamboo is not widely used in today's modern construc- one between the knob. The typical stress-straintion. Recently, a low-cost simple treatment techni- curves of the bamboo culm are shown in Figure 2.que using a sulphur-sand method to overcome the above Both with and without knobs, the longitudinal di-mentioned problems has been developed (7,10). The rections have higher strain.purpose of this paper is to present the additional Using bamboo rod for reinforcement of toncrete,research findings on bamboo rod used as substitute the b.-7boo-water interaction should be examined.for steel bar in structural concrete and to :ein- Bamboo will swell or shrink during a wet-dry cycle,force earth with a bamboo mat and/or bamboo-lime and consequently, causes a loosening at the bamboocolumn for new or existing highway embankments. matrix interface and cracking. Fore reinforced con-Basic engineering properties of bamboo and durabil- crete, the bamboo absorbs the moisture from freshity of bamboo structures together with the field concrete and swelling occurs. If the swelling pres-application for low-volume road construction are sure of the fibers is large enough, it pushes thealso presented. wet concrete aside. At the end of the curing period
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when tile concrete becomes hard, the bamboo having projects around the nation for protecting dams, em-
lost the water shrinks, leaving voids between the bankments, etc. against landslide potential. Re-
bimboo rod and the concrete. The mechanisms of ham- cently, the concept has been extended to the use of
boo-concrete interaction during the curing process other materials to form tensile reinforcement ele-
are lisciussei In references (8) and (9). Figure 3 ments of various configurations and sizes, such as:
shows the *..'ater absorption potential of various barn- plastic membranes, fabrics, timber or corduroy mat,
boo culms, and how the sulphur treatment techniques bamboo mat or strips and paper grid cells (4,5,11,
,;in rebhice the ibsorption potentials. 13,16).

As previously mentioned, road construction re-
quires large quantities of materials. Since the

.... t ieconomic factor plays an important role for road
construction, using inexpensive bamboo mat or stripsIsing bamboo for reinforced concrete was started is one of the most attractive materials for rein-

early in 1914 by II. K. Chu at Massachusetts Insti- forced earth construction.
tute of l'echnology (2). Since then, similar studies Seismic responses of bamboo-reinforced earth
have been made in China, (;ermany, France, Japan, the also show good results in comparison with non-bamboo
Philippine;, India, Eigypt, Colombia, and more re- reinforced enbankments, earth dams, and adobe walls
eatlv at the Saterways Experiment Station (3). (8,11,14). Figure 6 shows the proposed field in-

d on their general ctlusions, bamboo has three stallation layout for bamboo used for reinforcedmili or '.:tktessee of 1o,' modulus, low bond stress and earth. For the existing earth embankment or dams,
hi h water a bsorption potential which leads to swell- the vertical-type bamboo-pile is recommended, as
in, slrtnkinla and deca,. Iherefore, using bamboo shown in Figure 6(a). The length of bamboo culm
for a Sihstitte Stee l bar in structural concrete or should be larger than the depth of the theoretical
OthOe OtI1lV ering aippl icat ions creates certain pro- failure plane. This theoretical failure plane can
t, h . ,V mentioned previously, a low-cost simple be determined by conventional slope stability ana-
technique ainag tlhe salphitir-sand treatment of ban- lysis which is ovailable in any standard soil me-
boo rod ,.ill give better resoults (10)). The proce- chanics and foundation engineering textbook. Since
dinre can he briefly descrihed as follows: a I I lam- bamboo culm cannot take large impact loading, it is
ho speiit ,,e Sa1nd b lasteid and thin wire suggested to first excavate a boring hole and then
.rtped airound the bamboo au lm. Then the sgecimens install the bamboo culm. The boring hole should be
vcrv impregnated .,.ith molten sulphutr at 280 to slightly larger than the diameter of the bamboo culm
'3 ()P)I: for aJproxim, ttelv one hoalr and then air dried. to be used. The voids between the bamboo and soil
1'efore the salphir-impregnat bamboo is completely i.all in the boring hole are then filled with benton-
dry, a ioat ing of sand is applied. The ma in reasons ite or quicklime as shown in Figure 6(b). 'fhe small
for treat in, bamboo wi ith mol ten sil phur are: to in- diameter type of hamboo (varying from lcm to 5cm)
rease the onfined pressure and to redutce the .ith lengths varying from 3m to 5m is preferred.

(racks dur ing loading ondit ions, to waterproof the 'The bamboo cuIm should be placed with the toll part
baimhoo to iinmi;'e its swi.'elling-skrinking potential first as shown in Figure 6(c). The reason for this
a,; shown in Figure 3, and to aid the uniform coating is to utilize the bamboo's natural branches in order
of sand adhere to the bamboo surface making a rough to increase the skin friction of the bamboo culm.
surface in order to increase the bond strength be- For long-term use, tile bamboo culm should be treated
t',een the banihoo and concrete. A series of experi- with molten sulphur as described in a previous sec-
metts ising (×6"x'O " (15.2 m x 15.2cm x 76.2cm) and tion. tUsiog quicklime as a filler between bamboo
6"xWix72"' i15.2cm x 15.2cm x 182.9cm) bamboo-concrete culm and soil wall in tile boring hole has shown many
teams for examining the load-deflection characteris- advantages doe to the natural characteristics of
tics of the beam ,-ere conducted. Various water- water absorption and volume expansion of quicklime
cement ratio, si;e of bambioo culm, and position of (1,12). It also indicates that lamboo-lime com-
bambooii (1it in the concrete beam were studied. . lhe posite pile not only increases the bearing capacity,
curing, periods were all reached in 28-days. A typi- but also has high earthquake resistance. This type
cal load-deflect ion curve is shown in Figure 4 and of material is useful for reinforced earth in earth-
the failure mode of the bamboo-concrete beam is quake regions where the conventional construction
shon in Figure 5. In all cases, tile concrete per- materials are hard to get. It is also useful in
lion reached failtire first (see points A ,,C, and I) low-volhme roads, such as forest roads and many
in FIgure 4) and the bamboo fiber in the concrete roads in developing countries (6,15,19).
held together showing the ductility characteristics For reinforcing new embankments or dams, tile
of concrete structures. horizontal type of bamboo mat or strip .s suitable,

It is understandable, that for bamboo reinforcing as shown in Figure 6(d), 6(e), and 6(f). Standard
concrete there is mutch less strength than in steel AASIITO compaction criteria should be applied on each
reinforced concrete in compression, bending, and layer, in order to minimize the voids between bam-
rupture, however, hamhoo shows high strength-weight boo mat and soil layers. The bamboo strip or mat
ratio and a unique hehavior of ductility which is also should tie sulphur treated. A suggested bamboo
very useful in earthquake regions or in developing mat is shown in Figure 7.
countries (15,19) espec Lilly for low-volume road
cOis t ric t ion.

l)urability of Bamion Structures

Reinforced Earth 'ith 1bamboo The durability of bamboo is one of the major

objects for our concern. A review of the literature
The purpose of reinforced earth is mainly to in- on bamboo durability indicates that there is very

crease the hearing capacity of weak sutgrade soils, little factual information available. However, a
or to increase the resistance for retaining struc- survey was made on the performance of existing bam-
lures. le original concept developed by Vidal (21) boo structures throughout the world indicating that
was used with thin metal strips placed horizontally bamboo structures could stand for a long period of
in layers heli together by internal friction between time. Figure 8 shows one of the many case studies
the reinforcing strips and the material. This tech- carried out by the (;eotechnical Engineering Division
nique has been used frequently in various highway at Lehigh University. It shows a non-treated bamboo
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Table I. Summary of strength characteristics of bamboo culm (stem).

1 Tensile Strength Range References

U.S.A. 485 to 1,760 kg/cm 2  (3) (9)
Japan 390 to 3,789 " (25)
Philippines Ave. 1,674 (with knob)

Ave. 2,371 (no knob)
India Ave. 1,547 (inner layer)

Ave. 3,199 (outer layer) (18)

Egypt Ave. 1,920 (with knob) (24)
Ave. 2,600 (no knob)

China (Ta iwan)
Ma-bamboo 2,546 to 2,751 (17) (22)
Makino-bamboo 3,061 to 3,452

2 Compressive Strength, kg/cm
2

U.S.A. and others 460 to 610 (3) 20)
Taiwan 404 to 929 (6) '(17) (22)

3 Modulus of Elasticity, kg/cm
2

U.S.A. and others 54,300 - 149,100 (3) (6)
Taiwan 45,313 - 176,988

4 Modulus of Rupture, kg/cm
2

Taiwan 649 - 2,180 (17) (22)

5 Specific Gravity 0.30 to 0.80 (3) (22) (17) (25)

6 Poisson's Ratio 0.25 to 0.409 (3)

7 Coefficient of Thermal Expansion

Across Fiber 0F Ave. 23.70 x 10-6
Parallel to Fiber F Ave. 1.42 x 10-6 (

8 Creep - Stress-strain-time relationships see Ref. (11)

Table 2. Average strength-weight ratio of various construction materials

Material Types Compressive St ength Specific Gravity Strength/Weigth Ratio Strength/Weight Index
q, kg/cm G q/G with respect to Steel

Bamboo 742.0 0.72 1030.06 1.26
Steel,hot rolled 6,400.0 7.80 820.51 1.00
Zelkova wood 558.5 0.700 797.86 0.97
Cast Iron 5,637.0 7.20 782.92 0.95
Quartz 2,000.0 2.65 754.72 0.92
Wrought Iron 4,227.0 7.70 548.96 0.67
Dolomite rock 1,500.0 2.80 535.71 0.65
Bronze 3,946.0 8.17 482.99 0.59
Copper 3,170.0 8.92 355.38 0.43
Sandstone 750.0 2.30 326.09 0.40
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Figure 3 Absorption Characteristics of Various Bamboo Culms
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Figure 4 Load-Deflection Curve of Bamboo Reinforced Concrete Beam
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Figure 7 Bamboo Mat Used for Reinforced Earth.

Figure 8 Bamboo Reinforced Concrete Wall Built in 1940 Found in
Vicinity of Taichung Harbor, Taiwan, in 1976. Shows
Bamboo Culm Inside the Concrete Wall Still in
Excellent Condition. (Courtesy of H. C. Chiu,
Taichung Harbor Construction Bureau)
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TIHE OPTImuMi USE OF NATURAL MATERIALS FOR LIGHTLY TRAFFICKED ROADS
IN IEVELOPING COiNTRIES

M F Mitchell, E C P Petze, and N van der Walt, Division of
National Roads, Department of Transport, South Africa

The planning, construction and maintenance of be used in the most appropriate socio-economic manner.
lightly trafficked roads are discussed, with Road development funds which are provided in the form
particular reference to the optimal use of of "package deals" with constricting conditions are
local materials and resources. Attention is not in the best interest of developing countries;
drawn to the importance of terrain evaluation they do not lead to self development of the inhabi-
techniques for improved road location and tants of the countries concerned since they are
construction material surveys. The importance normally conditional upon the use of expertise and
ot an intimate knowledge and appreciation of equipment from the highly developed donor country.local conditions and terrain for optimum The optimum use of local labour forces, and of
serviceability is stressed. Foreign aid local materials anti construction techuiiques is of
often covers only the planning and construction prime importance in the development of the infra-
phases of development and loses interest structural system. It is also essential that
during the maintenance after completion. This adequately trained personnel and suitable resources
aspect is of particular importance to the be developed during the course of construction so
financing innto!utions to expand the export of that continue(] maintenance of the facilities can be
expertise and equipment for maintenance. The effected. All too often the mistake is made of
Importance of, and examples illu;trating providing over sophisticated facilities which quickly
procedures to promote labour intensiveness deteriorate due to inadequate and ill-advised
in highway construction in developing maintenance. Since the roads provided as thecountries is mentioned. Examples of tertiary network for developing countries generally
materials standards for gravel surfaced lightly develop into major routes, and also since they
trafficked roads, and the experience on normally generate heavy axle loadings (trucks andwhich they are based, as well as the novel buses) rather than the lighter loading associated
applications of certain natural resources with the extensive use of cars, it is essential
are discussed. Geometric standards ;rnd that these roads be designed so as to easily permit
drainage applicat ions that have been found to later upgrading, with minimum disruption to trafficbe particularly practical are highlighted, both geometrically and structurally, into arterial
Approximate cost estimates are included for facilities.
the various grades of roads discussed. For this reason stabilisation of the pavement

layers using in-situ, or nearby occurring natural
gravels is from a cost benefit viewpoint normally
the best approach, since these layers will thenin most countries in the world, and especially form an ideal subbase for the heavier pavements

in Africa, trade routes have been established over which will follow with time.
the centuries. These routes form the basic Since the geological history and road building
backbone to the infrastructure as such, and] conditions in many of the world's developing
should be considered as a fixed system. countries in South America and Africa is very similar

Industrial and agricultural development, as well to that of South Africa, and also because Southas the cre;ation of new towns and villagos, and the Africa has during the last 30 to 40 years experienced
chlniige from a suhsistence-ecouimy to a market the socio-economic conditions now pertaining to
economy requires encouragemen t through the provision these countries, It is considered that South African
of an infrastructure, consisting mainly of a experience in respect of the development of a
tertiary road network, to germinate economic system of low cost roads will be of considerable
advance. benef it.

The obtaining of unt led capital funds for
developing countries poses problems, and consequently
it is essential that the available capital resources
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P lann in_ A mutual understanding of the requirements and
limitations of the method is essential.

Terrain Evaluation for Location and Design Road geotechnical engineering is an art -
which depends for a large measure for its success

In order to ensure that from both geotechnical upon the exercising of sound judgement; and sound
and materials usage aspects the proposed road is judgement comes from long and tried experience,
located in the optimum economic position, it is based on acute observation.
essential that terrain evaluation studies be carried Of nothing is this more true than in the field
out . The terrain over which the proposed road is to of geotechnical engineering and it is in this aspect
be cons tructed is general ly variable, but the of the project where the study of, and decisions
variables are the results of recognisable geological based on an appreciation of ground conditions can
processes, where the interaction between geology, have major economic consequences that there should
cli:ate aiil tim- products a myriad of landscapes, all be a combined effort with mutually accepted
of which ,art, interpretahle in terms of materials responsibilities between the terrain evaluator and
p rope rt is. the highway enp i neer.

The basic o) ject iv of terra in evaluation is to
communicate the relevant materials terrain data to Optimum 'rocedures for Prospecting Road Building
the desig n eigineer and cuosequently only those Materials
attribites rellevant to the Plrpose inl hand are
tv,luatt,,l and presented in a form intelligible to About seventy percent of the cost of road
the ngineetr construction Is associated with tile use of materials.

The actual reuirments vary according to the This is especially true for low cost roads where it
pr tiett, lut art, cotv'-red broadly hy tile becomes economically essential that all available
foIIo lin,.: sources are located and taken into account for

design purposes. It is also important that the

1. location of coi,;trietion materials, search for construction materials be undertaken
2. assessment if' centre line in-situ materials, on a logical basis and not as Is often the case, In
3. assessment of relative quantities and a haphazard random fashion.

distrihut iln of hard and soft materials, The use of air-photo interpretation has long
4. definitiol of drainage and slope staility since been recognisel as an aid in the search for

, robI ems, construct Ion materials. In addition the establish-
5. definitioi of areas of sub-surface moisture ment of data banks for the storage of data per-

and eri'siou problems, tatntng to road materials usage for particular
6. de f ii It i on of areas of expansive or region has been encouraged, e.g.,

collapsible soils, "It is desirable to establish a permanent
7. ihefinit in of climatic and weather exchange of 'know-how' and Information between

coutlit ions developed and developing countries with a view
to the adaptation and utilization of project

As manv of these criteria can only he techniques by tile latter countries, particularly
qualitativt, lv described at the early design stage as regards terrain evaluation, use of computers and
durini which the evaluation of the terrain automatic drawing of road projects as well as the
occotrs, it is essential that the design engineer establishment of road data hanks and the gathering
ptii5t55s 0 (li-.]p svmpathy and understanding of tle of geological data" (1).
native geolo, gv and of tle influence of local Iuring the last 8 years a system for the storage
geological PIrocesses upon the terrain. and retrieval of information Pertaining to the

Terrain evaluation procedures generally lean occurrence of road building materials as well as
heavilv oi air hoito interpretation and it has its uses, !ncluding problems and construction
btell found in South Africa that the amount of hazards, has been operated in South Africa as an
information obtojined from interpretation, and atlt to materials prospecting. Tie procedure is
the dt-gree of reIianct that can he placed on the based on the extrapolation of data from previously
informat iin so Producedl] is prolortioial to the prospected areas to new areas with similar
deret if tihte interpre ter's experience beyond ils phys iography.
basic training, and alsii to th- extent of The more important soil-forming factors which
confirmatory field work undertaken are considered responsible over a period of time

Ill addi t ion the hegrete (f comimiicat ion between for tue technical properties of any material or
the interpreter and the design engineer has an soil class are tile natural condtiot1n i.e. parent
effect upuon the success of the work. Blecaiuse of material, climate and relief. If any of these
terrain tvaluation's essential ly practical origin contditions change the materials types and problen's
in Soth ,',frici, it has been fumid that from thie change a1s well; on the other hand, one may expect
de.sign engin.er's viewpoint only limited detail the same technical properties in materials which are
r'-gardin the terrain attrihuites is necessary found in different localities but have tie same
in the tarlv stages of a project, and that ;is the parameters. Such a group of related materials has
projetict Progresses, different, and niorei detalleci been termed a material analogue and is defined as "a
information hlutcomle te ncssarv . A ci)ll l ui nllmber of material classes with the same parent

chan el of contioiicati(nl hetween the t-igineer and rock, climate and relief". (2)
th, interpre-ter is thus essential. Consequently the standard references Indicated

(oimlete integrity is required on the part of below have been introduced for the coding of
the interpreter and it is his dity to inform the material data and the description for storage and
engineer of possib le weaknesses in the informat ion, retrieval when requi red, of material analogues:
which may lit- either in the lack of sufficient
evidence um which to base his Supposition, Ill his 1. Parent rock, descriled in terms of litho-
own inaiility tii adequately interpret the photo- stratigraphy as applicable, and according to the
graphy, or in the lack of clarity as to what the legend of tie 1:1000 O00 geologlcal map,
engineer requires. 2. Weathering, based on the 30 year mean

annual rainfall.
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3. The relief of the area. 3. Construction planning.
4. Axle loadings.The general principle described above is notsufficient however to provide a field team with Traffic. 1. Data sourcesdirectives in their search for materials and a 2. Growth projectionsfurther reference is required indicating where 3. Functional classification

materials with specific engineering properties mightbe located within an area of the same material Climate. 1. Rainfall and run-offanalogue. It has been found that the most 2. Temperature extremesacceptable and practical reference is an indicationof the relevant land surface forms. The relevant Geometrics. 1. Design speedland form has therefore been chosen as a sub-unit 2. Horizontal, and especiallyfor materials data banking. It is described with vertical alignment.
respect to surface shape anti is defined as a termwhich describes the surface form of the locality Availability of Natural Road Building Materialsof road construction materials reasonably uniform 1. Data collection proceduresproperties or soil classes. 

2. Special problems (egInformation regarding the properties of swelling clays, swamps, shifting sand dunes)construction materials is coded as the probability 3. Treatment of problem areas.of locating suitable materials within any patti- 4. Treatment of problems andcular analogue. It is thus possible to conduct low quality materials.the search for road building mriaterials in a 5. Evaluating existing roadlogical fashion and at a saving in cost, both for foundationsthe time spent in prospecting and more especially 6. Treatment of existing roadbecause most usable sources are located. foundations where problems occur

7. Paiement design
l)esign and Construction Standards Drainage. 1. Type of culverts

2. Surface drainageIt is of importance, from al economic 3. Subsurface drainageviewpoint that a flexible approach be adopted 4. Prevention of pendingtowards the set tting of design and constructionstandards for low cost roads, whilst at the same Graded and Shaped Soil Roads (in-sit materials)
time recognising that geomet tric standards will
remain for the life of the road, which may hecon-l,!erablc, Ihoct tile initial tertiary roads will Design Considerations. This is the first fcrraldevelop into the future main communication links of step in forming a road from the rommon veld-track,the couttrV. and it is important for it to comply with tieIn addi t ion local knowledge regarding tihe following basic requirements:
performance of pavements using the naturallyoccurring naterials, as well as the construction 1. It should follow the shortest possible route,and maintenance capabilities of tile local populace, using tile most effective and economical align-Most he assitmilated in determining cornstruction ment. Consideration can be given to a so-calledspecifications. Various aspects should be kept in watershed alignment in order to limit drainagemind when making decisions in this respect. They structures. Particular attention should be paidinclude, inter-alia, topography, geology, drainage, to the fixing of the alignment to alleviate falsetraffic and srbgrade characteristics together with rise and excessive gradients since this appreciablyother aspects such as the sociO-tconomic climate, affects traffic capaci.-ies, particularly inprospects for obtaining future finance and situations where the peicentage of heavY vehiclesmaintenance capabilities, is expected to be large.The original network of National Roads for 2. Considerat ions for drainage and reasonableSouth Africa constructed in the late thirties and all weather trafficabtlity should be made.dr.ting tire forties has provided very good service, 3. Gravel should be placed only in difficult orand in many parts is still doing so following many rough sections (usually over pipe culverts).reseals, nominal widening, tie addition of climbing 4. Light traffic: not more than 30 vpd.lanes and tile application of thin bitrminousoverlays. Based on this experience over 40 to 50 Construction. Construction of these roads isyears tire following categories in tire development straightforward and tire equipment required can beprocess are suggested for low cost roads In anything from a mule-grader or ail ox cart to tiledeve lopig countries, latest equil)ment available. Hand labour can form

an important phase in tile construction of these1. Graded and shaperd roads (in-situ materials) roads. Construction costs can, depending on2. Graded ard s;haped gravel roads (imported circrmstances and equipment used, vary from a fewna t ii ra I g rave I) hundred dollars per kilometre to about 3 0003. Bitumen surfaced, naturral anti stabilised, dollars per kilometre. The local populace andgravel roads. their inherent skills should be used to the maximum
extent and ais much recource as possible should beTypical Design Standards and Applications had to handwork.

Tie folliwing cons Herat lons must be taken Maintenance. Malntenance will be dependant oninto account it formulating design proposals: the volume and type of traffic as well as tihe
climate (seasonal). Occasional shaping with a
grader - often by request of tire user - seems to beAdministrative. 1. Economic considerat ions, tire most economic sohtion. In the saniy conditions2. Alignment and services found in South West Africa (Namibia) a so called(land use). sand track grader has been found to be particularly
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useful In straightening the winding furrows in the Construction. Fill material is obtained from
road caused by the passage of vehicles, sources as near as possible to the road, generally

In some instances, the maintenance and construc- from within the proclaimed road reserve. The latter
tion of these roads is left to the users or a system method also facilitates drainage of the road.
of subsidized maintenance is adopted. In the Orange It is advisable and economical to allow construction
Free State, a province of the Republic of South equipment and traffic to compact the fill prior to
Africa, $325 000 and $360 000 were spent in the placing of the gravel wearing course. Often the
fiscal years 1970/71 and 1971/72 respectively on earthworks will have been constructed and used by
approximately 25 000 km of tertiary roads, ic about traffic as a lower category road. The so-called
12 dollars per kilometre per annum (3). 'Dig, load and haul' contracts for placing of the

gravel wearing course have been carried out with
great success by the provincial roads authorities

Shaped and Graded Gravel Roads in Natal and the Orange free State, two provinces
of the Republic of South Africa.

Roads ill this category provide an important Maintenance. Depending on the type and volume
service and call link smaller rural communities or of traffic, the life of the gravel wearing course
tie into the mavjor road network serving the area. is greatly influenced by the regularity of grader
Unpaved roads remain an important part of tile South maintenance and patchtng with gravel in places where
African road scene: in 1974, 143163 km (77 percent) tile wearing course becomes thin.
of the Repuihlic's rural road network was unpaved, An important factor is tile replenishing of the
while in Rhodesia 26322 kmn (78 percent), and in fines in tile wearing course from the shoulders or
South West Africa 28815 km (9i percent) remain sides of the road, where a good grader operator will
inpav d (4). always leave a windrow for this purpose.

It has been fot,,i that (lust se:tles onto the
Design Considerations. veld next to an average gravel road at a rate of

32 kg per hectare per month, creating an
Traffic voloise- 50 - 150 vehicles per day. environmental hazard for crops and stock (wool
lesign speed : 80 - 90 kilometres per sheep) next to stch roads (5). In South Africa

hour, depending on the potential dangers of thick clouds of diust from
terrain, traffic Is well known and create a limit to the

Gravel wearing course 5 to 7 m wide, 10 mm volume ol traffic that can be handled on these
colapacted thickness, gravel roads, part icularly in dry cl imates.

Crossfal I I in 40. The life expectancy of roads In this category
Shoh Idr width : 1 metre minimumi (fill before major naintenance is require, can vary

material). from 2 to 7 years with traffic volumes of about
Materials 200 to 50 vpd respectively. The first gravel
Fil : in-situ i materials mostly wearing course usually has a shorter life owing to

from side drains or consolidation and compaction under traffic, and
soircee: as near as it has been found that a second course added after
possible. 2 to 3 years considerably increases the life of

Gravel wea ring course : material and compaction the road.
standards to be control led,
am," specified as detailed Costs. Approximately 500 - 600 dollars per
below. kilometre can be spent annually on the maintenance

of a secondary road; construction costs vary
FIGURE I from 5 t00 to 12 000 dollars per kilometre with

construction units consisting of one or two
. .. ,L ... . graders, medius t l ldozer, front end loader, and

i u
1
, .ta I 1',0 6 to 8 tip trucks, Compaction equipment Is

i4o 1 40I 1imi ted to tile absolate minimoim or where conditions
S ... . necessitate special attention. Production can

N G t . " " , -_i.,,J .. reach tip to 10 km of completed gravel road perno.,. ,,...! L... ,0 , month using a, small construct ion unit.

"Gn. a" C O 10 ri Giod., C~t 10 0.11

Selection of Materials for tile Wearing Course
TYPICAL CROSS- SEC ION

'Te selection (if materials for gravel road
construction is predicated on Ia basis of
experience rather than structural pavement design
concepts and the criteria are related to rate of

Iri ll.1 loss of gravel anid the ability ti, permit the safeL d, l I , . passage of traffic in wet weather. An investig-
ation into the capal ill ties of various wearing
course materials, usetd over many thonusands if
kilometres and relatod to tie more common road

T1 ,materials tests has led to the following'r 7 standards being derived for materials rised a
wearing cimirses 1511 mm thick, compacted to an In-

I- , Iur sitti density of 957 (if thre Modified AASlI'0 effort

-- 1 j ,' - 1 0'. maximum density, and constrrcted directly over a
] , OF p . -. prepa rei stiligraie of local in-siti materials (6):

Fo

DETAILS O SURFACE DRAINAGE
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Abrasion. One of the most important criteria
has been found to be the resistence to abrasion
measured as the loss after 500 revolutions in the
Los Angeles Abrasion Machine. In order to provide TABLF 2 P PERFORIAIME PROPERTIES OF ?IA.'RA. rRAVrL WFARINC
a -easonably smooth ride in dry weather, and at the COURSE 4AT tIALS
same time not to cut up in wet weather, experience
has shown that a value between 30% and 60% provides 'on ir Plasticity Cosi finthe best results. Materials with a value of less a LiLt Index sand o .ent claythan 30% g neral ly do not provide sufflcient sand content clayfines to meet grading requirements. Corrugates less tharn - greater than -20 

55

Strength. The California Bearing Ratio value Du.ty when Dry less than - less thanshould not le less than 20 when determined at the 20 30
in-situ density. 

Ravels when Dry les th.an less t%.,n - lops than
20 6 6

Atterberg Limits. The following limits are Pdtholes whten 'Jet gr,:ater le~s than
recoanlenied : than 15 30

Slippery when Wet - greater -Lower Liquid Limit : 20 - 35 (ideally near 30) than 15
Plastic ity Index 5 - 15 Cuts up when Wet - less than greater

25 than 10
rt has been found that in the drier regions of

Southern Africa, a plasticity index as high as
22 has given satisfactory results especially in
control ling corrugations. The rainy season is In general the following characteristics applyusually of relatively short duration and to the gravels more commonly used in South Africa:
slipperyness does not create undue problems.
Relaxat ions of th is nature can also be considered Dolerites High coarse sand - Tend towhen pedogenic materials such as calcretes are content corrugateused. 

Low coarse sand - Tend to pothole
content and becomeG radi ng. The fol lowing gradin, envelonr,2s shown slipperyin Table 1 (after 95% Mod AASiITO compactioi Laterites Low Plasticity - Tend to corrugateeffort) have been found to he suitable I )r gravels: (Ferricretes) Index(Sand Clay mixtures do not necessarti, have to High Plasticity - Tend to pothole

meet these envelopes but should comply with the Indexother requirements). Sandstones : Low plasticity - corrugate and

Index erode easily
TASLE I : rRI t: RrI111:-rlS FR INTIVRO. TRAlt. W, 'Rr IHigh plasticity - Tendency to(T;s.0.: st I : , ._. Index pothole

Shales : Low plasticity - If ;oft - dusty
Pfercnt,,, I'l. ln hy 1 Mass Index

Sieve Size 31, rn r, 190 High plasticity - Tend to pothole37,5 mmmi 9. M n 11,2 r. mi Index,ine size sice

37,5 1 100
19.0 tn 7) - 100 100 Blending of Natural Materials
13,2 cm 60 - 85 75 - t00 100 Blending of naturally occurring materials can
4.15 r 0 - 60 50 - 75 6- c be highly beneficial in improving strength and
2,oo c.,n .(O- -j 35- O 45 - 75 maintenance free life. In the semi-arid regions0,42A r!j 15 - 40 li - 45 25 - 50 of Southern Africa natural gravels tend to be

0,075 ma 7 - 30 1 - 30 7 - 31 low in fines content and with plasticity indices
of around 10. This combination of properties is
not desirable for gravel wearing courses since it
leads to a tendency to corrugate. If such a
gravel is blended with a sandy clay soil (15 to 20%The grading of material should run prnile! by mass) a much more substantial wearing course

to the limits of the relative grading envelope results.
which applies to material subjected to the 95% On the other hand where naturally occurringHod. AASI1TO compactive effort and 4 days soaking. gravel deposits are at a premium it has beenWhen the grading of tile mterial is too coarse found that blending (5 to 20% by mass) of naturaland lies outside the envelopes correction of tile gravel with sandy soils improves compactability
deficiency in fines by the blending in of a suitable dramatically.
binder from the in-situ earthworks is often of
assistance. Bituminous Surfaced Roads

Performance. Table 2 indicates the behaviour
tendency of wearing course materials. The next stage, usually dictated by traffic

growth and general development of a region,
is the upgrading of gravel roads into roads with
a bituminous surfaced pavement, constructed with
sufficient structural capacity to carry the
increasing traffic loads.
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The additional costs required to upgrade a Minimum CBR 80 at 95% mod AASIITO (or
natural gravel wearing course road into a bituminous 0,75 MPa, Unconfined
surface road as described below is of the order of Compression Strength)
fifteen to twenty thousand dollars per kilometre. Maximum Plasticity 6

The philosophy proposed for developing countries Index
is that such roads should be constructed using Maximum Linear 3
equipment which is as simple as possible, and Shrinkage
which in addition can be used for other purposes, Grading A grading envelope is not
such as agriculture. Consequently as much use considered necessary for
as possible should be made of equipment such as stabilised layers.
disc harrows and trucks, both of which are able
to play the ir part in the other sectors of the For unstabilised base materials the following
economy, standards should be sought:

'here shouh be as li: tle recourse as possible
to sophisticated operat ions such as crushing of Grading Minimum grading modulus 1,5
rock to conform to the tight gradings commonly (CM % ret on 2 mm+0.425+0.075)
specified for crushed Ln . ase, or for the 100
multi-stage crushing operations required to produce
good quality aggregate for surface treatments. Plasticity Index: Not greater than 12 (pedogenic

By the time it becomes necessary to provide materials 15)
a bituminous surfacing to the pavements the Minimum CBR : For traffic consisting mainly
existing gravel roads will generally have been heavy vehicles: 60 - 70 percent.
subjected to traffic and the environment for a For traffic consisting mainly
number of seasons. Areas of water seepage will of motor cars: 50 - 60 percent.
have been identified and rectified and a stable
ground water regime will have been established. The above standards may be relaxed when sub-
In addition most of the settlement in embankments grades with a CBR value in excess of 25 are
will have taken place and soft spots in the encountered.
subgrade wil 1 have been relpaired. The subgrade When two layers of stabilised material are
which is one of the most important factors provided, the lower layer should have a minimum
influencing pavement performance will by now CBR value of 35 to 45 percent.
have "bedded down". Appropriate surfacing widths are 5,5 to 7,0

Recognising the great economic advantages in metres, with unsurfaced shoulder widths of 0,5
respect of performance attendant upon providing to 1,5 metres. Generally, the should-_r material
a degree of stiffness in the pavement by means of would not be stabilised and should conform of
cement itlous stabilisation, practice in respect the standards given for wearing course materials.
of structural road improvement in South Africa An example of a catalogue type design as
has generally been to stabilise the top 150 mm used in South Africa is shown in Figure 2 (7).
of tie existing wearing course materials on CATALOGUE DRAFT TRH 4 (1978)

SjRFCIN6 1 upicETREATMENT 
.gravel roads using either lime or cement, as a ' 1 BASE GRA'nt. G3o0 G5

first step in the upgrading of the pavement. The 8
flLA SE ..... . L3..R. - -. . . .

m st appropriate equipment for the adequate mixing EXECTE D MODE O DISTRESS DEFORMATION IN INITIAL AND REHAILITATE PAVEMENS)
in of the staluil ising agent is the disc harrow,
drawn by a sufficiently powerful tractor to operate
at the speed required to turn the material under LtTIAATED LIFE REKAILITATION 110'EBO)4tie discs. 10' 2

° 
J , 1, 6 3,5

Assuming that the wearing cource material /c,!o ' C '5 0./ ,3OR
conforms to the standards previously given, CHR L-9 .__Jo,LA 10,3_ LC .. J
values in excess of 60 percent should easily be
attained by the addition of 3 to 4 percent by SS OR ST 2STORSC
mass of either lime or cement, the agent used o - -- -" 50 2001 IS15
depending upon the plasticity of the wearing G4 G G3 0
course material. For plasticity indices of time 0 6 25 a,order of 8 or more lime is preferable because of -' G0135
the greater time available to complete the 5 ;S.
mixing and compaction process. 400

It. is common to differentiate between two " .
classes of composition of traffic in determining
the necessity or otherwise for additional pavement 600 __ -_
layers. Where traffic consists predominantly of
motor cars it would generally be sufficient to 00
immediately provide a surfacing to the stabilised
wearing cmurse. However time more normal case
in rural areas is where traffic consists largely 1000
of heavy vehicles, such as buses and agricultu-al
haulage vehicles. In such instances it is
advisable to provide an additional 150 mm layer 1200
of stabilised base material - particularly in I I 2 I - I.15° --- ' 3 0 11,- 0,20o,30. ,0o 2,olow lying areas or areas of poor subsoil drainage. '--I- .... 0,_,1, .. 02,

Pavement Standards. For stabilised base bol cod. M*e.... Ab....a.d sec.t.coto.
materials the following standards after -----
stabilisation are considered appropriate: G3 M Wl-- ,f, nMdo P1 . .6.c. .R. -

G! g--- m "I j IO.,oov... 2,n, i. 30CBR f4

) G? Sol-clod el PIUE12 I2, r 0

FIGURE 2
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Bituminous Sand Seal Surfacings Initial rolling by means of a 5 ton pneumatic
roller is advisable, however if a roller is notOnce traffic volumes on gravel surfaced roads available a lightly loaded tip truck, immediatelyincrease, it becomes essential for economical behind the sand spreader is essential for settingmaintenance and safety to have an all weather the sand in the tack coat.surfacing. Sand seal surface treatments have found It is recommended that the excess sand whippedwide application in many parts of Southern Africa off by traffic he broomed back once or twice,and this type of treatment has proved itself over particularly if bleeding is encountered. After amany years of usage over manv thotisands of period of say 3 months it is recommended that aki lomsetres. second seal be applied to rectify any deficienciesA sand seal consists of a cutback bitumen, shown by the initial seal coat.emulsion, or tar tack coat, and a suitahly graded The construction of a "thickened edge", roughlysand applied to a base course with or without 50 mm deep and 80 mm wide cut into the base anda prime coat. The use of a prime coat depends filled with clean (screened) natural gravel, gradedon the type and quality of gravel used as well as 7 mm to 2 mm and saturated with bituminous bindertraffic volumes, creates an effective cut-off to moisture that mayIt must be understood that with a sand seal enter the base from the natural gravel shoulder.the actual surface of tihe base forms the The estimated life between reseals, beforecontact surface with the traffic. If the evatl- general surface deterioration, potholing and edge

ability of good quality gravel is a problem or ravelling sets in, is between 4 and 5 years. Theonly available at great cost, because of lang hatils, cost of a sand seal treatment has been found to bemod ifyiog the top 75 mm of the base by adding a in the region of one and a half dol lars per squaregood quality natural gravel or crushed aggregate metre.
to "reinforce" the top of the base prior toapplying a seal -:oat is recommended. Bituminous Surface Treatments using crushed orWhere good quality natural quartzitic sand is natural Rock
available, a sand seal presents an extremely econo-
mical solution to a surfaced road for lght Although bituminous surface treatmentstraffic and can safely be used for traffic volumes (generally referred to as "chip and spray" treat-of the order of 300 vehicles per day to 500 ments) are not generally considered for thisvehicles per (lay in drier climates. It is category of road, mention Is made of them becauseessential to note that sand seal treatment is suitably crushed or screened rock may be availableparticularly dependant on the quality of the base as bye-products of other engineering activities.course and will fail disastrously when - In some instances a lack of suitable sand may dic-

tate the use of imported rock chips.1. the base is of a poor standard, This process is the most common surface treat-2. the road foundation is poorly drained ment for primary roads in Southern Africa and hasand, been developed to a high degree of sophistication.3. if the road has to take a substantial If considered for a lightly trafficked road how-volume of heavy truck traffic at any stage, ever, a so-called "single seal" will be applied on
the primed base (as for sand seal) sprayed with aPrior to spraying the tack coat a prime coat first spray of bitumen (penetration grade, cutconsisting of tar or cuitback bitumen may be back or emulsion) followed by 7 mm or 13,2 mm chipsapplied to improve the quality of the seal, and a second application of binder.sprayed at approximately 1,00 litres per square The maximum amount of stone that can be retained,metre. A tack coat, consisting of an emulsion is contained in the single layer that comes inor cutback bitumen, may le used sprayed at 1,5 to contact with the binder film; any over application2 litres per square metre. of stone is whipped off and may be a hazard toThe sand can be applied manually with spades traffic (windscreen breakages resulting). Thefrom a truck or by using time conventional push rate of binder application must be related to thetype chip spreader modified to allow a uniform average least dimension (ALD) of the stone. Itsand carpet tt) be spread onto the road is common practice in South Africa to split thesurface. The sand can be over applied in order to binder application by applying half the initialcreate a layer of sand of 3 - 5 mis in thickness on spray prior to the spreading of the stone chipstop of the base. If no prime coat is used and then spraying the remainder as a seal coat.allowance must be made for the tack coat to This results in much improved stone retention.establish cohesion with the base surface with Figures 3 and 4 may be used for design purposes (8).initial penetration, and an over application of the 3 URRN' NAASRA ??/AIOsand will tend to retard or stop this bond to the FCRER /I I PHbase. Each layer of sand must be spread at approxi- --- rlmately 170 square metres per cubic metre. Grading - - L...requirements for sand iare shown in Table 3. -': . -'------ -

TABLE SAND) sPEiIFCAT!IO FOR SAND SWL SRFACINGS 2"i-

Sieve S~ze Cumulativye percenmtage by mmm:s throughI*- -sieve I-
6,7 0,m 100 .
1, 1 - mm 40 

.65
600 um 10-35 7
300 um 0- 15 ( Z(3 NO 4 .0 FA FO 9 SO .0 oO 'O150 urn 0 -2 AL 0 o .

NOiCS

tLAmk_16 NLI'ONAL ASSOCIATION OF AUSTALIAN STATE ROAD
Fm F'LA, CS S (ROOT

THE LINtE O THIS GnRL
m  RtPRIStNt IE (5SIGN USED FTOE VAR "US AUT TORITIS MtNTIONEO AND AS SU1 INDICATET. 1LPPER AND LO*tR LIMITS OF SITONt APPLCATION RATETHE CURRENT INNS IS TE ONE RECOMMENOO FOR USE



. conditions be made. Soluble salts in the naturalIgravels and free water is common in many areas of
4Southern Africa and is often deleterious toIi bituminous binders if used for thin seal coats.

Netterberg and Maton reported to the Sixth
Regional Conference for Africa and Soil Mechanics

IJ'and Foundation Engineering in 1975, (9). that
it: damage due to soluble salts had been experiencedyI 'Ion at least 16 road construction jobs in South
I i IAfrica during the past 10 years and that similar

Sproblems have also been reported from Botswana
4 and South West Africa (Namibia).

The earlier symptoms of future distress gene-
rally occur during or soon after construction and

take the form of powdering of the surface of the1 00 newly compacted base or of the prime layer itself
"and/or tie deposition of whitish salt in blisters,

Scracks on the Surfacing or along the edge of the
surfacing. In the most severe cases heaving and
cracking of the surfacing occurs and the wholc

j o base may become loose.
TO IAII I* *' A ,IA If, 14 A ( GT E Damage can be prevented by limiting the content

or,. I V 1','. 1.' . ,of very soluble salt, either by identification
r''' .... , * o0 ,0 .. ' ,,through testing, or in certain cases by the

, .addition of high calcium content lime. The three
rainage of L~ightly Trafficked Roads most important factors affecting the occurrence_ lae ofLigll~yof salt damage appear to be:

The reduced geometric standards generally asso-
ciated with low cost roads allow better utilisation 1. the presence of soluble salts in the base,
to he mad,- of watershed alignments and in this subbase or subgrade,
way minimise the number of drainage structures 2. the length of time an unprimed or primed
required as well as reducing the necessity for base is left unsurfaced,
surface drainage facilities. The watersied is also 3. the permeability of the surfacing.
normal ly located on the better class materials
and this approach therefore has the added High calcium lime treatment should only be used
advantage of a resulting better subgrade condition, when the salts present in a material are kn,wn

The process of shaping the road, using the in- and furthermore this action appears necessary onlysitu materials within the road reserve to provile if the pit is less than 6,0 and the total soluble
adequiate drainai'e has resulted in improved salt content is more thou 0,2 per cent.perfi:rmar',ce of many kilometres of roads in Sea water has'been used successfully in the
Rhodes;ia and South Africa. coastal regions of South West Africa for base com-Careful consideration should be given to the paction ani reasonable success has been attained
sophistication of the structutres used for the with an early application of the bituminous seal
type of road. It has been found that the local coat (within two weeks). Generally however the
manufacture of concrete pipes is advantageous and use of sea water for compaction should be
preferable to box culverts, and much easier to restricted to layers deeper than 0,5 metre below
install, the surfacing.

Causeways or semi-low level bridge structures
render roads servicable for the greater part of the The Use of Calcretes in Road Foundations
year provided that flood levels are calculated to
allow fordable water depths over the strlictures The occurrence of pedogenic rock and in parti-for average type vehicles (approximately 450 mm). cular calcretes, is common to many countries in theAnother a; .!roaclh, especially in flat marshy or world and Southern Africa is fortunate in having
vlel areas, with only the odd seasonal flood, a variety of types occurring over an extremely
bit with permanent slow flowing water, is to wide area. In the RSA calcretes are the third most
provide a battery of concrete pipes adjacent to a commonly used road building material (10).fairly long (approximately 100 m) coarse gravel Calcretes vary from a fine powdery substance to
causeway at a slightly lower-level, with grouted crushable boulders and can be classified into 6
stone pitching, particuilarly on the down stream basic types, easily recognised in the field by
face. untrained personnel, viz, calcified soils,

powder calcretes, nodular calcretes, honeycomb
calcretes, hardpan calcretes and boulder calcretes

Special Problems, Techniques and Hlaterials (10).

It is on projects in this category that Prospecting Methods
engineering judgement and ingenuity is
chal lenged with each road providing its own host Air-photo interpretation is a very utseful
of special problems; this underlines the fact preliminary tool, because calcarious deposits
that the designer mitst have an Intimate knowledge usually show tip well. Another method is infra redof local or similar conditions, aerial photography because the hygroscopic moisture

content of calcarious materials is higher thanDamage to Roads caused by Soluble Salts that of the surrounding ground. (Borne out by the
fact that small burrowing animals usually dig theirIn tho construction of low cost roads, it is holes in these sources - cooler). Ground checking

desirable that the most economical use of of aerial photography is essential in order to
materials and particularly of water sources in arid
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ascertain the quality of the source. For this Conclusion
purpose a valuable tool has been developed by a
road inspector (see fig 5). The secondary and tertiary legs of the road

infra-structure in many developing countries are
NOTES 45- 50m often neglected thus impeding development andF. D the national economy. In order to utilise naturalI) DEPENDING ON THEr

PISTON/CYLINDER FIT Sohd MS Round a, materials as well as manpower to its fullest
It MAY BE NECESSARY Fo-r.g possible extent, knowledge of local conditions is
TO DRILL VENTILATION 200rn, " Renmooble Weght essential.
HOLES IN THE PISTON This has the effect of reducing costs to a
OR CYLINDER TO 15- PITCH THREAD minimum and consequently the dependance of
PREVENT AIR COMPRES 50.. developing countries. Donor countries offering
SION MS Round PPe this aid generally have well developed economies

and infrastructural facilities, hence appropriate
28- /WELDED TOP AND BOTTOM expertise is not always available within theseLO I D'12mTh~k C,,cu,0, countries. In such instances it is advisable to

MS P on consult with countries who have recently passed
Receed to loke Weld through this phase of development.
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Two other simple field tests have been devised
and reported by Netterberg (10) i.e. the Aggregate
Pliers Test that can be used by any field worker
using a pair of normal pliers and good judgement
in order to establish an approximate 10% FACT
value. Similarly softer calcretes can be crushed
by the worker's fingers - Aggregate Finger Value
(AFC).

It is also well known that a substantial
increase in strength of calcareous layers is
experienced with time, ascribed to self-cementation.

The successful uses of calcrete in road
foundation layerwork have been proven over many
years in Southern Africa. In many instances the
material ised would not comply with the usual AASIITO,
British and South African standards for the
particular application, however, perfectly
satisfactory flexible bases for light and medium
trafficked surfaced roads under relatively thin sea]
coats have been constructed. In the light of these
findings it seems reasonable to relax certain
materials standards in order to provide a more
economically locally suited facility.
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DESIGN OF EMULSIFIED ASPHALT-AGGREGATE BASES FOR LOW VOLUME ROADS

Michael I. I)arter, Steven R. Ahilfield, Patrick L. Wilkey,
Alois J. Devos, Richard C. Wasill, University of Illinois

This paper briefly summarizes procedures that detailed methods have evolved in the past few years
have been developed for both mixture and struc- including Chevron (7, 17), U. S. Forest Service (24)
tural design of emulsified asphalt-aggregate California (13), Asphalt Institute (8), Chevron (9),bases for low volume roads. The procedures are the Asphalt Institute Pacific Coast Division (20),
based on laboratory, analytical, and field and Purdue University (22). Most of these proce-
studies. The Marshall equipment, resilient dures are very similar to each other and basedmodulus, and a capillary moisture soak test are mainly on hot mix design procedures. These proce-used for determining structural and durability dures do aot necessarily optimize the material pro-
properties. The mix design procedure determines portions, but cnly attempt to meet certain minimum
the following: (1) suitability of aggregate and criteria such as percent coating, or stability.
emulsified asphalt, (2) compatibility of emulsi- Since many additional emulsified asphalt-aggregate
fled asphalt and aggregate (including acceptable mixture (EAM) projects will be constructed on low
range of premix aggregate water content), volume roads in the future, there is a great need(3) optimum moisture content at compaction, for standardized and verified design procedures.
(4) optimum residual asphalt content, and A major effort has been underway at the Univer-
(5) adequacy of mixture structural and durabl- sity of Illinois, sponsored by the Illinois Depart-
lity properties. These procedures are developed ment of Transportation and the Federal Highway Ad-
specilicaiiy for dense graded cold mix base ministration, to develop practical mixture andcourses of low traffic volume roadways. The use structural design procedures that could be used byof local aggregates has been particularly empha- various governmental agencies and others for lowsized in this study. A method to relate the volume roads. These procedures have been completed
cold mixture structural properties, as deter- and field tested. It is the objective of this paper
mined from laboratory tests, to the "structural to briefly describe the design procedures and prac-coefficient" of the base course was developed. tical results obtained from laboratory and field
Data obtained from specially cured specimens studies. Detailed descriptions of the research
during the mixture design are used to determinp results and design procedures and background on
the material's structural coefficient. The their development are contained in References 1, 2,
structural coefficient of tLe base is then used 3, 4, 5, and 6.
to select the required structural thickness
using the AASIITO Interim (;uide or similar design
procedure. The procedures were evaluated over a EAM Mixture Design
range of actual in-service pavements and mate-
rials, and found to give satisfactory results. The mixture design procedure involves the fol-

lowing major parts:

1. Aggregate quality tests.Stabilization of granular base materials, parti- 2. Emulsified asphalt quality tests.cularly substandard aggregates, with emulsified 3. Estimate of amount of asphalt emulsion
asphalt has increased in recent years in Illinois content.
and nther states because of economical and environ- 4. Compatibility of emulsion and aggregate.mental advantages. Field performance has been gen- 5. Optimum water content at compaction.
erally good, but because of lack of knowledge of 6. Selection of optimum asphalt content.
mixture and structural design, and construction cri-
teria, many problems have occurred.

Mixture design for cold EAMs ha.i largely been Aggregate Quality Tests
based on field experience and simple laboratory
mixing tests to estimate proportions of materials. Tests are conducted to determine aggregate pro-Some emulsion producers have over the years devel- perties and general suitability. Field experience
oped sfimplified mix design methods such as has shown that a wide variety of aggregates can beMeConnaughay (23) and Armak (18). A few more successfully used in EAM bases. These aggregates
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include crushed stone or gravel, pit or bank run Example:
gravel, slag, sand, and silty sand. Use of substan- Retained on #4 sieve = 35%
dard aggregates (that do not pass current specifica- Passing #4 and retained
tions) have made satisfactory EAN bases on low on #200 sieve = 57%
volume roads In Illinois. Only aggregates contain- Passing #200 sieve = 9%
ing excessive amounts of clay and certain hard to
coat aggregates have caused problems in cold EANs. R = 0.00138 x 35.0 x 57.0 + 6.358 logl 0 (8.0)
Excessive clay results in difficulty In mixing due - 4.655)
to severe ball-tip of the emulsified asphalt, a
longer time period required to gain strength, and a = 3.84%
relatively large amount of residual asphalt content
required for strength and durability requirements. Thus, the trial residual asphalt content,
A washed sieve gradation is required to determine R = 4.0% by weight of dry aggregate. To obtain an
the actual anoult of fines In the aggregate. emulsified asphalt content, it is necessary to

Perhaps the most useful and simple test is the divide the trial residual asphalt content, R, by
Sand Equivalent, which is a good indicator of the the fraction of residual asphalt contained in the
amount of excessive clay present. A Sand Equivalent emulsion. The following Is an example for a CSS-1
valute above 35 percent is predominantly granular and emulsion:
no excessive clay contents exist. Most pit run
gravels in Illinois are well above this level, Trial residual asphalt content = 4.0
provided the soil overburden has not been mixed into Residual asphalt in CSS-1 emulsion = 65%
the pIt. Aggregates having a Sand Equivalent from
20 to 30 percent are mIuch more difficult to stabil- Trial emulsion content = 40 = 6.15%lize and the amount of free mixing water and mixing (by wt. dry aggregate) .65
procedures are more critical. Aggregates having a
Sand EquI ivalent of less than 20-25 percent are usu-
ally not considored suitable for EAs (7, 8, 9, 10, Compatibility of Emulsion and Aggregate
11, 12). Ilowever, some aggregates have been used in
Ill Ino is with Sand Equivalent values of 17-22 with The compatibility between asphalt and aggregate
apparent success. Ilaboratory tests on the compacted is a major mix design consideration. Two criteria
mixtures show potential problems, and a large amount that can be used to Judge the compatibility are
of residual asphalt is reqtired (13). (1) coating achieved after mixing, and (2) the com-

pacted EAN resistance to moisture (i.e., stripping).
Several factors affect coating: aggregate/asphaltEmulsified Asphalt Quality Tests electro surface charge, free moisture existing in
the aggregate before mixing with emulsion, tempera-Stanlard AST or AASHTO tests and specifications ture of materials, and aggregate surface texture.

are requi red: It is believed that coating is an important variable
in providing mixture water resistance and strength.Anionic ASTM I) 977 \ASIITO m 140 Bath anionic (including IIFEs) and cationic emulsions

l:ationlic ASTIM 1) 2394 or AASIi'lO I 208 have been used successfully in Illinois with pit-rim
gravel and crushed limestone. The 1IFEs, however,In some cas Vs, additional specifications are re- conta in up to 7 percent oil distillate that aids in

qli red for other emulsion types such as H1igh Float the coating. Emulsion producers of both cationicEitilsions (IIFE)(13) which have been used In Ill- and anionic (including IIFEs) emulsions claim that
no is. they can adjust the emulsifying agent to provide

satisfactory coating for most aggregates. For par-
ticular problem aggregates, however, one type ofEst tiate of Asphalt Emulsion Content emulsion may clearly provide superior coating.

The amount of coating achieved depends upon theThe determination of pre-mixing water content, amount of premix free water existing in the aggre-
compatibility of asphalt and aggregate, and optimum gate. The optimum range of premix moisture in the
water content at compaction requires mixtures con- aggregate can be determined by preparing laboratory
tamning approximately the optimum residual asphallt bowl mixes at various premix moisture contents. A
content. liased uon)0 several emulsified asphalt mix- quantity of air dried aggregate is placed In tie.
ture design daut, i regressin equ t ion was derived that mixing bowl, and a desired amount of water added mdgives anu approximate optimum residual asphalt content. tinxed thoroughly with the aggregate. The asphaltThe Informattion required to use this method is ob- euntilsion is then added and mixed for a specified
tained from the washed sieve aggregate gradation, time period. To simulate cold mixing, none of the

materials should be heated. After the EAM is mixed
It = 0.00138AB + 6.358 log10 C - 4.655 (1) adequately It is placed on a flat pan until it

breaks (as noted by a gradual change in color from
where brown to black). The coating can be judged visually

by several persons and their estimates averaged,
R = trital rcl:luat asphial t content by weight and a range of acceptable premix water content

of ry agregiat, a t cdetermined. In areas where the addition or removalof dry aggregate, r of water is impossible or uneconomical, mixtures
A = percentage of aggregate rotained ou #4 sieve should le prepared at the in-sito aggregate waterBi = percentage of aggregate passing 114 sieve and cnet

retanedon te #00 sevecontent.
retained onl the P200 sieve Cationic and anionic emulsions behave different-

C = percentage of aggregate passing on the #200 ly with regard to coating and the amount of free
sieve premix water in the aggregate. Cationics generally(Note: radation based only on washed sieve grada- require additional free water over anionic emulsion
tions.) for good mixing, thus cationics can be used withThe R is rounded off to the nearest half percent to

yield the trial residual asphalt contentaggregates containing relatively hgh water content.
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Curves in Figure 1 Illustrate results for a typical typically occurs at a higher total liquid contentIllinois limestone aggregate using anionic (lIFE) and than occurs for stability. These results are simi-catiosic (CS) emulsions. The anionics frequently lar to hot mix where usually maximum bulk densitydo not require much free mixing water for good coat- corresponds to a higher asphalt content than doesing, whereas the cationic type requires some free Marshall stability. The liquid content resultingmoisture in the aggregate and it tends to hall up In maximum density using Proctor compaction is higherresulting, fi poor coating. If the anionic mixtures than that obtained using the Marshall compaction
con tain t) much water, they begin to strip asphalt. equipment.
Each ag repate/emiis mix has its own characterls- In summary, field and laboratory experience indi-
tic curve, that must be determined through actual cates that there is an optimum moisture content atLe5 t I rig. Based oii tie coating tests, a range of compaction for a given residual asphalt content ataccept ;tIbe prelix aggregate water content is recom- which both stability and density will be near maxi-mended for constructit, considering that 50 to IOOZ mum. At moisture contents just below this optimum,coat ti; is acceptable. I f tihis. coating cannot be the emulsion begins to break, and compaction miisttilhiteved, the emiulsion is rejected, begin before much additional moisture is lost. IfTLhe determlnat ion of asphlt/aggregate compati- additional moisture Is lost the PANI will be diffi-4 ilitv with regard to its resistance to moisture cult to compact, and density and stability will be
efetLs IS determilnl hll j ecti1g conipacted I-Al reduced greatly. Also if compaction Is begun wetMarSill sized specimens to free moisture in a test of optimum, the mix will not compact since all voids

Ire ln-qorvi oalmetnt hase, will be filled.

Wi to r CoIiLtllt at Compact in Selection of Optimum Residual Asphalt Content

lihe total moisture content that exists in the Using the required mixing water and optimum com-CA at time of compaction has significant effects paction water content, mixtures are prepared at,e the resti t ng den:;ity, volids and stability. varying residual asphalt contents. if tile optimumSeveral design proctedures recommend thu t optimtum compaction water content is lower than tie minimumcItil)aici tot water Content should be secCteid to required mixing water content, aeration is requiredmaxlmize density, similar to granular materials (8, lefore compactlon. The mixtures are then compacted9, 210). itto Marshall specimen.s aid air cured for three lay.;.
Ther ire, howtver, other factors that must be The specimens are tested for bulk density, modifiedcoilsihdred, incldin,, the ireaking of the emulsion, harshall stability, and flow. Moisture susceptibi-1l::t lire stalt ill ty anid the rcsjltIl asphal t content. Ii ty of the mixture is evaliated by subjecting aThe wat r cottnt tlbtailod for in iximum density when series of specimens to a special capillary water

ill v water is tsid na not glve the best li q uid soak test for four days (referred to as soaked tests).col t iii ti li, itse Ii for mix design and construct.ion. 'hile typical effects of residual asphalt content onRestlts stalew that both residual asphalt content and mix properties are shown In Figure 5. The testwaito r content at comjiaction affect the resulting property curves shown have been found to vary con-ataibi lit, ;is sliiwn inl Figure 2 for gravel EA1s. siderably between a'gregtate types and gradations.
l111-1-0 iS A spc i fic raesidual asphalt content and Genttral trends ire described as follows:
ituistlurc cllcttn fIt cmpact til thlat gives optitum
ttiil It.. If re,Sldual asphalt content is held I. Tihe one day dry stability will generallyconstant, typical results such as FigIpure 3 are oh- siow a peak at a particular moisture content at com-t;iined ill the field and l ahtratory. Both show a pactIon for a given residual asphalt content. Some-

cht;ict, rist ic peaking curve w lit an optimum mois- tlimes this curve is vei-y flat and no peak is appar-lir,, coltit i"f 
4-6 percent. The loss of :;tabllity ent, indicating a wide range of possible compaction

as listire ctottlt docreasts Ilow abouit 3I percent itinstuisre contents.
Is vt, y ratid. Observatiots of rml:.: color Indicate 2. Soaked stability will generally show a peakthat tit mix Is beaginning to broak at aplroxmatoiv at a particular resithal asphalt content while dryI Ipr'eit Ial[sture as Indicated by a change in color stability will generally show a continually decreas-from hroiwin to black. The fid mix was initially ing curve with Increasing residual asphalt content.ctinMiatod at: aboit 3.13 percent tuoisttire. Other Some mixes may show a continual increase in soaked
field niltd] laboratory oiuhervations indicate that stabi ity oiver the range of aspltalt content eval-
mol stIre ctateit for maximuni stabil It, and the tnated, which indicates the increased beneficialegilnning (if breaking itf themix octiurs at aboiti te effect of additional aspialt content on soaked
saTne tiline V'As that are al lowed to break signi- stabi I ty.
flcanlt Iy b,.fore c impact fo i become (Il f t'itil t or 3. Percent stability change Is computed byImpossible to comtact it thie f ild. Addition of (dry stahillty - soaked stabilty)O0/dry stability.water will nit biri,, tie ruixtire back to a workale the amount of loss of soaked as compared to drycnIld I t Ion. stahl Ii ty decreases as residual asphalt content

If the iE,VI is htoig placed is a r ad mitx, tile increases.
mlxiu process c;lt otnt mitie until Ilreaking hegins 4. Dry bulk density generally peaks at a parti-
(at optlimum waLer ttiotnlt ), aid tho ltImTediately cular residlial asphalt content.
comltacltvd. I f a ladown maclh Ine is used, the total 5. Percent moistire absorbed during the soaklift trill bgin to break at thit top before the ihot- test decreases with Itcreaed residual asphalt con-
to becaise otf ;uirface dy ring. The test solution tent.
Is Probably to limit lift thi:kiess to 51-76 nm 6. Percent total. voids (air lilus moisture) de-(2- 3 in.) sit that the entire lift will break at creases as residual asplhalt content increases.
abatut the samne tline.

The typical effect of total liquid content on 'hFe capillary absorption (or soak) test is be-density arid stabilty are shown int Figure 4 for lieved to le the most realistic test available that
specimetis prepared with Marshall equipment. A represents field moisture conditions of an EAM basemaximum stahility anid density can occur at differing course. Extensive tise and evaluation of the testtotal I iquild contents. 'fie maximum dry bulk density has shown It to be very simple, convenient, and
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realistic test (13, 3). The only disadvantage is highly desirable that a simpler test such as Marshall
tle relatively long soaking time required. Based Stability be correlated with tile MR test. During
upon experimental testing, a 4-5 day soak is believed the experimental laboratory phase of this study the
adequate to provide a realistic Indication of the MR and modified Marshall Stability tests (at 22.2C)
moisture durability of the EAM. This test is shown were conducted on many of the same specimens. A
in Figure 6. reasonable correlation was found to exist between

Based upon results from field and laboratory tile two tests (4). Using this correlation a rela-
studies (1, _2, 3) in Illinois and other studies tionship can be established between tile modified
(14, 1_5, 16, .17, 18, 9, _19, 4, 21, -11) tie following Marshall Stability (at 22.2 0 C) and the a,) coefficient.
deslgn criteria are considered important in select- Such a relationship is shown in Figure 9. It should
Ing the optium residual asphalt content: be emphasized that this is only approximate and that

the best procedure is to measure the M R directly on1. EAM must provide an adequate stability when tile specimens.
tested in a "soaked condi ion to provide adequate The structural coefficient of asphaltic cold
resistance to traffic load during wet seasons, mixtures used in design is determined as follows:
Thore is considerable free MO st ire available in
Illinois. lost subgrade soil!, are poor draining and 1. Conduct laboratory testing on compacted
most low volume roads are onst ruected with poor asphaltic cold mixture specimens containing tile
drainage characteristics (i.e., no side ditches, recommended residiial asphalt content and compacted
hil, wa te rtable). at the recommended moisture content. The following

2. The p ertcet loss of stability of tile EAN alternative tests may be conducted:
When tes ted "soaked" as o)osLl to "dry" should not
be excessivt. A high ioss i indicative of tile EAM Alternative A. liametral resilient modulus as
having iigi moisture susceptibility and may cause (preferred) described In Reference 4.
softening and dishlitegration dur ig wet seasons. Alternative B. Modifled Marshall stability at

3. To total voids within the C1M\ should be 22.2C (same standard test pro-
withlin a specified range to prevent either excessive cedures except conducted at
lermanent deformation azid moisture aibsorption (for 22.20C).
too hig void coitent), or bleedlg; a11d excessive
cost of Lte residial aspIllt from the CAM (for a The following sequence of testing should be followed
Low void content). for either alternative:

4. ioisture absorption Into the EAM should not
lit excessive to millii ml n tile potential of stripping 3 compacted specimens retained in mold and dry
or weakeni uig til' bond between residual asphalt and cured for 3 days in laboratory at 22.2C, then
aggregate, tested by alternative A or B;

5. lResidual asphalt should provide adequate 3 compacted specimens retained in mold and dry
citattug of tilt' aggregate and should ho resistant to cured for 3 days in laboratory and then placed in
Stripping. the capillary soak test for 4 days (specimens are

rotated after 2 days) at 22.2C, then tested by al-
Thiobas SI siji phil osov is tha t a r es Ilufa l ternative A or ii.

asale'Iot _1tt t Sithoild hu. soelected _ tihat meets all of
flei-ri t p. r iaj and unati nes the si stab i ty Tilt s data can be ob ta ined routinely front tile mixture
Specific dus I git crI tori a are sn tiiunar Lzd rn Table 1. design tests previously described.

2. Using te data obtained routinely from the
Sritry ilet'I I -s..L1 mixture design tests, the resilient modulus or modi-

fied Marshall stabilIty values are converted toProcedures were dove loped for use in design that "design" values using ot11 of the following expres-
re lated cOld MlI base structural properties to pave- s ions.
o-lit perfitrmance (4). Thuis, Lilt, structural proper-

0t5s can ite melsured in the laboratory and tie re- Alternative A. Resilient Modulus
suilts used ii structural design of the pavement
rising tile AASIIT) Interim Design Cuides, I- similar M
design procedure. Tie resilient modulus (MR) of tile Mde f ( M )li
cold Mix base was corrclat,.d with te structural IeS I (I
coefl ici ont of the tase . A stress depenIdent fin ite where
eI1)(e21t tl;iveuimetIt strticttira I aua Lysis p rogram alo Ig
with peorfrIsit'iC I dat;l 3nd ri-siiits from tiLt. AASH) Mf = final average resilient modulus of mixture
Roid It-sL wor- tsei to deveop ite aj'proXI1tate cer- after long term curing, psi

iel;it b I Is 'li-scr lb id lit Ref irence 4. = M
d x I

'lio ' ;tructtiral cooff1ciett for cold mix biases Md = resilient modulus determined after 3 days
(:I,) bs belivved tiO fall btwee~n that Of tut11- of dry cure It 22.2"C
stahlli t'ed grantillit - materials ( 1.11) and iot mix CF = a curing factor (2.0 for construction
asphalt stabilized ( 0.35). he T11 for these May-Sept. In Illinois and not sealed for
materials raltges i-btween l approxilia tely 68,940- '7 days)
206,820 Kl'a (1(,0(0-3(0,000 psi) for nuni-stabilzed 1 = resilient modulus determined after 3 days
granular cci terals tt 689,40I-6,894,000 KPa of Irv cure and 4 days of capillary mois-
(100,00-1,000,00 psi) for hot mix asphalt stabi- ture cure at 22.2%1
I iZed grantilIr materials. It Is wI tit In these bounds
(and onlv for asplialt sttiill;!ed materials) thailt an Alternative 1i. ModIfled arstall Stability
approximate correlation exist. A correlation curve
between the base structural coefficient (a.,) and tile MS
base resiliert modulus is shown itl Figure 7. MSdesign = MS f (MS)

TiL measuremet t oif tilt, res II lIent mod tulus of the d
cold mix requires expetsive iqutipMent which many
laboratories may not have available. Hence, it is
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where were tested after 3 days of laboratory air curing,
called dr curing, for Marshall stability at 22.2'CMSf = final maximum modified Marshall Stability (72=F). Other specimens, after the 3 day dry cure,of mixture after long term curing at were subjected to 5 days of the capillary soak test22.20C lbs (2.5 days on each side of specimens), called soaked= MSd x CF curing, and then tested for Marshall stability. DryMSd = modified Marshall Stability determined bulk density and moisture contained in the specimensafter 3 days of dry cure at 22.2 0C were also determined as described in Reference 5.CF = a curing factor (2.0 for construction Total voids were computed utilizing these data (13).

May-Sept. in Illinois and not sealed for Results are plotted in Figure 9. Maximum soaked--7 lays) stability occurs at approximately 5.3 percent resi-
dual asphalt. There is a large loss of stabilityThe CF may range from I to over 4 depending on time between the dry cured specimens and soaked specimens,of construction and when the base is sealed. For but the amount of difference decreases with increas-general design purposes In Illinois a CF = 2.0 is ing asphalt content. A large loss such as this hasrecommended if the base is constructed during the only occurred with aggregates having a low SandMay-September period and is allowed a few days Equivalent (<25) and a large amount of fines (minus(>7 days) to cure before an overlay or seal Is No. 200 sieve)(i.e., >15 percent).

placed. The residual asphalt content at peak soaked
stability is 5.3. The following values of otherMSm = modified Marshall Stability determined parameters are obtained from the graphs for this

after 3 days of dry cure and 4 days of content:
capillary moisture cure at 22.2*C

Mix Value at Limiting3. The MRdeslg n or MSdesign is then used in Parameter 5.3% Asphalt Criteria
either Figure 7 or.

% Stability Loss 57 50 max
% Total Voids 6.7 2-8!Base Desi4Injp~ppcation % Moisture Absorption 3.6 4 max
Modified Marshall 550 500 miA county road in Illinois which has an existing Stability, lbs

granular surface is being up-graded by stage con- % Aggregate Coatingstruction. The first stage includes placing an (3-5% premix moisture) 60-70 50 min
emulsified asphalt stabilized base course over the
existing granular surface, which will be compacted All of the criteria except percent loss stabilityand used as a 101.6 nun (4 in.) subbase, are achieved at a residual asphalt content of 5.3%.The aggregate is from a pit located near the A residual asphalt content of 5.6% is required to
project and, if acceptable, would provide considera- meet the 50% loss requirement. At 5.6% asphalt allble economic advantage over hauling in other aggre- other requirements are achieved. lowever, thegate. Thu aggregate properties are given in Table 2 soaked stability and moisture absorbed are veryand the L.auIlsion properties in Table 3. The washed close to the limiting criteria, and thus the mix
gradation reveals a relatively high fines content, is questionable.which was apparently due to the failure to strip The following mixture design and constructionoverburden at the pit. A relatively high amount of recommendations are obtained:
clay Is indicated by the low Sand Equivalent value
of 22. The water absorption is excessive and 1. Residual asphalt content = 5.6% by weight
asphalt absorption may become a problem during later of dry aggregate.
pavement life, as asphalt is absorbed into the ag- 2. Asphalt emulsion content (for an asphaltgregate and film thickness Is reduced. This aggre- residue of 70%) = 5.6/0.70 = 8.0% by wt. of drygate would normally be rejected because of the gra- aggregate, or approximately 19.4 gal emulsion/ton
dation and Low Sand l'qulvalent value, dry aggregate.

The optimum residual asphalt content is esti- 3. Pre-mixing water content = 3-5% by weightmated to be 5.4 percent as comptlted by Eq. 1. of dry aggregate.Coating tsts were conducted by preparing several 4. Optimum water content at compaction - 3.5%laboratory bowl EAMll mixtures over a range of pre- by weight of dry aggregate (that is, total watermixing mioisture contents (i.e., moisture contained content iti EAM).
in aggregate before adding emulsion) at the esti-mated optimum asphalt content. The best aggregate Structrual design of the base makes use of datacoating was obtained at pre-mix moisture contents from the mix design tests at optimum asphalt con-of 3-5 percent (excluding water contained in the tent. The Marshall stabilities at 22.2*C and 5.6%emulsion). Marshall sized specimens were prepared residual asphalt are as follows:
with 5.0 percent residual asphalt (actually 5.4
percent should have been used since that is the 3 day dry cure = 590 Kg (1300 lbs)est imated optnimum asphalt content), and compac ted 3 day dry cure and 4 day capillary soak = 250 Kgover a range of moisture contents. The specimens (550 lbs)
were al r cured I day on a laboratory shelf, extruded
from their molds, and tested in the Marshall stabi- The loss of stability after soaking is very signifi-lometer at 22.2%' (72'F). A curve shown in cant for this aggregate. The structural coefficientFigure 9 was obtained, with maximum stability of the base material is determined as follows:
occurring at 3.5 percent total moisture content (by
weight of dry aggregate). This optimum moisture 550,content at compaction was used for compaction of Design larshall Stability = (1300 x (2.0)(--)aJl other specimens. 

= 499 Kg (1100 lbs)Compacted EXAN- specimen,, were then prepared over Using Figure 8 the a2 = 0.17.a range of residual asphalt contents. Specimens Traffic over the 15 years design life is



169

estimated for the average year as follows: Acknowledgments
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Sand Equivalent 22
(-440 sieve)

Table i. Emulsified asphalt-aggregate mixture Standard Proctor
design criteria. Dry Density 123.7 pcf

Water Content 9.8%
Natural Water Content of Pit 4%Test Property Minimum Maximum

Table 3. Emulsified asphalt properties forStability, N (Ib) at UIFE-300 grade used.
22.2C (72°F)

Paving Mixtures 2224 (500) Specific gravity at 15.5 0 C (60oF) 0.990
Viscosity, Saybolt Furol, at 50*C 110.4 secs.Percent Total Voids (122 °F)
Sieve test, retained on No. 20 sieve .016%Compacted Mix (granular Settlement 1.4%

mixes, no requirement 2 8 Coating test 3 minutes Passedfor sand) Float test at 60°C (140*F) 1200+ secs.
Distillation test to 260C (500*F)['ercent Stability Loss Residue from Distilation 70%

Oil distillate, by volume 1.5%After 4 days soak at Characteristics of residue from
22.2°C (72"F) -- 50 distillation test to 260°C (500'F)

Specific Gravity at 25oC (770 F) 0.980Percent Absorbed Moisture Penetration at 25C (77'F), 380+
100 g., 5 sec.After 4 day soak at

22.2c (72'F) -- 4

Agr e Iteoa Li (%) 50 --

Table 4. Comparison of field and laboratory data for gravel aggregate project.

Laboratory Mix Design Field Mix Stability Moisture ContentCuring Stability at 4% Asphalt (N) at 4% Asphalt (N) at Testing %

Lab Field

3 Day Dry 9786 6174 2.2 2.6

3 Day Dry + 2002 1299 7.0 7.7
5 Day Soaked

% Water Absorption 4.8 5.1

(1 lb = 4.448 N)
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Figure 1. Illustration of coatings obtained for a Figure 4. Effect of total liquid (asphalt + water)
typical Illinois crushed limestone for two emulsions, at compaction of EAM on stability and dry density

using Marshall equipment (75 blows)(residual
100 asphalt = 3-6%, water content = 4%).
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Figure 2. Contours of equal soaked stability for 22

various residual asphalt and compaction moisture 222

contents for gravel aggregate (3-day cure and 22

75 blows). 22i

Opt. Proctor
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Figure 5. Typical emulsified asphalt-aggregate
Z 3- mixture design plots.- V
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Figure 3. Effect of Water content at compaction Dry

on Marshall SLability at 25C (lIFE-300, crushed Ilimestone) . - I
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Figure 6. Emalsifiled asphalt-aggregate mixture soak Figure 9. Mix design for pit run gravel andtest equipmert (Note: a top cover is required to IIFE-300 emulsion.
prevent moisture loss).
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SOIL-CEMENT - A CONSTRUCTION MATERIAL

E. Guy Robbins and R. G. Packard, Portland Cement Association

The technology of cement-treated materials is Some other terms often applied to soil-cement
summarized. Basic properties of soil - and are "cement-treated base", "cement-stabilized
soil-aggregate - cement mixtures are given to soil", and "stabilized aggregate".
help the reader understand and use the product. The material presented here explains basic
The use of soil and cement mixtures as pavement information on cement-soil reactions, testing phi-
layers is considered. Testing and mix design losophy, test methods, properties of soil-cement,
methods are discussed ani approximate cement thickness design and construction.
requirements given. A thickness design proce-
dure is presented. Construction procedures
are outlined. Recycling of material with the Development of Standard Tests
addition of cement to salvage anas strengthen
road layers is discussed. It is concluded that One of the first significant findings of the
cement stabilization can improve the engineer- early 1935 research was that the moisture-density
ing properties of materials and has wide appli- relationship for soils as discovered in 1929 by
cation in pavement layers. In using soil- Proctor was also valid for mixtures of cement and
cement, proper consideration should be given soil when compacted immediately after mixing and
to mix design, thickness design, and construc- before cement hydration. It was found that optimum
tion procedures. moisture content provided sufficient water for

cement hydration. The soil-cement moisture-density
test was adopted as a standard by ASTM (D558) in
1944. It was adopted as standard by AASHTO (T134)
in 1945.

Soil-cement is a compacted mixture of a soil, The next step in the 1935 research program was
portland cement, and water. As the cement hydrates, to devise methods of measuring the effect that
the mixture becomes a hard, durable paving material, various cement contents, moisture contents and

Soil-cement is used mainly as a base for road, densities have on the physical properties of com-
street, and airport paving. A bituminous wearing pacted soil-cement mixtures. Since the rate ar'd
course is normally placed on the soil-cement base amount of cement hydration would influence final
to complete the pavement. results materially, specimens were permitted to

Soil-cement was developed in an effort to save remain undisturbed for 7 days in an atmosphere of
road-building money by using soils on or near the high humidity before being tested. This permitted
construction site. hydration of a significant portion of the cement.

The basic idea of soil-cement is not new. In In analyzing possible test methods that might
the early 1920's, state highway departments built be used for evaluating soil-cement mixtures, tests
short sec'-ions of roads with soil and cement. How- used in soil and concrete testing were analyzed.
ever, the principles of sol compaction as applied Considerati., was given to vdrious compression and
to road building were not ytt developed, tension tests that might be modified to simulate the

Research by the Portland Ct,'nt Association internal forces of expansion and contraction pro-
led to the development of the basic control factors duced by changes in moisture and temperature. It
for soil-cement construction: (1) an adequate was considered that these tests were not applicable
cement factor, (2) proper moisture content, and since they do not simulate the nature and magnitude
(3) adequate compaction. of the desired forces. However, it was found that

Compared with today's practices, the methods repeated wetting and drying, and freezing and
used to build early projects were crude at best. thawing could induce internal forces similar to
Although methods and equipment have been greatly those induced by changes in moisture content.
improved, the engineering principles resulting Thus, the wet-dry and the freeze-thaw tests
from this early work have been used to build many were evolved to reproduce in the laboratory thethousands of kilometres (miles) of soil-cement phenomenon of volume changes. The wet-dry test
pavement in the United States, Canada, and other was designed primarily to simulate s'rinkage
countries, forces. The freeze-thaw test was designed to sim-
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ulate internal forces produced by moisture and Association has developed a special short-cut testtemperature change. procedure for determining cement factors for sandyBecause moisture plays a predominant role in soils.
the strength of soils and road basos it is essen-
tial that water play a predominant part in boththe wet-dry and freeze-thaw tests. The wet-dry Short-Cut Test Procedures for Sandy Soils
test is accomplished by submerging the specimensin water during the wetting portion of each cycle. Short-cut test procedures have been evolved toIn the freeze-thaw test, specimens are permitted determine adequate cement contents for sandy soilsto absorb water by capillarity during the thawing (3,4). These procedures do not involve new testsportion of each cycle. or additional equipment. Instead, data from pre-Early in the development of the tests, a brush- vious tests of similar soils were correlated withing procedure was developed to remove the loosened durability to develop charts for the short-cut testmaterial resulting from alternate wetting, drying, procedures. The only laboratory tests required arefreezing, and thawing. Twelve cycles for each a grain-size analysis, a moisture-density test, andtest produced interpretable data. compressive-strength tests. Relatively small soilAs part of the research program, data on soil samples are needed and all tests, except the 7-daygradation, surface area, physical test constants, compressive-strength tests, can be completed in onecompresoive strength, organic content, PH, density, day (Figures 1,2,3,4). The procedures are widelyand cement-void ratio were correlated with the applied by engineers and builders and may largelydegree of cement reaction in search of relation- replace the standard tests as experience increases.ships that could be used to Oetermine cement con-
tents for construction (1). i'ese studies producederratic results. Figure 1. Indicated cement contents of soil-cementThus, the wet-dry and freeze-thaw tests were mixtures not containing material retained on thedeveloped to determine the minimum cement content 4.75-mm (No. 4) sieve - Method A.required to produce a structural material thatwould resist volume changes produced by changes in - .......
moisture and temperature. Because moisture and
temperature changes occur in varying degrees in . !all climates and geographic areas, use of both the
wet-dry and freeze-thaw tests assure that a hard-
ened, structural material is produced for any
area. The wet-dry and freeze-thaw tests are stan- IR40
dards of ASTM and AASHTO (ASTM D559, AASHTO T135;
ASTM D560, AASHTO T136). .0 ,

Test Criteria 
0.0 -

Studies of laboratory test data, outdoor expo- 6" . '.,sure of specimens, and field performance were used o ,2 2, 50 5 0 *5 50in selecting the criteria for determining minimum
cement content to produce a structural material.

The selected criteria included requirements ofvolume change, maximum moisture content, soil- Figure 2. Minimum 7-day compressive strengths re-cement weight loss, and trend of compressive *quired for soil-cement mixtures not containingstrength. The criterion of maximum volume increase material retained on the 4.75-mm (No. 4) sieve -of the specimens (not more than 2%) .as chosen as Method A.
an indication that the cement was holding the massintact and preventing volume increases that would ,
otherwise take place. The criterion of maximummoisture content (not more than that required to :i''  .fill the voids) was selected as a further indica- I,tion of resistance to disruptive volume changes. ,5. ... 1. UA .21 2LiL..... 50The criteri, of maximum soil-cement loss from ,
brushing w.. ,sed as an indication that the forces
of expansion and shrinkage resulting from the wet-ting and drying, freezing and thawing, that dis- Two procedures are used: Method A for soilsrupt and disintegrate soil specimens, had been not containing material retained on the 4.75-mmresisted. The compressive strength criterion was (No. 4) sieve and Method B for soils containingused because increases in btrength due to increases material retainee on the 4.75-mm (No. 4) sieve (2).in time and cement content were evidence that the The procedures can be used only with soilscement is functioning normally and that the soil containing less than 50% material smaller thanwas not interfering with hydration of the cement. 0.05 mm (silt and clay), less than 20 materialToday, after conducting thousands of tests, smaller than 0.005 mm (clay), and less than 45%weight loss, together with strength gain, are the material retained on the 4.75-mm (No. 4) sieve.primary criteria. The validity of these criteria Dark grey to black soils with appreciable amountshas been verified by a quarter century of suc- of organic impurities were not included in thecessful field performance of ioil-cement projects correlation and therefore cannot be tested by thesein service. Invaluable as tie tests (2 are, they procedures. This is alqo true of miscellaneousrequire considerable time tc obtain the factors granular materials such as cinders, caliche, chat,needed fir construction. Tie Portland Cement chert, marl, red dog, scoria, shale, and slag.
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Figure 3. Indicated cement contents of soil-cement correlation and usually results in a cement con-
mixtures containing material retained on the 4.75-mm tent that is not sufficient to meet the ASTM-
(No. 4) sieve - Method B. AASHTO freeze-thaw and wet-dry test criteria. Any

reduction in the cement factor can only be made
based on freeze-thaw and wet-dry tests at lower

I cement contents. A compressive strength value
below the minimum indicates abnormal reaction and

.. • "~..... ........ ........ .,...... c m n ot n s ~ rsi e sr n t a u

' additional tests are needed to establish a cement
requirement.

Compressive Strength

The influence of cement in producing compres-
sive strength in soil-cement mixtures can be ana-
lyzed from two viewpoints. The cement influence
is evidenced by increases in strength with age and
cement content.

The 7-day compressive strengths that represent
a durable soil-cement base vary with the physical

...... . and chemical properties of the soil and are gener-
ally between 2.1 and 5.5 MPa (300 and 800 psi).

Coarse-Graded Aggregates

Excessively coarse-graded aggregates, that is,
more than 45% retained on the 4.75-mm (No. 4)

Figure 4. Minimum 7-day compressive strengths re- sieve, have been used. However, the cement content
quired for soil-cement mixtures containing material to make durable soil-cement is generally increased.
retained on the 4.75-mm (No. 4) sieve - Method B. Up to a limit, an increase in the quantity of coarse

material reduces the cement requirement, since the50 45 finer particles requiring cement to bind them to-
gether are replaced by a coarse particle. The

40 total density of the aggregate material increases
S40- oas the quantity of coarse aggregate increases, but

the density of the 4.75-mm (No. 4) sieve fraction
/S .0 decreases. Too much coarse material interferes1;. 0 with compaction of the matrix of finer particles.

~30- - Adequate density of the fine fraction is importanto0, for it is here that most of the cementing actionoO E takes place, forming a matrix that holds the coarser
5 0 20 particles together (Figure 5).~4 200~

?- . 0 Figure 5. The cemented portion of the fine frac-
tion holds the larger particles together.

11?0 Note I kPo '0. 145psi

0 Go0
/590

Step-by-Step Procedures

Short-cuL test procedures involve:

1. Running a sieve analysis of the soil.
2. Running a moisture-density test on a mix-

ture of the soil and portland cement.
3. Determining the indicated portland cement

requirement by the use of charts.
4. Verifying the cement requirement by com- Durability criteria rather than strength cri-

pressive-strength tests. teria, should be used to establish cement require-
ments for durable, long-lasting soil-cement. TheIn using the short-cut test procedure, the gradations below are compatible with the short-cut

7-day compressive strength is usually substantially test procedure which requires only a minimum of
higher thaL Lhe %-inimum allowable value. This testing. For materials that do not meet the require-
merely indicates that the soil is reactinq nor- ments for the short-cut procedure, particularly
mally. When higher strengths are obtained, it is aggregate materials that contain more than 45% re-
not correct to reduce the cement factor so that a tained on the 4.75-mm (No. 4) sieve, the standard
strength value is close to the minimum allowable. wet-dry and freeze-thaw tests should be run to in-
Such reduction invalidates the reliability of the sure a durable mixture.
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Aggregates of the following gradation limits Figure 7. Strength gain with age, projects in
are suggested to achieve the most economical cement service.
factor for durable soil-cement.

20 1Byr.
Sieve size % by weight passing Note: I MPo =145psi

50 n (2 in.) 100
4.75 sm (No. 4) 55 - 90 C. lyr
2.0 n (No. 10) 37 - 67 E 15
75 lun (No. 200) 0 - 30 Z
PI 10 maximum 1 17yr

Engineering Properties .,

20 yr 28During construction soil-cement is compacted day "28
to a high density. As the cement hydrates, the 5 -28 daymixture hardens in this dense state to produce a day
structural slab-like material. The strength and X..
elastic properties of soil-cement depend primarily
on the type of soil, age, and curing conditions.

As shown in Figure 6, a direct relationship S. Carolina Wyoming Illinois Wisconsin
exists between flexural strength (modulus of rup-
ture) and compressive strength--the modulus of
rupture being about 20% of the compressive
strength (5).

Figure 6. Relationship between modulus of rupture Figure 8. Load-carrying capacity of soil-cement
and compressive strength of soil-cement, and granular base. Plate-bearing tests on 3x3.7-m

35- (10xl2-ft) soil-cement panels made of a sandy soilwith 80 kg per cubic metre (5.3% cement by volume).
The k value of the clay subgrade was 18 to 33 MPa/m3.0 - (66 to 122 psi/in.) under soil-cement panels and

0 27 to 39 MPa/m (98 to 142 psi/in.) under untreated
25- crushed stone.

20 300mm dia plate V) 1.3mm deflection
2.0 - 12

01.5 Soillegend I0 Sail-cement
-0 8 - Granular base

l 1.0 . 20 6 NotelMg 22001b
4 0 4 1 mm=0.0394 in.

Note lMPa145psi 2

05 10 15 20 LX17

Compressive strength, MPo 100 175 250

Base thickness, mm

The cement in soil-cement continues to hydrate
for a long time even under traffic. Cores taken (1) cement-modified granular soils with less than
from roads after many years of use show appreciably 35% silt and clay, and (2) cement-modified silt-
greater strength than samples tested at 7 and 28 clay soils.
days (Figure 7) (6). This means that soil-cement One common way of measuring the effect of ce-has a "reserve" of strength to accommodate increases ment on improving a granular material which con-in volume and weight of traffic. tains an excessive amount of clay is by reduction

Because of soil-cement's slab-like character -in plasticity characteristics as measured by theit has high load-carrying capacity. Results of plasticity index (PI). Figure 9 shows the reduc-bearing tests (7,8) (Figure 8) show that soil- tion in PI produced by the addition of cement to acement can support up to three times greater loads substandard granular base material. Figure 9 alsothan other low-cost base materials of the same shows the permanency of the PI reduction as mea-
thickness. sured over a 10-year period (9).

The Sand Equivalent test (10) used to detect
the presence of undesirable clay-like materialsCement-Modified Soils tends to magnify the volume of the clay somewhat
in proportion to its detrimental effects. Con-Cement-modified soil is a soil material that crete sands and crushed stone have sand equiva-

has been treated with a relatively small quantity lent values of about 80; expansive clays have sandof cement-less than is required to produce soil- equivalents of 0 to 5. Improvement in Sand Equiv-
cement. Cement treatment changes and improves the alent value of a Utah granular soil having a PI ofsoil's physical propert.es. Cement-modified soils 11 and having 33% passing the 75-in (No. 200)are arbitrarily class4~ied into two groups: sieve is shown in Table 1. Three percent cement
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increased the value from 11 to 59. The PI was cor- Table 3. R-values.
respondingly reduced from 11 to 0 (11).

Raw soil 65a

Figure 9. Plasticity index vs. time. Lab mixture
12 [ 3% cement by weight 891[5% cement by weight 93

'1 . ... .... ..... . . . . .. . . . a A-2-4 fine sand

65 for the untreated sand to 89 with the addition
,5% of 3% cement (11).

Reduction in swell of an expansive clay due to

the addition of cement is shown in Figure 10. The
Des .g. Tests-+ addition of 3% cement reduced the expansion from2 .......... o 3.9% to 0.15%, an insignificant value (8).

01 1 10 100 1000 10000 Figure 10. Cement treatment of expansive clay.
Elapsed tne in days

4.0-

Table 1. Sand equivalent values. A-7-6 (16)

Percent Cement by Weight Sand Equivalent 3.0

0 11
1 18
2 36 2.0.3 59

1.0
Several types of laboratory strength tests are U)

also used to measure improvement of a substandard
granular material. One common test is the Califor- 0.15 0.06
nia Bearing Ratio test (CBR). Table 2 gives data 0 .
for an A-l-b(0) disintegrated granite from Califor- 0 3 6
nia. The addition of 2% cement by weight increased
the CBR from 43 to 255. The addition of 4% cement Cement, %
increased the value to 485. The permanency of CBR
improvement is also shown in Table 2 with resultsof 60 cycles of laboratory freezing and thawing. These examples illustrate that when cement is

of 6 cyles f lboraoryfreeingand hawng.added to a soil material the chemical and physicalFurther cement hydration during the freeze-thaw test adde o hoi material chemica and hysica
more than made up for any detrimental effect with properties of that material change, and when suf-
the result that the CBR did not decrease. In fact, ficient cement is added a strong structural mate-
the CBR of the 4% mixture increased to 574 (11).

Thickness Design
Table 2. Permanency of bearing value.

Soil-cement is a material that possesses its
own unique structural characteristics.

CBR The structural properties of soil-cement depend
on soil type, curing conditions, and age. Typical

Raw soil 43 ranges for a wide variety of soil-cements at their
2% cement by weight, age 7 days 255 respective cement contents required for durability
2% cement by weight after 60 cycles are:

of freeze-thaw 258
4% cement by weight, age 7 days 485 Property 28-Day Values
4% cement by weight after 60 cycles Compressive strength, 2.1 - 5.5 MPa

of freeze-thaw 574 saturated (300-800 psi)
Modulus of rupture 0.5 - 1.0 MPa

( 70-150 pLi)
Modulus of elasticity

Some agencies use the Stabilometer test (12) to (static modulus in 4 100 - 13 800 MPa
determine the stability of a material. A stabilom- flexure) (600,000-2,000,000 psi)
eter value (R value) of about 78 is considered Poisson's ratio 0.12 - 0.14
equivalent to good crushed stone. Table 3 gives Critical radius of
data for a fine sand. The R value increased from curvature on 100 - 190 m

150x150x760-mm beam (4,000-7,500 in.)
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The average strength of a soil-cement pavement Table 4. Thickness design - fatigue
over the design life will be considerably greater consumption coefficientsa.
than the 28-day values. Figure 11 shows 5-year
laboratory strength gains for several soil-cements
(6). These strength gains provide a margin of Axle load, Granular Fine-graned
safety in the thickness design procedure. Mg soil-cement soil-cement

Single axles

Figure 1l. Strength gain with age, laboratory
specimens. 13.6 12,500,000. 3,530.

12.7 1,270,000. 1,130.
18 11.8 113,000. 337.

10.9 8,650. 93.
10.0 544. 23.3
9.1 27. 5.2
8.2 1.0000 1.0000

14 7.3 0.0250 0.1600
6.4 0.0004 0.0200
5.4 - 0.0018

9 011'7 Tandem axles
S10

22.7 12,500,000. 3,530.
21.7 3,210.000. 1,790.
20.9 792,000. 890.

E 20.0 186,000. 431.
6 19.1 41,400. 203.

18.1 8,650. 93.
17.2 1,690. 41.1
16.3 305. 17.5
15.4 50.4 7.1

Note: I MPa145psi 14.5 7.5 2.74
13.6 1.0000 1.0000

0 I 1 1 12.7 0.1200 0.3410
2 7 28 6 1 5 11.8 0.0120 0.1070Days Days Days Months Year Years 10.9 0.0010 0.0310

Age 10.0 - 0.0081
9.1 - 0.0018

a These coefficients express the relative fatigue

consumption of different axle-load magnitudes for
Studies at the Portland Cement Association lab- granular and fine-grained soil-cements, respectively.

oratories (13,14) aimed toward the development of
a soil-cement thickness design procedure covered Note: 1 Mg = 2.2 kips
these major phases of research:

1. Basic structural properties
2. Load-deflection characteristics Design Procedure
3. Fatigue properties

In the design procedure, factors analyzed to
The load-deflection research on soil-cement determine the design thickness are:

pavements has shown that it is possible to describe
the response by a single equation, regardless of 1. Subgrade strength
soil type and cement content, as long as the final 2. Pavement design period
product meets the criteria for fully hardened soil- 3. Traffic, including volume and distribution
cement. Soil-cement meets specific mix design cri- of axle weights (single- and tandem-axle loading
teria (2), and the soil-cement pavements are con- configurations of conventional trucks)
structed under definite specifications (15). The 4. Soil-cement base course thickness
thickness design procedure relates to all climate 5. Bituminous surface thickness
areas when the quality of the soil-cement meets the
above requirem""nf-s.

Fatigue studies revealed that, for a given Subgrade Support. The support given to the
design, the number of load repetitions to failure soil-cement p!vcment by the subgrade is a major
was related to the radius of curvature of bending. element in the thickness design procedure for soil-
This relationship proved to be similar to the known cement pavements. Subgrade support is measured in
fatigue behavior of other materials, terms of the Westergaard modulus of subgrade reac-

The effect of soil type was significant in the tion, k, and is determined by plate-loading tests
fatigue results (Table 4). It required the divi- on the subgrade or correlated to simple soil tests.
sion of soils into two broad textural types--gran-
ular and fine-grained soils--and the corresponding
use of separate design charts (Figures 12,13) for Design Period. A design period is selected for
design purposes, use with this procedure. Design period is not to

be confused with the service life. The selection
of the design period is somewhat arbitrary. The.
design formulation is not particularly sensitive
to variations in the design period.
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Figure 12. Thickness design chart for granular Figure 13. Thickness design chart for fine-grainedsoil-cements, 
soil-cements.
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Traffic. The weights and volumes of axle loads Materialsexpected during the design pi.miod are major factorsin determination of the design thickness. The A proper cement conter t: . first requisite
traffic analysis used in this procedure involves: for soil-cement construct on.

Table 5 gives the noi1 . e of cement re-1. Determining average daily traffic in both quirements for soils of t. .. ...i:us AASHTO soilldirections (ADT) including the percentage of trucks groups. Table 6 gives averaje cement requirements2. Projecting the traffic to a future design for number of miscellaneous materials and special
period 

types of soil. These average cement requirements3. Determining the axle-load distribution may be used for rough cost estimating and then4. Computing the Fatigue Factor confirmed or revised by laboratory tests (2).

Fatiue Factor. A single value that expresses Recycling Old Roadway Materials (16)
the total fatigue consumption effects of the vol-umes and weights of single- and tandei-axle load- The materials usually found in old gravel orings for a given design problem is called the stone roads and streets make excellent soil-cement.Fatigue Factor in this design procedure. It is They are generally friable, easily mixed, and re-based on coefficients showing the relative fatigue quire only a minimum amount of cement. Frequentlyconsumption of different axle-load magnitudes, the the old bituminous mat, if present, can be salvagedFatigue Consump' Coefficients, which are listed by pulverizing it and mixing it with the old base
in Table 4. Tt ,: igner should note that differ- course material for processing with cement (Figureent values ate used for granular and fine-grained 14). The reuse and recycling of these materialssoil-cements as specified by the two equations with cement is an economical wy to strengthen anddeveloped from the research for the two general rebuild worn out granular base pavements. This maysoil types, be specially beneficial when the level of the topThe Fatigue Consumption Coefficients are mul- of the pavement cannot be raised from a drainage
tiplied by the numbers (in thousands) of axles in standpoint.
each weight group and then sufned to give a single-
value Fatigue Factor.
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Table 5. Normal range of cement requirements Figure 14. Old bituminous mats can be broken up,
for B- and C-horizon soils a .  

pulverized, and incorporated with the old granular.
base material to make good soil-cement. The same

Cement machine can be used to mix the prepared material

kilograms per Cement with portland cement and water.

cubic metre of percentage
AASHTO compsv ted by weight of

Soil Group soil-cement soil

A-l-a 80-110 3-5
A-l-b 110-130 5-8
A-2-4
A-2-5
A-2-6 110-140 5-9
A-2-7
A-3 130-180 7-11
A-4 130-180 7-12
A-5 130-180 8-13
A-6 140-210 9-15
A-7 140-210 10-16

a A-horizon soils (topsoils) may contain organic

or other material detrimental to cement reaction
and thus require higher cement factors. For dark
grey to grey A-horizon soils, increase the cement
contents 4 percentage points (60 kg/m 3 ) of com-
pacted soil-cement); for black A-horizon soils, 6 Deposits of friable or granular materials that
percentage points (100 kg/m 3 ) of compacted soil- require less cement and little pulverizing can
cement, often be found nearby and can be used to blanket

the existing soil or be combined with it. FP.lec-
tive grading often is used to place the most fa-
vorable soils in the top of the grade. Compara-

Table 6. Average cement requirements tive cost estimates will indicate the most eco-
of miscellaneous materials. nomical materials or combination of materials to

use.

Cement,
kilograms per Cement

cubic metre of percentage
Material compacted by weight of Soil, cement, and water can be mixed-in-place

Mwil-cement soil using traveling mixing machines, or mixed in a

Caliche 130 7 central mixing plant (17). The types of mixing
Chat 130 7 equipment are:

Chert 130 8
Cinders 130 8 I. Traveling mixing machines
Limestone screenings 110 5 A. Flat transverse-shaft type
Marl 160 11 1. Single-shaft mixer
Red dog 130 8 2. Multiple-shaft mixer
Scoria containing B. Windrow-type pugmill

plus No. 4 material 180 11 II. Central mixing plant
Scoria (minus No. 4 A. Continuous-flow-type pugmill

material only) 130 7 B. Batch-type pugmillShale or dsinte- C. Rotary-drum mixers

grated shale 160 10Shell soils 130 1 Whatever type of mixing equipment is used, theSlag (air-cooled) 130 7 general principles and objectives are the same.Slag (water-cooled) 140 12 Modern mixing machines are very efficient and givehigh daily production at low cost.

General Construction Steps
Use of Borrow Materials

In soil-cement construction the o;bjective is
From a construction or cost standpoint, it is to mix a pulverized soil and cement (Figure 17)

sometimes advantageous to use a borrow material thoroughly in correct proportions with sufficient
instead of the soil in place. The existing soil moisture to permit maximum compaction. Construc-
or the soils encountered in cut sections may have tion methods are simple and follow a definite
a very high clay content and require a relatively procedure:
high cement factor. Also, considerable effort may
be required to pulverize the soils properly.
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A. Initial preparation References
1. Shape the area to crown and grade
2. If necessary, scarify, pulverize, 1. Catton, Miles, D., "Soil-Cement Technology - A

and prewet the soil Resume", Portland Cement Association Research
3. Reshape to crown and grade Department Bulletin 136, 1962.

B. Processing
1. Spread portland cement and mix 2. Portland Cement Association, Soil-Cement Labo-
2. Apply water and mix ratory Handbook, 1971.
3. Compact
4. Finish 3. teadabraTnC, J.A. and Norling, L.T., "Soil-5. Cure Cement Test Data Correlation in Determining

Cement Factors for Sandy Soils", in HighwayDuring grading operations, all soft subgrade Research Board Bulletin 69, 1953, pages 29-46.
areas, springs, and frost-heave areas should be
located and corrected, and stumps and other debris 4. Norling, L.T., and Packard, R.G., "Expanded,
removed. The roadway should be shaped to Short-Cut Test Method Determining Cement Fac-approximate crown and grade. tors for Sandy Soils", in Highway Research

Board Bulletin 198, 1958, pages 20-31.

Figure 15. Spreading portland cement in regu- 5. Felt, Earl J. and Abrams, Melvin S., "Strength
lated quantities. and Elastic Properties of Compacted Soil-

Cement Mixtures", ASTM Special Technical Publi-
7 cation No. 206, 1957, Portland Cement Associa-

tion Development Department Bullotin D16, 1957.

6. Portland Cement Association, Thickness Design
for Soil-Cement Pavements, 1970.

7. Abrams, M.S., "Laboratory and Field Tests ofx\ r- Granular Soil-Cement Mixtures for Base Course",
ASTM Special Technical Publication No. 254,
1959; Portland Cement Association Develomment

Oft/ 9 Department Bulletin D37, 1959.t : :: , . , 8. Nussbaum, P.J.and Larsen, T.J., "Load-Deflec-

'",tion Characteristics of Soil-Cement Pavements",
Highway Research Record Number 86, HighwayeResearch Board, 1965, pp. 1-14; Portland Cement,. -. -- , -Association Development Department Bulletin
D96, 1965.

9. Redus, J.F., "Study of Soil-Cement Base Courses
on Military Airfields", Bulletin 198, Highway
Re earch Board, pages 13-19, 1958.

Most soil-cement is built from materials that 10. ASTM D2419, Tests for Sand Equivalent Value of
require little or no preliminary pulverizing. If Soils and Fine Aggregates.
pulverization is required, it is usually done the
day before actual processing. Processing opera- 11. Portland Cement Association, Properties andtions are continuous. The moist soil-cement mix Uses of Cement-Modified Soil, 1976.
is compacted and finished immediately.

Compacted and finished soil-cement contains 12. ASTM D2844, Resistance R-Value and Expansion
sufficient moisture for adequate cement hydration. Pressure of Compacted Soils.
A moisture-retaining cover is placed over the soil-
cement soon after completion to retain moisture and 13. Larsen, T.J. and Nussbaum, P.J., "Fatigue of
permit the cement to hydrate. While most soil- Soil-Cement", Portland Cement Association
cement is cured with bituminous material, but other Development Department Bulletin D119, 1967.
materials and fog-type wate, ipray are satisfactory.

14. Larsen, T.J., Nussbaum, P.J., and Colley, B.E.,
"Research on Thickness Design for Soil-CementSummary Pavements", Portland Cement Association Devel-
opment Department Bulletin D142, 1969.

When cement is added to a soil material the
physical properties of the material are improved. 15. Portland Cement Association, Suggested Speci-Soil-cement is a hardened structural material pos- fications for Soil-Cement Base Course.
sessing definite engineering propertie-, Outlined
here are the basics of soil-cement technology: 16. Portland Cement Association, Recycling Failedreaction, testing, properties, design, and con- Flexible Pavements with Cement, 1976.
struction. By understanding some of the basics of
soil-cement an engineer can use it to advantage. 17. Portlanl Cement Association, Soil-Cement Con-

struction Handbook, 1978.
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NIX IESIGN CrITERIA :OR CEMENT MODIFIED EMULSION TREATED lATERIAL

K.P. (;eorge, University of Mississippi

This Paper is the se.cond part of a comprehensive instance, of the thirty projects which Finn et al.
investigation of the stabilization of sands and (5) surveyed in seven states, only seven of the bases
sand-clay aggregates with asphalt emulsion. The included sandy or fine-grain soils. Kerston and
objective here is to develop mix design criteria Pederson (11) and Korfhage (I2 r-. ;cd poor per-
for emulsion treated soil aggregates. Previous formancc with SS-1 in Minnesotaloess and a poor
investigations )y author and others suggest that quality aggregate. Scrimsher et al. (18) reported
cement in trace quantities is indispensible in that two cold aspalt emulsion mixtures - one a
order to enhance the durability of sand-emulsion dense graded and the other an open graded - placed
mixtures; accordingly Cement-motdified Emulsion as a 25 mrs (1 in.) overlay on an existing pavement
Treated Material ((:-r,%) only is studied herein, showed noticeable raveling and the surface caused
With due consideration to the prevailing distress rough riding. Meier (14) recently reported three
mechanisms in cold mix bases, several tests are projects in the Northwest in which fine sand was
proposed to evaluate CliTM. Marshall stability and stabilized with slow setting grade emulsified as-
shear strength tend to exhibit an optimum, respec- Plia It. Again, tho performance of two of the three
tively, with emulsion content and fines content. projects isas less than satisfactory. One problem
It appears feasible to Predict the Marshall sta- involved the difficulty of aerating the mixture,
bility of C!'I',I from a simple soil property such a circurMst ance which was attributed to the finer
as particle size distribution. Using the test gradation. Nevertheless, successful use of emulsi-
results on five naturally occurring soils and one fied asphalt ill sand and cohesive graded sand has
synthetic aggregate mix design criteria for ;aiids been reported by Fruedenberg (6). As Bratt (2)
and sandy soils is proposed. Minimuni Marshall emarked, however, numerous lirOblems exist; for
stabilityof 1.23 kN (950 Ilbs) insures that C(iTM example, finding a specification that will gunrontoo
will not undergo shear faih lre under heavy truck con:;istent bel,aviour of emulsions. The numerous
tire ressursr Another criterion to detect failures reported in the literature suggest the
and avoid moisture susceptible mixtures is that lack of a system for evaluating the amenability of
Marshall cyl inders during vacuum soaking should a soil to stabilization with asphalt emulsion.
not absorb more than 8 .5'. moisture. A third Various factors affecting emulsion stabilization of
criterion to safeguard agaiist stiff mixtures sands and silty sands have been reported in a
is that the seven day "dry hearilIg strength" previous paper (7). That study, as well as others
shall not exceed 2701) kPa (dU0 psi). The (17,19), shows that portland cement in trace quan-
recommended design values and test method are tities (1-1 1/216), acting as a stabilizing agent,
presented and discussed in the paper, greatly enhances tile soak-stability of sand-emulsion

mixtures. In this study, therefore, we are concerned
only with Cement-modified Emulsion Treated Material

Bituminous esmulsions are used w idel v in the (C-7m)

construct ion arid mnaintelance of low-volume rural
roads and city streets. Iwo classes of asphalt Because of the increased interest iii emulsion,
emulsion are commonly used. Cationic emulsions due in no small part to the influence of the Federal
,positively charged part icIes) adhere better to such Energy Administration and tIme E.P.A. plus the
electrenegative aggregates as silica and quartz; ani- recommendation of the Federal IHighuway Administration,
onic emulsions (negatively charged particles) have investigators at the University of Mississippi have
better adhesion oil carbonate aggregates. Because embarked oil a research program to determine whether
such a wide variety' of aggregates is used in pave- local sands and silty sands can be economically used
ments, ionic characterizatiun may, however, le of for base stabilization. This report, terefore,
secondary isportanice. focuses on developing mix design criteria for emul-

sified asplialt bases. This objective will be
Because emulsified asphalt in base stabilizatioll accomplished in three steps: (1) Choose feasible

has been used on a limited scale only insufficient test methods and procedures for evaluating the de-
data are available concerning the response of emul- sired properties of cold mixes. (2) Use these meth-
sion to various aggregates; for this reason, ods to evaluate the strength, deformation, and
select aggregate:; have, for the most part, been moisture absorption Properties of CETIl. (3) Use
used ill roads during the last two decades. For
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these results to propose appropriate mix design this observation (8). Two types of permanent de-criteria. formations are identitied: the first, consolidation
deformation; and the second, plastic deformation,
which is due to appreciable vertical and lateralMater ials shear failure movement of large masses under wheel
loads. Shear strength, therefore, is consideredSoils a basic property in a cold mix.

Six sandy soils were selected for study; their Stability Test. Tile stability of CEIN is thephysical properties are given ill Table 1. F r relevant property utilized in proposing mix designconvenience a one letter two digit system is Psed to criteria. Marshall stability results have generallyidentity each soil; for example K38 designates soil been considered satisfactory for assessing the over-938 withi Kaolin as the predominant clay mineral. The all strength and stability under repeated appllica-percentage fines (percentage fines refers to the a- tion of wlheel loads. Other factors in favor of themount of material passing through a 1200 sieve) of Marshall test are (a) ability of the test methodthese soils varies iidely - namely two of 10', 12%, to simulate in-service conditions, (b) reproduci-1I':,, 1% and 17%. - as does the uniformity coeffici- bility of test results and (c) simplicity of execu-ont. All, except K-10, are naturally occurring soil tion.
aggregates from various locations ill Mississippi.Soil X-1 , however, is a 3:.! hlenJ of a coarse sand Marshall test specimens 102 mm (4 in.) in di-and silty clay. ameter by 64 mm (2.5 in.) high were prepared

according to ASTMI 1) 1559, except for the modifica-
tion that 75 blows, instead of 50, were applied onAsphalt 1lmu Ilsion both sides. These specimens, wrapped except for the
tdp face,were air dried for seven days at 50%Because siliceous ;aggregates (for that matter, relative humidity (RIl) and 250 C (7201:) beforemost other highlway aggregates) are electronegative testing at a loading rate of 51 nun (2 in.) percationic emulsion (CSSI) is preferred and is being minute. This curing procedure is referred asused in this investigation. lle properties of the "partial air-cu'" in this report.

Ispha1 lt emiul s ion, as furnsllCd by tile mnulttfa:lcturer,
ire listed iii Table 2.

Shear Strength Test. IIn considering the
principal failure mechanisms observed in FIM bases,Mix Preparat ion one realizes that shear strength is all important
property of the mixture. Undrained shear strengthAir-dried agg'eg;te was first 1)1lended With co- parameters (by triaxial test) are obtained frommelit and suIlseiently moistenewd With water before vacuum soaked specimens, 710 mm (2.8 in.) in diametermixing with the emilsion. The ingredients (aggre- and 152 mm (0 in.) high. In order to miimize thegate and emulsion) were hand-mixed for one mintet, effect of viscous resistance oil shear strength para-followed mli i e mi xiiig until tile aggregate MIs meters (therely rendering a very conservative esti-evenly coated. To facilitatc even .aag, excess mate of slhear strength parameters), the rate ofmoiilure (2", to 3',) WAs added during mixing and strain is set at I.13 mm (0.005 in.)/min.

siisequieiitly eVa;l;rated by a hlower.

O eReated Triaxial Tests. Permanent or plasticrai iza t ion of t ie Report deformation of pavellient materials is especially
significant in estimating the rutting of pavements.Ill acc;'rdalice WI ithe stated objectives, the Each specimen tested, 71) mm (2.8 ii.) in diameterilTts o,0' this studyv ire presented in four distinct by 152 mi (6 in.) high, was subjected to thirtyphases. A brie description of the )roposed tests load pulses per minute. Tile pulse tised had acolstituttes tile first part of this report. Ilelevant triangular shape and a duration of 11.20 seconds.nmIteriAl properties such as Marshall stability, Specimens were tested to an average of 10,000t'iaxial s r lner strellth, and )erlm'inieIt de forl'i ition load relietitions using constant confining pressuresare priselited ill the second part of tile report. Ini of 35 and 710 kl'a (5 and 10 psi). Deviator stressestile third phase of the study, tile results are ana- varying from aplproximately one to six times tirelyzed to propose ,nix designi criteria for (hTiNl. The confining pressure were used iii tire repeated loadlast sect ion presents a systelmatic step-bv-step tests. Permiianent axial and elastic deformationsl,r'CedUire (or' ; lethods llia |IM1) for' desigri c !' C('I, occurring at the mid-height of time slpecimens vereInixtiureS ill the laborlatory. measured b). means of a pair of linear variable

dif'ferent i al transducers (IAII'). It should be noted
that elastic or rebound strain is used iii modulus ofSecction of' Tlest Methoh; r'esiliernce calculation, whereas the plastic or per-
inaneit strain is important iii estimating the distor-The methiodology used in mak ini li x-ies i gri recoin- t iona 1 characterist ics.mendait ions was to fi rst determine tile significant

failutre Modes ill cold Mix bases. Then, consideringthese f;ailure modes, basic required material pro- Moisture Suscept ibility Test. Of tire variousperties of Cold Mix bases Were identif'ied. Avail - moisture susceptibility tests reviewed, the vacuumable tests were then evaluated iii respect to their saturation method :llrheCarec to Ile most appropiriate.effectivcuui ii" .".:a.:ur.,: thz::2 'e, 'Iired properties. 'lile advantage of this method over others is that
the [list ribut ion of moisture iii tIne soaked specimenA recent study. (I1) reported that distortion is nearly uniform within the whole mass of thecaused by imstablili-tyis tile distress most lirevalent speci uern. 11irerr tile moisture distribution within tileill tile exiStiiig cold Mix lraises; follOWeL )y, dis- slecillen was not uniforn, as occurred iii t--' W'Sintegration and cracking. The survey stud,' cur- test. strength results were not reploduuill. Al-rently reported by the 'riter t'n,;s to siuIstanti ate through :;ievcrl variations of v'acuumim soak irg are



184

TABLE 1. Soil identification -nd compositional data

Soil No. Location Passing #200 Liquid PI Unified System Fines CKE Oil
Sieve, % Limit, o Classification Ratio* Ratio

K-38 Ilighway 6, Oxford 10 14 NP SI-SM 0.133 5.5
K-40 Highway 6, Oxford 17 15 NP SIM 0.200 6.0
K-.4,I Calhoun Co., MS 14.5 18 NP SM 0.184 6.5
K-415 Oxford, IS 10.0 -- NP SP-SM 0.120 ---
K-lb Oxford, MS 16.0 16 NP SM 0.276 ---
K-48 Rankin Co., MS 12.0 -- NP SP 0.122 6.5
*Fines Ratio = material passing #t200 sieve/material passing #40 sieve

TABILIF 2. Pl'roperties of aS)halt emulsion ',:Figure 1-Variation of Marshall Strength (7-day air
cured and vacuum soaked) with emulsion content.

Property Cationic CSS-I Temperature 25+1 'C.

limu I s ion : I I I I I
Furol viscosity :J 280C: 35-65

Settlement, 5 days, "u ---
Cement mixing, o broken 0.1 K-40
Residu, (by dist il lation), % 6,4.0-68.0
Base Asphalt:
Penetration at 2s C, 100 g, 5 sec. +140 6.5
SolIub ii ty in CS2 , *-
Ductilityvi 28% 5 cm/minii, Cms 100+
Ionic charge positive

presently in use, the water susceptibility test me- a
thod suggested by the Asphalt Institute was adopted
in this study. Marshal I test specimens were sub-
jected to one-hour vacuum saturation at 100 mm (4 in.)
mercury fol lowed by one hour of soaking at normal at- t
mospheric pressure. A coml)lete description of the 0
vacuum soaking p rocedure can be seen in reference 16. ' ,1.5

K-,42
Strength Properties u f C:'I'M

The investigations , aF described in references 8, K-45
17. and 1, show that for lI mixtures with trace - 3.4 1 1
cement (1'" to I-1/2%) would be a satisfactory materi- 5 7 9
al for bazc c,;;;truction. In order to propose mix Emulsion Content, %
design criteria, however, the strength and deforma-
tion properties of CllM were determined, and the
results are presented herein. Note: 1 kN = 225 lbs.

Marshall Stability the other hand, a large fines content in excess of
the optimum has an adverse effect on the mixture.

The effect of different variabIes, such as emul- The fines absorb a large quantity of water which
sion content and fines content on t1- stability of causes swelling in the mixture and negates some or
CiT.Mlmixturesat 23tl'(: (72±)°F)was ij;..:,tigated by all of the stability gained from increased density.
the mod ifi ed MlrshaIl test. The seven-day air-dry
(air-drieid frOim top face only) S;tability valies This brief discussion reveals that iumerous
generally decrease with an increase in emulsion con- factors pertaining to soil, emulsion, and mixture-
tent from 0% to I10',. 1I4t1n and Salem (4) reported properties govern th,: stability of the end product.
olpt imim b itilmen content of 5". for Leighton lBuz,ard 'Ilerefore, it would lie significant if Marshall sta-
sand after seven days curing. lhe soaked stability bility (soaked) could bc correlated to the various
results (Fig. 1) are more consistent in that they properties. Those properties thought to have some
increase with emul sion content; attaiin an optimum bearing on Marshall stability are:
value sonewhere between 6": to 9, depending oil the 1. Percentage fines (PF)
fines content; and the e ither remains constant or 2. Fines ratio (Ilt = piercent fines passijigs ieve 42(00)
sIlightly decreatses. In other words, in many ag- percent fines passing sieve #40
gregates it is possible to find mn opt imum emulsion 3. Particle index (PIn, Particle index is a measure
content giving tile most stability. of geometric characterisitcs which include shape,

angularity and surface texture.)
The effect of fines content is such that both tile 1. Emulsion content (EC). percent

dry and the soaked stabilities increase with fines, 5. Penetration of emulsi fied asphalt (Pen) (The
peak at about 15% to 18%., and then gradually decreases penetration of the bitumen in emulsion samples
(7,8). As the fines content increases, the density varied around 1,10.)
also increases; this increase in density is pri- 6. Dry density ol compacted mix (y'd), pcf
marily responsible for the increase in strength. On 7. Cement content (Cm), percent
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TABLE 3: Experimental Marshall stability values of CEDI after soaking compared with those prodicted by Eq. 1.

Soil Cement, Emulsion, Water, Dry Density, Marshall Stability, kNNo. % kg/m 3  
Experimental Predicted by Eq. 1

K-38 1.5 6 + ,4 + 3 a 1874 6.00 5.490.5 7 + 3 + 3 1895 1.78 1.82
1.0 7 + 3 + 3 1911 4.76 3.291.5 7 + 3 + 3 1910 6.31 5.931.5 8 + 2 + 3 1895 5.98 5.8,1K-.0 1.5 6.5 + 5 + 3 1953 9.78 11.150.5 7.5 + 4 + 3 2002 3.44 2.821.1 7.5 + 4 + 3 2019 4.89 5.691.5 7.5 + ,1 + 3 2019 10.44 11.511.5 8.5 + 3 + 3 1950 11.02 10.84K-,4l 0.5 ( + 6.5 + 3 1921 4.00 3.841.0 0 + 0.5 + 3 -- 6.67 5.531.5 6 + 6.5 + 3 -- 8.00 7.981.5 7.5 + 5.8 + 3 19-18 9.38 8.69K-15 1.5 5 + 7 + 3 1828 3.53 4.621.5 6 + 6.5 + 3 18,14 5.29 5.470.5 7 + 5.3 + 3 1850 1.78 1.821.0 7 + 5.3 + 3 18,11 3.47 3.291.5 7 + 5.3 f 3 18,17 4.98 5.93K-4,0 1.5 5 + 5.5 + 3 -- 9.69 8.130.5 6 + 5 + 3 2046 3.42 4.641.0 0 + 5 + 3 2065 8.44 6.691.5 6 + 5 + 3 2031 9.87 9.641.5 7 + 4.5 + 3 -- 10.49 10.44K-48 0.5 7.5 + 5.6 + 2 1871 1.33 1.751.0 7.5 + 5.6 + 2 -- 4.00 3.551.5 7.5 + 5.6 + 2 -- 6.00 7.151.5 8.0 + 5.1 + 2 -- 7.29 7.07

Note; I kg/m - 0.06(21 lb/ft 3 . I kN 225 lbs
;Legend 0 + .1 + 3, respectively, Emulsion, %ICompaction Moisture, ".+hxcess Moisture during mixing, o

Data from s;ix soils were used to develop a function- Effect of fines content of soils on shearaI relIationshipr het een these variables and the Mar- strength parameters of mixture. The cohesion ofshall stability of seven-day cured, vacuum-soaked CEIM increases with an increase in the fines contentCI'I', mixtures. A suh-program named SS-stepwise of the soil (Pig. 2a). This phenomenon may be at-regression ,Ias used for this purpose. After a series tributed to the fact that on addition of emulsionof trials, p roperties two, three, five and six from to a soil, silt and clv size particles preferential-the list Wele deleted because they showed little ly absorb emulsion, Which in turn spreads and tendsinfluence on st;ilility. The functional relationship to coat the bigger sized particles. 'lhe s;;rfacethus derived is giV en below: area of contact is thus increased owing to the
presence of such asplialt covered fine parti les in('(MM) 1 6.7.120 + 0.0J913 (:CJ - 1.9006 (Cm) the bituminous matrix thereby augmentinig the cohe-

2 sire characteristics of the r:ix. This hypothesis- .( ( - + .59 (R: x C) (1) has been corroborated Iy, microscopic examination of
CITI mixtures, where theasphalt coated fine particlesin mich %Lrshall stlilit , (MS) is in I)OUiLds. were seen sticking on to the surface of the larger(1 lb = I..*.IsX. jsiig Eq. 1, the Marshall stability ones (see Fig. 1 of reference 7). The increase invalues of' six soils were l) iedicted, and they were cu value can also be attributed to the increase inreasoiably close to the exp)erimental values, as can density brought about b)y the fines.be seen ill column ( of lahle 3. An important advan-tage of' Eq. 1 is tht in order to determine the sta- The angle of internal friction, however, decreas-bility values of a given soil, one needs to know es with increasing amount of fines (Fig. 2bj. Asonly the particle size distribution of the soil. pointed out earlier, the fines, after absorbing the
emulsion, spread and stick to the larger grains.
Pines sticking to the bigger grains tend to diminish'riaxiri Shear Streungth the grain-to-grain contact'among the larger grains
and thereby the angle of internal friction..Effect of 1 emulsion content on shear strengtlhparameters of mixture. The results show that the Using the cu and +u values, it is possible toCu (friction angle) values of all soils tend to de- calculate the bearing strength of CETN mixture increase with cmulsion content. Cohesion Valuies, accordance with the following e(luation, wlhich is duehowever, increase sl ightly at low emulsion contents to McLeod (13):attaiii an opti mum, followed by a gradual drop withfurther increase in emulsion. .. i i 1 1sin u

V=2 1-(. ) -s i - cos 'u ) (2)
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'file variation of bearing strength with fines con- Figure 3. Influence of number of load repetitions
tent is plotted in Fig. 2a along with the cu and u on permarrent strain. Deviator stress 275 kPa (40 psi)
values. The olservation that a mixture with 17'. and confining pressure 69 kPa (10 psi). Soil K40.
fines exhibits optimum bearing strength is in excel-
lent agreement with the Marshall stability values
where the optimum is also approximately 17%. (7).
Considering the fact that uniformity of mixing is
g'eatly hampered wI) a large amount of fines, tile .10
researcher recolmields that tile optimum fines content 1 -
be one or two perceritage p)oints below 17%. -

Permanent lDe tformation in ClE M E-
C -o 1 -

The d'foriration data from repeated triaxial test - X-x6.5i Emul_-x 65%Eusion, ,10C
show that both resi Iinct strain (recoverable or re- a-a 7.S. Emulsion, 40 0C
bound Stl'a, in) and permanent strain increase with the E h-A8.5% Emulsion ,0oc

deviator stress. Tlre fact that the curvilinear re- -+&.5' Emulsion, 40 C

lationship is concave upward sluggests that the -- 6. S mulsion, 25C

reriuanenit strain increases at a faster rate beyond lxl10 1 110 100 1000 "10,000 I00,000
a resi Ii ent Stra ill of approximately 0.02%. Number of Load Repetitions

Figure 2. Variation of cohesion, bearing strength site structure - the subgrade, the base course and
and friction angle with fines content. the wearing surface. In this discuss ron, the

I I I author assumes that an adequate thickness of base
d! 50. and surface has been provided to prevent subgrade

00 fa ilIure. 11ie fundamental problem, therefore, is
C £ to design CETN mixtures having sufficient stability

3.5 I r .') to ,:upport the wheel loads to which they will be
lir•rish I subjected. 'lie discussion that follos attempts to

C provide a rational answer to this problem on the

oo/ basis of test results provided by the triaxial test,
Marshall stability test and vacuum soak test.

Mix desigr criteria will be developed on the
31 ----- basis of strength and durability considerations as

expressed by (1) stability of the mixture and (2)
2 resistance to moisture intrusion, respectively.

, .29

a;27 -linimum Required Stability

.25 Because shear failure is most crucial in CETM. mixtures, the first step is to estimate the maximum
Sshear stress or the equivalent vertical pressure
.23 that the pavemerit base is called upon to withstand.

Considering that truck tire pressure varies from 551
21 tsr I ) ) lto 689 k~la (80 to 110(1 psi), the lressure at the

(0 I0 20 base level, in a typical lavement with 51 to 76 nm
(2 to 3 in.) surfacing, shall be taken 517 kPa (75

Fines Ccnten,/ psi). Assuming a load factor of 1.20 we may arrive
Note: I kl, 0. 1.15 lbf/ in.2  at a design pressure of 620 kPa (90 psi).

Held Methods are different from the laboratory
The relat ionship between cumulat ive plastic strain methodology of mixing, compacting and curing. "ile

aid tile rLurrhelr iOf StreSS al)p icat iolS for vary ing writer's field experience with CE'INI suggests that
emulsion contents is shown in Fig. 3. fle ipermanent 80% of laboratory strength is achievable in tile
strain is seen to accumilate logaritiimically with field. Accordingly, tile required equivalent soaked
tile rumlber of load apprllications. Assuning a linear laboratory bearing strength will be 620/0.8 = 780
relati irshill bIetweeli pLr ita 'nt strain arid load kPa (113 psi).
repetitions, tile anticipated strain at .101C (l()501:)
after O0,000 cycls is extrapolated to be somewhat h'lle analysis at this point shall focus ort
IreIlow i. I5",. In view of tile tentative criterion - selecting a minimuln bearing strength value using
that a rut detpth of (6.3 mm (0.25 in.) is tolerable either tile triaxial or Marshall test. If the tri-
(20i), We conclude that eviderice is lackingto indi- axial test is chosen, Eq. 2 may be used to arrive
cate that Cli'%ll will undergo such permanent deforma- at a combination of ci and It, values required of a
tioll as to restlIt in obiectionlable rut depth. mixture to withstand a pressure of 780 kPa. A

criticism often level led against the triaxial test
is that it is difficult to lperform o a routine

Dievelopment of Design Criteria basis. Encouraged Iy tile simplicity of tile Marshall
test procedure we I ay ir it, re how tliis test r'esllt

h'lre overall tesigl prolemICii from the standpoint of coul lie used for mixture design. Using the lar-
stability consists of preventing detrimental shear shall stability and corresponding flow values, onle
within any one of tue three elements of the compo- can calculate the ultimate hearing strength in ac-
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cordance with the following equation (6). value of 3.34 kN (750 Ibs) for cutback asphalt pay-
Bearing Strength (psi) - stability 120-flow ing mixtures (16).

flow 100 3)
where stability is expressed in pounds and flow in Cement Reqtuirment
units of 1/100 in. The accuracy of bearing strength
c;Ilcul ation depends primarily Lipon the accuracy with Cement treatment of ETMI is shown to be very
wlhich stri'tgth, and especially flow, is determined. effective with aands (7,17,20). Terrel and Wang (19)
The flow valtbe determination during Marshall test recommended up to 1% cement in selected aggregates
ha: been suh icted to criticism in that consistent primarily a a measure to overcome the detrimental
reproducible flow values are difficult to obtain effect of adverse curing conditions. Schmidt et al.
(7,10.). Accordingly. the wiiter asserts that Marshall (17) reported that the effectiveness of cement di-
st:,hilitv alone be used as a criterion. The question mm ished as the cement approached 3o; accordingly,
now is what value of Marshall stability in general tile)' favored 1.3% cement in iTM.
corresponds to a bearing strength of 780 kPa. By
plotting Mlar.zhall stabilities of several soils against
the bearing strengths, as calculated by 1 Eq. 3., a re- Figure 5. Variation of Marshall stability and
lat ion between these two quant ties is established bearing strength with cement content.
(Fig. -4). A safe staibility valu1e-defined as Mar-
shall stability to ,ithstand a vertical pressure of I I I
780 k~la is obtained from tile correlation in Fig. 4 3
For a Marshall stabilit y of' 4.23 kN (950 lbs) the 95'. 20 , j  Dry Test 3X10
confidence interval for the mean estimated value of
bearing strength is 7801 kPa- 1032 kPa (113 psi- 157 K-44
ps i). Stated di fferent ly a ClTM, mixture wh i clih ex-
hibits a laboratory soak stability of .1.23 kN (95)
Ibs) would insure a bearing strength in the field of 15
o20 Oa (90 Psi) at 5% level of significance. 2

722

Figure ,1. Bearing strength related to Marshall
stabi 1 itv. ( 10 -K-44i

5xI i
V- , Soak Test 1

3. (oi'rr. Coefficient = 0.81 5 K- _

S 6 0 Marsha 11Stability
C Bearing Strength

o a I I I I I
0 0.5 1.0 1.5 2.0

zmo1 Cement Content ,%.c II

I
Note: I = 2 s I kI =I.4 b/n

.0.3 1 14is whlether one can prescribe an optimum cemnent con-
2 6 8 10 12 tent for a given '-and emulsiun mixtu.re. MarshalIl

Marshall StvbilityAkN stability, flowandj , thereby, bearing strength of all
six× soils with cement 0.5., l , and, l.5 'ere determined.

Note: I kpa =11. 1.15 lbf/inl.2, 1 kN = 22i ' lbs A typical. plot is shown inl Fig. 5. A general
trend in these results is that although the Marshall
stability" increment decreases with cement content,

11l0 question now arises as to .,bother a safety corre;po)nding bearinig ..trengtih increase is somewhat
factor of' 1.20 is acceptable f'o-, design purposes. exponen-tial at the high end of cement content, due
Considering tile test procedure and other LClgl) paral- primarily to tile decrease in deformation. Thle fact
m~eters, one canil ,;how that thle present criterion will that environmental stresses gand cotrsequent pavement
tend to give ;!n actual safety, factor greater than cracking will be more prevalent i:, less flexible
1.20I. For example, tile pavement base will never be materials, therefort 'etl tile writer to propose that,
sUIbjecte~d to .as1 severeV"ltLt-rintrus ion as is simulated in order to be of optimum benefit to CETI%, tile
it, tile vacuumn soak test. rile fact that tile cli'l'r cement content should he limited to 1.5%.
Mixture gains str(:ngth for a peLriod of 120 day's or
more W~ould tendL to inake the e riter:-,i balsed onl sev(.1l . Thils result was corroborated in a recent fieid
day strength conservative. If, in ainy particular test program where a CE'I11 base w'as construlcted with
case, a number of the above factors w'ere operative K-44, soil at 6'. emulsion and 2-9. cement. Although
arnd their effewts additive, ir call be shown that tile tile drying "Iirinkage of tile C'tiTM was well below what
safety factor ol' 1.20 in accordance with 4.23 kN is con',idered to be critical for p~avement crackinq,
soak strength maty, in "caltbe as high as I.,5 tile base developed cracks to tihe ttune of 0.39 m/m-
t,, 2. (.12 ft./ft 2). That tile core strength has typical-

1), increased from 10,340 kla (I1(00 psi) in .28 days
The MinlimuI1i, acceIpta!'le Marshall value of ,4.23 kN to 17,230 k~la (2500 psi) in IS months suggests tlhat

suggested here appears to be in order, considering cement not only" acts as a catalyst to increase the
that the Asphalt Institute recommended a minimum rate of curing of ETNI but plays a major role in sta-
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bilizing the sand. according to the Asphalt Institute, should be deter-
mined by VS te:nt. Our tests show that the moisture

When the 'iement content was decreased from 1.0' absorption durin- MXVS test is about 40% to 50% of
to 0.5'., a good many of tile soils became so suscep- what would normal ly be absorbed in a vacuum soaking
tible to moisture intru:-i'on that nct only did their test. Thus, the permissible moisture absorption of
soak stabilitieS d1ro) below tile minimun of 1.23 kN, 511 suggested by the Asphalt Institute is comparable
but also their retained strength plunged to somewhere to the 8.151 moisture pickup in this study where
in the neighborhood of 20'. to 30%. Cement content moisture absorption is determined by the vacuum
of 0.5%; is ins fficient; theeforfoe, tIe I riter saturation method.
propIoses that tile optimum cement ,ontent should be
K tween 1" and I.5%. Except ions to this general
rule may be cited; for example, K-46 is sufficiently Figure 6. MIoisture absorption related to air voids.
modified with 0.5% cement. Only :I larger cement con- 16 1 r 1 1 -
tent of 1.3% has brought the soak stability and )ry Density, kg/m3
moisture absorptio,:i of K-I5 to acceptable levels. 6 a K38 1906

0 0 t,(40 1973
The writer asserts that tile selection of cement K,44 Z4

content should be governed by the dry strength of m S K44 1946

(FTY,. In other WOrLds, ;a dry strength criterion is in 0 0 K45 1837
order here. This can be accomplished by estimating * a K46 2050
a dry earing strength corresponding to the accep- 12 - , K48 187]
table soak bearing strength of 11)82 kPa (157 psi). K 1 0
Anticpatingi, a soaking condition ill tile field is se- Total Moisture
vere ;Is that ill vaCIIIIm soak a loss ,f (11% could be aA

coInserVatiVc value. Accordi ngI\y, the desirable dry * ter Sakin :
h'.;iring strength ould he (1n)82 x 2.5) nearly) 2706 -W h O1o0

Lila (392 ps ) rounded to 270C kPa (.100 psi). In fact, "

no requirement in the field justifies a bearing b
strength higher than 270t0 ka 8-

f Absorbed During

Perlil ss .be NIc stiore Absorit ion Soaking

Sincto moi sture absorhic h% the stabi lized mixtre
is highly letrimental to its stability, and sincethis
deter ioration is (epeinilent upon the extent of a)sorp-
tion, assigniing a limiting value to tile moisture ab- 4 0 n,

sorption is considered important. file results show 16 20 24 28

that tile moisture absorpt ion (pelrcentage of moisture Air Voids, %

absorbed diring, vacuum soaking atter seven-days air Note: 1 kg/m 3  0.0021 lb/ft3

Cuiri ingI ilcr'e:Ltssith percentage of air voids (:ig.
ihich in turn is inversely proportional to tile

drv dcls it v of tile mix (see inst of Fig. (i). Fur- Figure 7. Mlarshall stability related to moisture
therlore, tile total moi stiire content (reta i el oois- absorption.
tur ;Ifter sevenl days u In I oistUre abso bed during
soak inlg) Icrea.'s Ii nearl.v with tile air void.;. Tile 20i
spiead betw4el ti ose two curves gives tile moisture
retentiion h CEiT. which slightly decreases with a Corr. Coefficient = 0.88
decrease ill dens it)'. When compa. ing the moisture con- Z
tents during compaction, after seven-days curing, and
after vacuum soak two imsport ant results emerge. First,
the moisture retention after seven-days partial cur-
ing varies from 2.5% to 3.5%, depending on tile fines
content. Second, soils whose total moisture after a
soaking is much greater than the molding moisture
(optimum moisture) would likely I)e susceptible to
moisture ill ie field. As a rule of thumb the ratio 0n

of the former to the latter should not exceed 1.5;
ideally, the ratio should be tin ity.

S 7 9
The import aicc of mo isttuei a )sorpt ioll becoies Moisture Absorption, %

eveil more sulbt Ic as %,e ilote that the \MzarshIll stabi I-
it ' dec reases I oga ri thm i ca l ly wi th inc reas ing absorp- Note: 1 iN = 225 lbs.
tion (Fig. 7). It is aplpa rent from tile cur e that
CLTl mixture exhibiting a seaked Nlarshall strength
of 4I.23 k. 10,5) lbs I, wi 11 niorial ly haVe ab.Sorbed Conc lus ions
9.1:, moisture dliring vactm soaking. Taking into
ac,'ount tile 3 co clidence interval for this estimate 1. Portland cement in trace qtuantities, acting as
the Lwriter suggq, ests that maximus perI l ss il1e Ioistture a stahilizing agent, greatly enhances the soak-sta-
absorption bI M;i'shll specimens should not excecd bilitv of sand-emulsion mixtures.
8.5%. 2. Soaked arshall stability of CETI' increases with

elnulsio') content; attains all optimum value somewhere

It is significanrt to note here that tile moisture between 6. and 9'0; and, for a I p'actical purposes,
absorption v'alue piroposed in this; study is compatible remains constant, The effect of fines content on
with the value sggested by the Asphalt Institute: 5% arshall stalility is such that tile stability in-
for selected aggregates. The moisture absorption, creases with fines, peaks at about 15" to 18%, and
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then gradually decreases. Marshall stability when dry, and the remaining three
3. It is feasible to es: mate the (seven-day cured after vacuum soak.
vacuum soaked Mfarshal :abi lity of CETM from the 11. The selection of a CETM mixture is governed by
particle size listributi :i of the soil (equation 1). the following criteria:
1. The trend of' ixial shear strength result is (a) Criterion (a) of step 9
in agreement Wito that of Marshall strength in that (b) Criterion (b) of step 9
tile shear strength exhibited an optimum value, re- (c) Seven-day dry bearing strength (calculated
spectively, with the emulsion content (approximately from Eq. 3) should not exceed 2760 kPa (400 psi).
7%.) and the fines content (approximately 17%). NOTE: The purpose of criterion 11-c is to safeguard
5. Using the test results on several sand)' soils against selection of a mixture that beomces
mix design criteria for CETM is proposed. The ttwo- highly stiff upon drying. The bearing
part criteria read as follows: strength 2760 kPa (400 psi), therefore, should

(i) Seven-day partial air-cured vacuum soaked not be construed as an absolute maximum
Marshall cylinders at 25_1°C (7212°F) (with 1% limit but should be viewed as a general guide
cement) should exhibit a minimum stability of only.
1.23 kN (95(0 lbs.). 12. Although criteria of step 9, or alternatively
(ii) Moisture absorption during vacuum soaking those of step 11, govern the selection of emulsion
should not exceed 8.5% by Weight. content, the minimum emulsion in any event shall not

be less than 1.1 x CKE oil ratio.
13. As the bitumen content in emulsion varies, the

Proposed Mississippi Method for CEh'I' Mixture Design residual bitumen on weight basis should be specified
for control purposes.

1. Determine the particle size distribution of soil
aggregates (ASTM D1 140 and D.122).
2. Determine the plasticity index of fine fraction Acknowledgement
(ASTM D.123 and D1)2.1).
3. Consider soil aggregates suitable for emulsion This report covers the results of research con-
stabilization: ducted by the Department of Civil Engineering, The

(a) if the fines content lies between 5% and 25% University of Mississippi, under the sponsorship of
and tile Mississippi State lighway Department and the
(b) if tile product of the fines content and PI is Department of Transportation, Federal tlighwayAdmini-
le:;s than 72. stration.

.1. DLetermine the CKE oil ratio (Reference 16).
e5. Dtermine type and grade of emulsion by coating The opinions, findings and conclusions expressed

test (Reference 16). in this report are those of tile author and not neces-
0. Determine moisture and correc: inding density of sarily those of the State Ilighway Department or the
CE'IM from moisture density cur'ce; the details of oh- Federal Ilighway Department. This reort does not
taning such a curve can be seen in reference S. constitute a standard, specification or regulation.
Mixing moisture may be 2%-3% more than that for com-
pactiOu, depending upon the fines cotent.
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EFFECTS OF COMPACTION DELAYS AND MULTIPLE TREATMENTS
ON THE STRENGTH OF CEMENT STABILIZED SOIL

Michael J. Cowell, Geutechnical Engineer, Law Engineering
Testing Company, McLeaA, Virginia, formerly Research
Assistant, Cornell University, and

Lynne H. Irwin, Associate Professor, Cornell University,
Ithaca, New York

The effects of delayed compaction on the the products of hydration will effectively aggre-
strength and durability of cement stabilized gate the soil particles. The increased frictional
soils for base courses and subbases has been resistance to compaction that this creates re-
investigated. It was concluded that time quires an increase in the compactive effort neces-
delay does not adversely affect either sary to achieve the required density.
strength or durability. However, prolonged A review of the literature (1, 2, 4, 6) indi-
time delay does increase the required level of cates that if a high state of density can be
compaction necessary to achieve a specified achieved in cement stabilized mixtures subject to
density so that it may be beyond the capa- time delays, a strong and durable product will
bility of ordinary highway compaction equip- usually result. Most of the studies to date that
ment. An example is given in the report show- have considered the effects of time delays on
ing how the results of this work can lead to cement stablized soils have been limited to the
more rational field compaction specifications use of standard AASHTO compaction effort. Since
for cement stabilized materials, in recogni- both dry density (related to void ratio) and mois-
tion of the fact that time delays are inherent ture content (related to water/cement ratio) will
in the construction process, ultimately affect strength gain, these factors

should be considered jointly when cement stabi-
lized soils are used.

In terms of field applications, it has gener-
Aggregate supplies for road building purposes ally been found (1, 3, 4, 6, 8, 17, 18) that in-

are becoming increasingly more costly and more creased compactive effort is beneficiaFlto the dry
scarce in many parts of the United States (10). density and therefore to the strength of cement
Alternative road base materials such as cement stabilized soils. Previous research, however,
treated aggregate or cement stabilized subgrade does not indicate how much compactive effort is
soil, which previously were relatively expensive, necessary to obtain 100 percent of the standard
are now viable economic alternatives. However, AASHTO dry density over varying time delays. In
use of such materials in lieu of a conventional addition, if a level of compactive effort cannot
aggregate base requires additional considerations be applied in the field to achieve 100 percent of
to assure that a strong and durable material will the standard AASHTO dry density, it would be
result. desirable to know what a reasonable specification

It is not uncommon to have a time delay be- wculd be for dry density, moisture content, and
tween initial mixing and final compaction in time delay, such that satisfactory strength and
excess of two hours for road-mixed cement stabi- durability could be obtained.
lized construction. Previous research (1, 2, 3,
4, 5, 6, 7) has shown that time delays of this
magnitude will result in the reduction of density, Purpose and Scope of the Investigation
strength and durability of laboratory specimens
compacted at constant compactive effort, such as The purpose of this investigation was to study
that imparted by the standard AASHTO procedure, the effects of varying amounts of time delay
The reduction of these properties in a cement before compaction on the strength of cement stabi-
stabilized soil is a result of the time-dependent lized soils, in order that recommendations for
reaction that is occurring between the soil, field construction procedures could be made.
cement, and water. As these constituents are The investigation was carried out in three
mixed together the cement hydrates, and over time phases. Phase I consisted of determining the

influence of moisture content on the strength and
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dry density of three conventional cement stabi- Portland Cement
lized soil mixtures. Previous research (4, 5, 7)
has shown that the optimum moisture content for The cement used throughout this investigation
maximum strength and for maximum dry density may vas Type IA portland cement, having an initial
not always be the same. In Phase I the optimum setting time of 100 minutes, a final setting time
moisture content and dry density associated with of 204 minutes, and a 28-day mortar cube strength
the maximum strength of each cement stabilized of 730 kPa (5012 psi).
soil mixture were determined using the standard
AASI[TO compaction method. Th, se values were used
in the two subsequent phases of the research. Mix Designs

Phase II involved an investigation of the
influence of time delays on the dry density, Standard procedures for the determination of
strength, and durability of one of the three optimum cement content published by the American
cement stabilized soil mixtures, compacted at the Society for Testing and Materials (11) and the
optimum moisture content for maximum strength. A Portland Cement Association (14) were used to
kneading compactor was used to compact the speci- obtain the mix designs. Freeze-thaw criteria con-
mens, using a compactive effort that permitted trolled the mix design for Soil A, resulting in a
achieving the standard AAS11TO density at zero time design cement content of 13.5 percent by weight of
delay. These specimens were termed the "constant dry soil. The short-cut procedure for sandy soils
compactive effort" series, since the same compac- (14) was used for Soil B and Soil C, resulting in
tive effort was used for all specimens, regardless design cement contents of 5.0 and 12.0 percent,
of the amount of time that compaction was delayed, respectively.
The data obtained were used to determine whether a
direct relationship existed between strength and
dry density, or durability and dry density. Table I. Properties of unstabilized soils.

Phase III involved compacting cement stabi-
lized soil specimens to approximately 100 percent Soil Soil Soil
of the standard AAS1ITO dry density after the mix- A B C
tures were subject to time delays of up to 6
hours. These specimens were termed the "constant Sieve Analysis
density" series since the same density was Percent Passing
attained, regardless of the amount of time that 19.1 mm (3/4 in) 100 100 10013.' tmrn(1/2 in) 100 90 100
compaction was delayed. The amount of compactive 4.75 mm (#4) 100 58 99
effort required to obtain the desired dry density 2.00 mm (1101 160 42 98
was recorded so that it could be compared to the 0.45 mm (040) 97 18 950.075 mm (#200) 90 2 87
capability of typical field compaction equipment. 0.050 mm 89 -- 78

For all three phases of the investigation both 0.005 mm 57 -2- 5
one-part and two-part cement stabilized soil mix- 0.002mm 39 -- 17

tres were investigated. One-part mixtures are Physical Propertie
defined as those where all of the soil, cement and Liquid Limit 36 24

Plastic Limit 17 17water are mixed together at one time. Two-part Plasticity Index 19 NP 7
mixes involve mixing one-half of the cement and
one-half of the water initially, followed by a Standard AASIITO Maximum

Dry Density (kg/m 3) 1805 Z195 1842twenty-four hour hermetOc curing period prior to optimum Moisture Content (pct,) 16.4 7.1 14.5
the addition of the remaining cement and water.
This technique of multiple treatment (two-part Modified AASIHTO MaximumDry Density (kglm3) 1919 2288 1942
mixing) represents the extteme antithesis to the Optimum Moisture Content (pct. 13.3 5.9 Iz. 2
conventional wisdom of minimizing the time for
construction of soil-cement mixture,;. It occurs Specific Gravity 2.76 2.68 2.71
occasionally in mixed-in-place construction where Soil pH 7.8 -- 7.7

Percent Loss on Ignition
mixing is interrupted for a prolonged period or at 900"C 14.6 -- 4.8
overnigit. Earlier research (6) has suggested that
some strength benefits were obtained using two- ClassificationsoeAASHTO A-6 (I2) A-la A-4 (8)
part mixing, however this research did not confirm Unified CL SW CL-ML
those findings.

(1 kg/m
3 = 0.0624 lb/ft

3(

Materials and Methods

Soils Mixing

Three soils sampled from sites within Tompkins A 12-liter, restaurant-type Blakeslee Model
County, New York were used for testing. Soil A CC20 mixer, was used to mix the soil-cement mix-
was a silty clay and Soil C was a clayey silt, tures. A speed of 250 revc itions per minute was
each typical of the fine-grained subgrade soils used, and a total wet mixin6, time of 3 minutes was
found ove: a major portion of the United States. allowed for all soil-cement mixtures. The cement
Soil B, a highly angular gravelly sand, was and dry soil were first hand-mixed to a uniform
typical of tile coarse-grained dense-graded texture and upon the addition of water the mea-
materials used in the construction of cement surement of time delay was begun and wet mixing
treated aggregate bases. The physical properties was initiated. For the two-part mixtures a 1.5
of these three soils are shown in Table 1. minute mixii~g time was used for each part. The

measurement of time delays for two-part mixes was
initiated upon the addition of the second portion
of the mixing water.
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Moisture Contents Figure 1. Moisture-density-strength relationship
for cement-stabilized Soil A.

All moisture contents were based on the weight
of dry solids, when dried in an oven at 110C. Standard AASHTO Impact Comoction
The moisture contents ubed in calculating dry Soil A -On-PontMi --- Two-Port Mix
densities and plotted on the moisture-density 3750 ¥
curves were based on the molding moisture content, Z 500
that is, the amount of water added to the soil- .
cement mixture plus any hygroscopic moisture in 3000
the soil that could be evaporated at 110'C. 3000- 400

Compaction 7 2250 /

4) 30All specimens used in this investigation were > 0
102 mm (4.0 inches) in diameter by 116 mm (4.58 n 1-5-----2ours
inches) in height. Each specimen was compacted in V 200CL _6 Hours
three equal layers and was scarified between each E 6 r E

0 8layer. The specimens for Phase I, the moisture- o 750
density-strength study, were compacted in accor- -O0
dance with ASTM D558-57 (11), using a drop-hammer 1700 l
compaction corresponding to the standard AASHTO 105
effort. In no instance were the compacted speci- 1650 -

mens broken up to be recompacted. 5E 0- OHours
The soil-cement specimens for the remainder of 1 -

the investigation were compacted using a kneading 6 1600 0
compactor. The kneading foot and the load-dura- 2:1
tion relationship conformed substantially to the 1--0u c
test methods of the California Department of - 95a

95 ~Transportation. The compactor was capable of 50o
applying contact pressures up to 5000 MPa (700 opsi). -q--- - -6HurS

1450 
90

Curing 18 19 20 21 22 23 24

All specimens were cured for 7 days at 23 plus Moisture Content (%)
or minus 1C (73 + 20 F) in a moist atmosphere near
100 percent relative humidity. Each specimen was dry density. However, for the coarse-grained Soil
sealed in a plastic bag during curing to maintain B the moisture content associated with maximum
a constant moisture content, strength was lower than that for maximum dry

density. It can be seen in Figure 2 that devia-
Strength tions in moisture content from the optimum for

maximum strength of the coarse-grained material
The unconfined compressive strength of each will cause large decreases in strength.

specimen was measured. After curing, the ends of The dependence of strength on moisture content
each specimen were capped using a sulfur-type cap- is a result of the manner in which the type of
ping compound. The tests were run on a universal soil obtains strength when stabilized with cement.
testing machine having a spherically seated load- Strength gain in coarse-grained soils is similar
ing head using a loading rate of 1.25 mm (0.050 to that of concrete. The function of the cement
inches) per minute. paste in concrete is to fill the voids within the

aggregate matrix and bond the particles together.
Durability In cement stabilized soils however, the voids are

not completely filled with paste (18). Strength
The strength of specimens subject to vacuum in a cement stabilized coarse-grained soil can

saturation has been found to have a high correla- therefore be seen as a function of both water-
tion with the strength of samples subje-t to cement ratio (a specific moisture content asso-
freeze-thaw cycling (16). After 7 days of curing, ciated with a given cement content) and degree of
the specimens were subjected to vacuum saturation, compaction (dry density).
capped, and tested for unconfined compressive For fine-grained soils, strength gain is
strength. obtained through cementation as well as through

the chemical combination of the individual soil
particles with the products of cement hydration.

Discussion of Results While the dry density and moisture content are
primary factors influencing strength gain, so are

Moisture-Density-Strength Relationships the mode of compaction (19), cement content, soil
chemistry, temperature, and mixing technique,

Figures 1, 2, and 3 illustrate the influence along with many other variables that affect the
of moisture content on the dry density and soil-cement reaction (23, 24, 25).
strength of the three cement stabilized soils. A Table 2 summarizes the results of the moisture
minimum of fifteen compacted specimens were fabri- density-strength tests for zero time delay. The
cated in establishing each of the curves shown in moisture content for maximum strength and the
the three figures. The results for tile two fine- associated dry density, for each of the three
grained soils (Soils A and C) show that the mois- cement ntabilized soils, were used as the control-
ture content for maximum strength of a one-part ling parameters for Phase II and Phase III of the
mix subject to a minimum time delay (0 hours) was research: the constant compactive effort study and
the same or slightly greater than that for maximum
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Figure 2. Moisture-density-strength relationship the constant density study. Since kneading com-

for cement-stabilized Soil B. paction rather than drop-hammer compaction was

used in the subsequent phases of the research, the

Standard AASHTO Impact Compaction compactive effort (i.e., the hydraulic pressure

Soil B I- On-PrtMix --- Two-Part Mix setting) necessary to achieve the desired density
, I , at the given moisture content for zero time delay

1000 was determined for each of the stabilized mix-

0. 6000 0 Hour tures. Because the standard AASHTO density was

Boo attained at this pressure setting, it is termed
:F 6 the standard AASHTO compaction pressure. In a

6 Hours similar manner the pressure setting necessary to
4500 - achieve modified AASHTO density was determined.

60 These pressures are reported in Table 3 for each

4) -- "- - ", ousoil-cement mixture.

S3000 Hours
040

6 Hours"st E Table 2. Moisture-density-strength relationshipsE 0

1500 200 L) for cement stabilized soils using standard AASHTO
impact compaction, zero time delay, and one-part

2250 
140 mixing.

HorsZS oil Soil Soil

E 2200 __

- = 135 . Ma.imum 7-day kPa) 3310 1960 2790
Unconfin'd Compressive psi) 410 1010 405

6 rs Hours / > Strength
U) / C

21 0---- a - - Maximum Dry (kg/m
3 l 1689 Z2Z0 1804

10 - -30 0 Density (pcf) 105,.4 138.6 11Z.6
O 7~0 Hours .

20 - o Moisture Contrnt for (perLent) ZO. 5 7.0 16.0

2050 Maximum Density

/ 6 Hours 125 Moisture Content for (pircent) 2L 0 6.3 16.0

2000 Maximum Strengt; p

5 6 7 a 9 10 Cement Content (percent) 13. 5 5.0 12.0

Moisture Content (M)

Figure 3. Moisture-density-strength relationship Table 3. Kneading compaction pressure required to

for cement-stabilized Soil C. achieve standard and modified AASHTO densities for

cement-stabilized soils at zero time delay with

Standard AASHTO Impact Compaction one-part mixing.

Soil C .Ons-pErfMIx --- Two-Port Mix
I i I Soil Soil Soil

A B C

300O 400.9 Standard AAS1ITO (kPa) 1170 1520 1100

Compaction Pressure (psi) 170 2Z0 160

2250 Modified AASHTO (kPa) Z620 2410 2620

2300 Compaction Presbure (psi) 380 350 380

-

150

1500- 200j

750 0 Constant Compactive Effort Study

75 U The influence of time delay upon the dry

density, strength, and durability of cementL stabi-
lized Soil A was investigated in Phase II of the

1800- Z research. Specimens compacted with the kneading
5ZAv compactor were given a compactive effort equiva-

E 1775 -lent to that of standard AASHTO compactive effort,
0O 11 as determined by varying the hydraulic pressure

.1750 setting on the compactor until at zero time delay
0 Hours the density at the optimum moisture content for

C1725 maximum strength was equal to the standard AASHTO
1- - -- -density.

-- - -The effect of delaying compaction up to six
01700 hours is shown in Figure 4. Each data point

105 represents the average of three test specimens.
1675 - , 1 I Where a constant compactive effort is used, time

14 15 16 17 is 19 delay before compaction results in a significant
loss of density, which in turn results in strength

Moisture Contnt (reduction. The direct interrelationship between

density and strength is also shown in Figure 5.
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This behavior has also been noted by MacLean and influence of density on strength was quantita-
Lewis (8). tively defined in a manner similar to Figure 5,

The durability of the material, as measured by and the individual test results were normalized to
the strength retained after saturation, is also adjust for density variations before they were
shown in Figure 4. It can be seen that regardless plotted in Figure 6.
of the amount of time delay, approximately 80 per-
cent of the as-compacted strength was retained
after saturation. Thus time delay before compac- Figure 5. Strength-density relationship for ce-
tion does not appears to have a major influence on ment stabilized Soil A.
durability losses for cement stabilized soils.

nn It Eff noo o n

Figure 4. Effect of time delay on strength and (pof) 100 105

density of cement stabilized Soil A at constant
compactive effort. / 500

Constant Cmpoctive Effort Kneadig opoo Soil A

Soil A Oe-Part Mix I000 2,0% moite
' 5 13.5 % cement 400

:~~220 LDo\\ - /500 2~3000 225

S2500 ° I /coo,,o
La 2000- -300 01500 20

50 200 E
, 1500 , ._ .- 200) r 5 n~ '  

I0

"A As Compacted 7|0 100
O 1000 Vacuum E Standard AASHTO Density

Saturated - - - --A'0 90% 100%
L) 500- U I0I

0 I
I I I - - 1400 1500 1600 1700

105 Dry Density (kg/m)

vi 1650
11 Figure 6. Effect of time delay on strength of

1600 -oo cement stabilized soils at constant density.

) Constant Density Stud1 4K0d0 o n
C 1550 - 1400
0) 

95

S1500 3Soil 8 -As Compacted
8750 (NornolIzed) 1300

1460 go

0 I 2 3 4 5 6 G0
Time Delay Before Compaction (hours) Z 8000 06

18~oo_

3750
Constant Dry Density Study 700

Soil C- As Compacted
Time Delay Influence on Strength. The pre- v A

ceding results imply that time delay causes re- £ 3000 A 600
duced density, and thus reduced strength, where E C

0 Ecompactive effort is held constant. It should be SoillA-As Compacted 0
noted, however, that most construction specifica- 500
tions require that a minimum density be achieved. 2250 -
The question of whether there would be a loss in
strength due to time delays where a constant 0-- -- ... 0 -------- 400
density is achieved was the subject of the third Sil A-Vacuum
phase of the research. 1500 -

In Figure 6 are shown the results of strength 3 I i 300
tests on the three cement stabilized soils, where 0 I 2 3 4 5 6

the compactive effort at each level of time delay Time Delay Before Compaction (hours)
was adjusted to enable attaining approximately 100
percent of standard AAS11TO density. For Soils A
and C each data point represents the average of Statistical analyses have determined that none
three tests. For Soil B each data point repre- of the lines reported in Figure 6 have slopes
sents a single test. which are different from zero at the 0.05 signi-

Soil B presented difficulty in achieving con- ficance level (20). Thus it may be concluded that
stant density. Slight variations in density re- time delays have no influence on strength when a
sulted in large variations in strength. The given density is achieved.
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Again it is seen in Figure 6 that saturation It can be concluded that it would be very

of Soil A specimens resulted in approximately 80 difficult to attain a specified standard AASHTO
percent strength retention, regardless of the density for a cement stabilized soil when a time

amount of time delay. These results further sup- delay between mixing and compaction in excess of

port the previous conclusion that time delays up three hours is incurred. rhe higher frictional

to 6 hours do not adversely affect the durability resistance of coarse-grained soils, such as those

of soil-cement. used in base courses, may be expected to result in
a limiting time delay more on the order of one

Time Delay Influence oni Compaction Effort. It hour.
has been shown that time delays of up to six hours
do not result in strength losses where a given
density can be achieved. However, time delay does Significance of Cement Time of Set
make it increasingly difficult to achieve density,
as shown in Figure 7. In the figure it can be The cement used in these tests had an initial
seen that the level of compactive effort, as setting time of 1.7 hours, and a final setting

measured by the pressure setting on the kneading time of 3.4 hours. Arman and Saifan (2) have

compactor, incicases significantly with increasing noted the influence of cement setting time on the

time delay. The coarse-grained Soil B exhibited a behavior of fine-grained soil-cement mixtures. In

higher frictional resistance for all levels of Figure 4 it can be seen that the greatest strength

time delay than did either Soils A or C, which losses occur prior to initial set, and that after

were fine-grained. final set only a small amount of strength loss
At zero time delay a kneading pressure of occurs. It should be noted however that the

about 2600 kPa (380 psi) was sufficient to provide setting test for cement is somewhat arbitrary, and

at least modified AASHTO density in all three it depends on the mechanical response of the paste

cement stabilized soils (Table 3). As shown in to applied load. Setting time is therefore

Figure 7, however, after one to three hours of defined by the frictional resistance of the

time delay, depending upon soil type, a kneading hydrating paste. Similarly, cement stabilized

pressure of 2600 kPa would only provide standard soils exhibit increased frictional resistance to

AASIITO applied compaction, when compaction is delayed for

density. a period of time (Figure 7). However, when sufii-
cient compactive effort is applied to overcome the
frictional resistance, such that a specified den-

Figure 7. Effect of time delay on compaction sity is achieved, no loss of strength results.
pressure required to achieve standard AASHTO The da-a in Figure 7 do not suggest that either

density for cement stabilized soils. initial or final setting time had any major influ-
ence on the compactive effort required to achieve

Constant Density Study lKneading Compaction strength and density in the three soil-cement
S I I , mixtures considered in this investigation.

-700

4500 - Application to Compaction Specifications

Soil A -600 The intent of this research was to establish a
-Soil B A

03750 -method for determining a realistic field compac-
a. tion specification for cement stabilized soils

500 subject to time delays before compaction. The
•So11 C results of this research have shown that a limit-

400 U ing time delay of one to three hours, depending on
soil frictional characteristics, can be tolerated

2250 • if cement stabilized soils are to be compacted to

r_ 3OO _ 100 percent of standard AASHTO density with field
o -0 compaction equipment. Alternatively, time delays

1500 greater than the limiting time delay can be ex-
E 20 E petted to result in reduced dry density and there-
o o
o o fore lower strength.

For satisfactory field performance of cement

750 IOO stabilized soils, achieving a given minimum level
of strength may be expected to be of primary
importance. Strength determines the load support-

I I I I I ing capability of the pavement, and it has an

I 2 3 4 5 6 important influence on the durability and fatigue
Time Delay Before Compaction (hours) resistance of the material. This research has

shown that the strength of soil-cement is control-

Limiting Time Delays. It has been reported led by the density that is achieved during compac-

that the modified AASHTO compaction curve repre- tion. Since most construction specifications for

sents an upper bound on the density that can cement stabilized soils include a requirement for

generally be produced by most types of field com- minimum density, the strength and satisfactory

paction equipment (21, 22). For the purposes of performance of the material is determined by the

this study a limiting time delay was defined as degree to which the specification is reasonable.

the time delay at which modified AASHTO compactive The way in which the procedures described in

effort was required to obtain standard AASHTO this report may be used to develop reasonable cam-

density. Based upon the results reported in Table paction specifications will be illustrated in the

3 and Figure 7, for the cement stabilized soils A, following example.
B, and C the limiting time delays would be 2.3,
1.0, and 3.3 hours, respectively.
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1. It is first necessary to select a minimum For this example a typical compaction specifi-
acceptable 7-day compressive strength. Local cation might read: "The cement stabilized soil
experience can determine this value. A minimum shall have a minimum cement content of 5 percent
strength of 240U kPa (350 psi) is recommended by weight of dry soil. It shall be compacted at a
where local experience is insufficient, moisture content of 8 plus or minus 2 percent.

2. For the selccted soil, the minimum re- minimum com acted dry density of 172.5 kg/m
quired cement content is determined using conven- (107.7 lb/ft ) shall be achieved." Consideration
tional procedures (14). Careful attention must be should be given to utilizing quality control
paid to avoiding time delays before compaction in measures such as running average density or proba-
this work. The compacted laboratory specimens bility-based control measures. The use of these
from the moisture-density investigation are cured measures is widely reported in the literature.
for 7-days at 23*C (73*F) and 100 percent relative Consideration might also be given to specifying a
humidity. The specimens are capped and their limiting time delay, after which compaction should
compressive strengths determined. Test results not be attempted. Care should be taken to avoid
are plotted in a manner similar to Figures 1-3. making this time period too short, so that it does
The moisture content and density for maximum not subordinate the minimum density requirement.
strength are determined and will be used in the
compaction specification.

3. Using the same compaction procedures as in Conclusions
step 2, additional specimens are prepared after
time delays of two hours and six hour.., using This investigation has studied the effects of
optimum moisture content, and optimum plus and delayed compaction on the strength and durability
minus two percentage points. The specimens are of three cement stabilized soils, representative
cured as before and the strength and density of base course and subgrade materials. The
results are plotted as in Figure 8. results of this investigation have led to the

4. The results shown in Figure 8 are inter- following conclusions:
preted as follows. Entering with the minimum
acceptable strength (fro, step 1), the minimum
allowable percentage of standard AASHTO density 1. If a specified level of density is
that will permit this strength to be attained can achieved, no adverse effects on the strength or
be determined. This minimum density will be used durability of cement stabilized soils will be
in the compaction specification. The associated attributable to time delays between mixing and
maximum allowable time delay can be read in Figure compaction of up to six hours.
8 (approximately two hours in this example). If 2. Time delays greater than one to three
the time appears to be unrealistically short for hours will increase the required compactive effort
the expected construction procedures, then either for cement stabilized soils to 1 level which may
the minimum acceptable compressive strength must be beyond the capabilities o ordinary highway
be reluced, or the design cement content must be compaction equipment.
increased. 3. For any particular cement stabilized soil,

a limiting time delay can be identified, after
which time the required density cannot be

Figure 8. Example of application of methods to achieved.
construction specifications for a cement stabi- 4. Multiple-part treatment does not appear to
lized soil. offer any advantages over ordinary one-part treat-

ment in terms of the compressive strength of
cement stabilized soils.

4500 Moisture Content at Compaction 600_ 5. Moisture content, compactive effort, time
U 6 percent Z delay, and soil type jointly affect the strength
0 8 percent CL and durability of cement stabilized soils. A: 3750 A 0 percent 500 rational means of considering these factors in

preparing specifications for field construction
3000OO control has been described in this report.
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PO," ' N, ACTIVITY AN MECHANISM OF REACTION" - -OF.- RED T

Joe G. hCr AdCIVITY AND . OFkaa RED Tnv r PiCAL -L

of Leeds, U.K.

This paper presents a study on the pozzolanic very rough guide to the properties of red tropical
properties and mechanism of reaction of nineteen .soils.. Perhaps a great-part of the useful data
red tropical soils from north east Brazil. The gathered on the behaviour of red tropical soils hasresults of the study show that the mtechanism of never been fully used du othe confusion and con-.

-reaction between soil and lime is mainly a -tro~ersy ori'ginated-by the very nothenclature'
diffusion controlled process which can be proposed by researchors in their desire to precisely,
expressed by the equation of Jander., Based on define those materials.' Terms like laterite,
the constant rates of reaction obtained from this lateritic'-soil, latoiol, ferricrete, 'ferruginous
equation and on the quantity of reactive corn- soil'-, ferrisol1, oxisol, ferralsol, etc.. have been
ponents of the soils an aictivity index, Ai~is - used for 'the same type of material in some, cases,
proposed and its val-idity tested against the while' only one name has been applied to various
unconfined compressive strength of the lime-soil types of mate~rials .in other cases. Therefore 'in
system. A valid statistical correlation is this paper use is made of the term "red tropical
presented linking the Ai value with the empirical soil", and. this is- broadly a -soil which fits the
reactivity parameter of Thompson. definition of laterite given 'by: Siverajasingham et

ail. (4'),, while the term laterite' is restricted to
'the original definition given by- Buchanan (5).-

This' paper deals specifically with the -
Approximately one 'third of the land surface of-fihe -pozzolanic pxoperties of red tropical' so'lr, it

earth is contained within the huge belt limited by the - attempts to explain the mechanism of the reaction
-' tropics of Cancer and Capricorn. Within this area - between lime and the -constituents of the. soil and"1red tropical 'soils" are the dominant', feature of the proposes an index of pozzolanic' activity which is

landscape, and whenever man decidesto construct any- relat~d--to-the strength of the soil byan empirical
- facility, red tropical soil properties have to be - statistical relation.- Finally, it' suggests the

determined and their behaviour predicted:- - activity index as a possible parameter for the
Geologists, soil scientists, agriculturalists and classification of r~ed tropical soils.

engineers are interested in different aspects of the - - -

bebiaviour, of red tropical soilg. ,This interest is -- - -----

reflected in the great volume of work devoted to Lime-Soil Reaction Mechanisms'"-
classification and preparation of an acceptable --- - --

nomenclature of red trop' ical soils. Un~ortunately -- - The different theories on the mechanism ---
for a civil engineer these classific 'ations are very responsible for'the alteration of some of the,
confusing and of limited use. The terminology and - engineering properties of soils when mixed with lim
classifications in actual use are so varied that an -in the presence of water have been well reviewed by
engineer, is tempted ,to agree with F.C. Bawden who -- Diamond and: Kirter' (0) and more rjecently by the
s~aid "Classificationlis easy: it is something you Transport,and Road Research Board U.S.A. (7). The 99just do" (1). Ideally,-a classification should serve -changes thattake plc whe liei-dddtnot only as a practical tool to transmit information solr bral iceed ime addto ameirto an/r.
but as a tool to~predict behaviour when experience is -- st rength development. ' '

not available. - ' Among the mechanisms offered for the explanation 4
-Information regarding the engineering behaviour -- -of the amelioration effect of' lime on 'soils are:

of red tropical soils is still scanty, this is' - flocculation due to cation exchange (pM 'dependent),.
reflected in the lack of classifications with phsia adopin mio pozln ecin bet - "
engineering validity. An example of a classification ween soil minerals and lime leading to diffuse-'
for engineers is the one proposed by Lyons Associates - cementation.
in their study of African soils (2) and of Sout h Flocculation due to cation exchange has beenAmerican' soils (3). These classifications, the' first supported by the Iowa State University researchers.
related to d'Hoore's-simplified classification and -Hilt 'and Davidson (8) explained that amelioration
the other related to the FAO-UNFSCO "lessification 'occurred because lime increases the pMi of the system,
have had moderate success and can only be used as a thereby generating negatively charged sites at the4

-. 9.• . . •.9•', 9 9 , , -'9 L ' ' . '9 " 9 ,' -. i .. .'I , j
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edges of the clay resulting in an increase in cation - ,/ -,
exchange capacity. The small amount of lime required i.e. c2t w - w . (3)
for these changes to take place was termed "lime 2 0

fixation point". Hilt'and-Davidson indicated that
strength increases in the lime-soil system only occur . - w -(4) /
when lime is added beyond this po int. Cation ex- i - m ..c 3 (4)

change phenomena is real enough in many materials, it
is a very useful property utilized in a great numbecr where~ w~ w
of -industrial processes, thus it cannot, be discounted w ;d
her. .However, the predominant clay mineral in red
tropical soils is of the 1:1 type, these clay and w w u m.... ay ~~~and w .=weight of undissolved material a't'time.:! .// "'-.:.
minerals have low cation exchange capacities and low o zero ., ,
specific surface values. It is therefore
questionable whether this mechanism alone can Equation 4 is valid for a monodisperse suspension.
explain amelioration in red tropical soils. For materials of particle size ncamally distributed,

The physical adsorption theory offered by equation 4 becomes
Diamond and Kinter (6) postulates that lime molecules
are adsorbed by clai-surfaces and react with edgesof .

other contiguous clay particles to form minute c4t = 1 - w m (5)
cementitious products.

The diffuse cementation theory proposed by For materials of particle size log normally
Stocker (9) does not postulate adsorption of lime on
the surfaces of the clay but that lime reacts distributed, ecuation 4 becomes
directly with clay crystal edges, generating minute 1
accumulations of cementitious products at ornear c5t 1 - w"
the edges. 5 .

Strength increase is generally attributed to
pozzolanic reactions, i.e. a process involving the Hence if the dissolution theory is valid, experi-
production of cementitious compounds between lime and mental results should obey equation 5 or 6.
soil minerals. Eades and Grim (10) suggested that-
this reaction involves the dissolution of silica
and/or alumina from the clay to react with lime to Diffusion controlled model
form the cementitious products while Stocker (9) .
attributes the mechanism to diffuse cementation - an Kinetic models for solid state reactions based
in situ phenomenon. on diffusion controlled processes. have been consid-

All the above postulations have one common short- ered by Jander(12.), Ginstling and Brounshtein (13)
coining. They are empil:ical in nature since they are and Carter (14), The model used by Jander differs
not based on theoretical models which could be used from the model of-Carter: in that it does not con-
for prediction purposes. sider, the effect of the varying volume of reaction

In the present study the experimental data is products on the, rate of formation of new reaction
used to assess the validity of a theoretical reaction products. In the systems.investigated in this study,
model. the vralume of products formed-with-time was not

measuved, therefore the experimental data was only
tested "with the model of Jander.

Theoretical Reaction Models The model of Jander is based on the reaction
which occurs between two sphemical particles and on

Two fundamental reaction models are consideredi- the assumption that the rate of thickening of the
(a) dissolution of mi:,erals out of clay to reaet . reaction products is inverselytproportional to its
with lime, and (b) diffusion controlled reactions thickness, hence:
between lime and soil-minerals.

dy/dt k/y (7)

Dissolution model where dy/dt.= rate of thickening of the reaction
products

This model is based on the assumption that the k rate constant
rate of dissolution of a given mass is proportional
to its surface area (10), thus: y thickness of reaction products

dw -cA () Integrating equation 7:-

where dw= dissolution rate at time t = 2kt)

Thu volume of unreacted material V, at timQ t is
c = rate constant given by:

A =-total surface area
V = 4/3 (rsp) p i 3

For uiniform sized spherical particles equation 1

orecomes o V = 4/3 r (1-.x) " (10) '

dw 2/
t- 1 .3 (2) where -r =radius of reacting sphere

x.,= fraction of sphere which has reacted
w here w weight of undissolved material at time t

- From equations 9 and 10:

; ) ;. ' " .:" "- , ... , . :' -') .,,.. . . .. .. . . .:- 7 ;% ! J ).'; ; ': ' " " :" "as

, 
7
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I,1. Preparation of water-lime'solutions by 2
_1- lX) 3 (1 mixing 0.15 g or 0.10 g of lime with 100 mlofC

2.' Mixing of 2.'5 g of soil with the appropriate
Substituting y from equation 8 in 11 '

o  
lime solution so as to obtain' either 6 or 4.5 per

cent lime concentration in the soil. 'These percent ,
1]2 2 .ages correspond to the optimum percentages Of i mr

[1 _X)/
3
]2 = 2kt/r Kt (12) for maximum strength (see Table 1).

3. Placing the',mixtures of soiland Lime-water,,:
Equation 12 is the well-known Jander relation. in plastic containers.tightly sealed to prevent, ' • ' " ..... ~~~~carbonationiof the, limel. ,. .*': ]  i, i:?'<Hence a plot of time against th'" first term of , ' ca .onto 9ng heslie ,a .

g - rm 4. Storing the'sealed containers 'in an. oven at'equation 12 should give a straight line. a constant temperature of 250C. ' ,
5.. Shaking of containers periodically and

measuring the lime concentrations at predeterminedPozzolanic Activity times.' To measure. lime concentration by atomic
adsorption 'it is necessary to have very clear

Pozzolanic activity of asoil is defined as the solutions, therfore before measuring theamount of,
ability of some of the components of the soil to lime, in solution the lime-water and the soil were
react with lime to produce cementitious products. ' centrifuged at 2,500 rpm for about 10 minutes. ,

The classical method of'assessing pozzolanic .materials '(15,16) involves the determination of theArelmnary study was"condut-d ' ' ' w two" s i
amount of eime left in solution after a mixture of using three' size fractions. of each one, i.e. '2mm- '
the material and Portland cement is kept in water at 0.074mm, 0.074rwa-0.02mm and <0.002mm. This was "don e
313 0K for eight days. This method does not take into in order to assess the magnitude of contribution to
account the rate at which reaction products are , lime consumption'by the coarser fractions of the
formed during the reaction. soil. It is a wna t y

Raask and 'haskar (11) have' proposed a method coarser particlesin red tro'pical:soils are only
which takes into consideration the rate at which lime '- aggregations. of the clay s ize fractions''and thus,
is consumed; they used a diffusion model and proposed they may influence the o'verail pozolanic""activit
a pozzolanic index to assess the pozzolanic activity, Th Pesults'of this preaimin stdy

of pulverized fuel ashes. , presented in Table 2. As' expected, the clay size
Other empiricalmethods to quantify the fraction is overwhelmingly the most reactive and

pozzolanic properties of materials involve the ' therefore 'it seems"'apparent that by using. the clay
measurement of some engineering pr6operty in relation size fraction a" representative result can be
to time, for example the metod of ,Thompson (17), . obtained for any of the soils. Consequently~ the
which is very useful for engineering purpoes, con- , study was only conducted with the clay size fraction
sists in measuring the unconfined compressive ' . .of the 19 soils.
strength of soils mixed with the optimum percentage ' '
of lime (for maximum strength), compacted at maximum
density and cured for 28 days.- The difference in.. Presentation of Results and Discussion '
the value of the unconfined compressive strength of' ' "
the lime-soil and the strength of the pure soil is ' Lime consumption ''
termed the lime reactivity, of the soil. The ' ' ''"- .. '
reactivity parameter has been used to assess'the One of the problems when dealing with red)
pozzol&nic properties of red tropical soils by Harty 'tropical soils, which is still a matter of 'debate, " '
and Thompson (18) and.it is used in this paper in is related to the nature of.the components of the
order to ascertain its relation •with' the method ' soil which are responsible for its pozzolanic 2
proposed in this~st'udy which consists of the assess- properties. Though it'is not the object'of this
ment of pozzolaic activity in terms of the reaction paper to deal with this aspect of the' overall problemrate and the proportion of reactive components " of pozzolanic',tvity, it appears of' interestto,
presenf in the soils. ' ' ' point out that in red tropical soilsthe components

which appear to be of major influence on the rate oflimeconsumption are' mainly the amorphous silica, ,Materials and Experimental Methods alumina and possibly iron compounds while' the clay
Ninetee red tropical oi from the st s of ' mineral kaolinite is only of minor importance. K The
ia red tropcal oils from the s iaes 'o amorphous components in terms of percentages on thePraiba and Pernambuco inB ai e e u e o hi l y s z r ci n o he si s s ui d a ep e t ed

investigation. The soils were treated with different in Table 3. It can he seen that in te s resnte f
percentages of high calcium hydrated lime, cured for in Tal . "It can e s tha. i rnsif'-for'exmlSiO2 the variations are considerable as well28 days at 220C and their unconfined compressive examnlerms ojft ther oxides. 's 

a
''

strengths measured. Their properties and strength ae. n ter of. the a time
behaviour are described in detail elsewhere (19). o ,tne relations between lime concentration and t

Table 1 presents data on the texturalc mi.c ion ' obtained duri this study are precented incoFig. 1;for clarity of presentation the soils have beenaction and strength characteristics of the 19dveio our groups as shown in the Figure
soil .studied. The value of reactivity as used by These relations show that lime is consumed at aTnom p~o divde iSas ~e•"-" "" ""t

- 
into fou grup as shw in the Figure.Thompon (7) is also included..' '" ' f ast" rate in the initial stages of the reaction,

S The reaction between lime and soil was studied t s, u t • to s dys. F t on
by a method similar to that used by Barret eteal.- . that is, up to f to sv d F thee o

(20) which' cnssts basically in meas.ring the.'am..... -the rate of consumptionof lime slows down(20) whichconsists basicallyfnmeasurng the amount, drastically. This is an indication that the uptakeo 7 ,l l m e -l e ft i n s o l u tl o n a t d i f fr e r e n t t1 i m e .i n t e r v a l s o f l i m a f t e t h e i n t a r a p i d p e i o i., .v e.. . s l o w ; .
The proportion of lime in'solution was measured in of lime after th initial rapi period is ver slowthis stud by atomic .....-,....and limited in quantity. It is interesting to pointthi. stud . pocedure fol scrihotr ' " out that the total consumption oflime between seven

Thevestaini ed srbed e olow, uin he' and twenty-eight days corresponds only to eight per ''&

invstgatonis decriedbelw:cent of the lime consumed during the initial seven <U~4'3

"d,' ''



days. Theefore, it appears that the increases in - :", "
strength of a soil-lime system beyond the seven day
period cannot be explained in terms of generation of ",
pozzolanic reaction products, since 'this should be
manifested by greater amounts of lime consumption.
From the data shown in Fig. 1 it is apparent, that
the major part of the reaction takes place within the
initial seven days. Thus' it is suggested here that ,
the increase of strength shown bythesesoils beyond ':

seven days is mainly due to the changes' that take
place in the 3tructure of the cementitious products -,.
formed duringthe pozzolanic reaction, i.e.
hydration and increases in crystallinity of the ':
reaction products. ' ' "

Table 1. Physical and Engineerinp Properties of the Soils used for the Investigation.

• , . l'~extural C~mo itqa .. . . '. . .. imc n and St 'nc h nce itc$ ... .- +,, . Lime .; .i. ',+

Soil Name Soil lyceol Sand Silt Clay Natural Soil L Treated Soil React
=tm-0.06ma 0.06-0.0012m, 0.W2mu max. mis ture unofle ax. . WsturLevt

dens~ty content expqressive dens ty cotent =esV o
kg/n for mlax. atregth' Il for: nx. stegh mx

density Mt/. -. ity 1./2 CS

.10VI P.ACINA JWA 79 ,' 14 ~. 7 ' 1911. 10.35 0.29 1501 10.10 1.21 '4.5 0.92
JIVJ0 P.l.Wi10 J111l 60 '. 12 28, 2029 13.20 1.80 1944 IU.20 5.39 6).0 3.59

3W P. JIS 81 10 9 1861 7.70 0.10 1880 .10.10 ..S. 4.S 0.41

WIT!! CT 08 20' 12 1983' 13.85 0.41. 194 1.5 1.4 4S 07

1904 15,A35l 1.14.4.5 0.73

AIMiiA 1 Al so 20 30 1839 17.35' 1.55 1812 18.55 2.05 4.5 ~0.0 SO.

ARL LA 11 All 65 18 17 1982 14.20 0.51 1788 ' 17.25 1.60 4.5 1.09

5SUNA LA SIA 66 18 16 1980 11.00 '0.55 ' 1918 14.70 0.59 4 .5 0.04
SOLAMA III SIDl 86 7 7 1873 '4.80 0.08 .'1950 6.75 0.21 6.0 0.13

SOLANIAI 1 si so 20 24 1982 '10.2 0.80 1936 11.35 2.96 4.5 2.16

WVA FUDRES' NF 68 19 13 2061 13.30 0.10 1966 15.25 0.99 4.5 0.49:

JtZCO 1 JI 58 32 10 1939 10.10 0.52 1888 .13.80 1.14 4. 0.62

Ju403 II ill 76 15 9 2079 12.35 0.20 20A6~ 12.10 0.78 6.0 0.58
TLIXIIRA I TI 48 30 22 1834 13.95 1.26 ' 1782 15.40 3.22 6.0 1.96

TLIIEIRiA 11 TI! 41 28 31 1753 16.60 1.28 1719 16.85 1.75S 6.0 0.47

RLI FL RC 60 10 30 1918 12.80 0.89 1880 14.40 2.59 6.0 1.70
WMIA S.4AiI M39 46 20 34 1742 17.30 1.85 1710 18.40 2.10 4.5 0.35

s. IiAIANL IRAS SB 49 13 38 1916 12.50 1.92 1851 13.45 3.91 4.5 1.99

P1,NIA fit 64 is 21 1828 14.30 1.11 1777 ' 16.50 0.84 4.5 0.03

SAP)! MR1 S.! 8 19 23 1918 15.30 0.94 1865 17.10 2.49 6.0 '1.55

P.'U s4-'~ ':

Table 2. Fraction of Lime Consumption at varying times for different fractions '' ''

of two of the soils investigated., *

Si ame Soil Fraction of Lime reacted afterSidm ,- no
Soi Smbl Facio ' 1 day *2 days' 4 days" 5 days 7 days''

Joao P. Meio 2mm-0.074mm 0.062 0.091 0.098 0.102 0.113

0.074mm-0.002mm 0.1211' 0.140 0.162 0.168 0.198

<0.002mm 0.298 0.357 0. 461 0.517 0.589
Areia I 2mm-0.O74m 0.030 0.065 0.082 0.096 0.117

0. 074mm-0. 002MM 0.102 0.115 0.146 0.172 0.196

<0.002mm 0.092, 0.147 0.289 ''0.314 0.342 ''-

P.'...' ' " "+ +: +: ::

' ; Ph''. I

+ ,+ + .s A, P li ,L
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Table 3. Amorphous Componeiits of the Clay Size Fraction
of the soils investigated.

Constituents Pxtracted hV 0.5N aOH

( iI 9~ ll L;, i Lytnb~Symbo l 0

.02 2A 203 Fe203

J) o P. A,' jo.i JPA 2.81 2.10 0.96
P . . M4,Lo JP- 10.91 7.97 0.68

Ic P. Abjixo JPB 6.71 6.1 2.51
Cult- CT 7.814 4.12 0.80
Are i. i A1 8.11 6.95 1.07
Areje i1 AIl 9.69 5.89 0.62
7 ,lroe IA SIA 2.08 3.28 1.01.

, ] , I OB SIB 4.13 3.97 0.79
I f SIT 11.29 7.56 0.21

N - i'creta NF 8.31 7.02 0.13
T, I aI 5.02 6.11 0.78

T11(,, T JI1 6.l9 14.07 2.05
T, ixitor TI 8.12 6.98 0.30
Ti:it I TII 4.68 '4.02 0.87
9,-if RC 9.21 6.16 0.10
U-, .i I 'lriA Ust 3.71 1.441 0.19
3. lheo [lvee SR 9.]9 6.84 0.28
P hPH 2.91 3.80 0.29

Nt I! ri SM 7.98 6.48 0.78

!-1 pur, I. Relatiot: between cmsmpt ion of lime and time
for th, nineteen soils investigatd.

Reaction time, days Rectmn t e, days
I0 20 a 310 0 10 2..0 30

02 02-
0 ii,

JPH 0 5

0- 0-

S IB• -I

06- 0?-

g a, 1 01
* CT" £

O00 s'* l 06.

O I 0.1
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Mechanism of reaction ' Figure 3. Relation~between the first term of

Jander's eauation and the time ofreaction UD to 28'.,'..
a 'a i The numerical values of the lime consumption vs. daVs For Four of the soils studied.

time relations were used to test the mathematical
models discussed previously.

It was found That the experimental results do':
at followthe relations based on the equations

which represent the dissolution theory, despite the :};8
S factthat the exnerimental conditions were such as.

to give monodisperse suspeions forwhich the
equations are intended 'to be valid. This finding 0 "''

oincides with the results of other investigators . ' 0: -5

"'(10) which reported that the dissolution model was

The exparimental results were found to' approx-
.mate .very closely to the values obtained with the
equation of Jander based on the diffusion model.. 005- P
The deviation of the experimental results coincides **

with the time 'at which the rate of lime consumed0
changes, i.e. five days. The experimental points .

and the lines coriesponding to the Jander equation ' .p, ",.'are shown inig .2 . Fig .3 shows the relation et -  0.0,-3- %

ween reacted lime and time for the total period

i nvestig'ated for someof the soils. This figure

highlights' the 'fact that the experimental data. , . 0
follows the theoretical-relation only for a limited

time period, i.e. five days. The deviation beyond'

* five days may be explained by the fact that one of 001.

the weaknesses of the Jander equation is its in- , "

ability to incorporate the effect of the varying ., T ---- I

o olume of reaction products being formed 'and there- " 7 4 . i ; i ,nA.

fore their influence on the reacting system. It is' ' TII"W: dcis ' '

apparent then, that the increased volume of reaction " -

products reduces the rate of diffusion as shown in
Fig. 3. ,) - -- . It must be pointed out that the finuings rep-

Sorted bore r y not represent other types ofsoils,

. Figure 2. Relations between the first term of e the jo characteristic fthe red tro icl
Jander's equation F(x) and the time of reaction for since the major cc

soils studied .is their composition in "terms of .
some of the soils. ' ' amorphous components, which react with the lime . \' '

probablyat a' faster rate than crystallilne 'clay
erals due to their high specific surface and' their ""

006- S 11 'reactivity'.(21). Based on this fact, i.e. the high)
"reactivity ofamorphous components of the soil, the

: i :  "i ill 'amelioration phenomena can be :explained in terms of - A
00 • the raNid formation of cementitious rroducts which

cause changes in the engineering"properties of the

1_ L,0 'J soils. '. n ae '

• "Figs. 4 and 5 are presented to show the micro-

" morphology of the reaction products, they were -, -

003- obtained with a GEOL' Scanning Electron Microscope

* 0 SIB and show very clearly imassive plates of hydrated: '

calcium silicates, which are the main hydration. '
0 .products of red tropical soilsand lime (22).

Fig. 5 which is a magnification of Fig. 4 shows,

01 USM.' furthermore evenly distributed amorphous components,
S " " .which are nresumablv the non cnrstalline reaction

products. ' '

Time. 6i~s Pozzolanic activity' ''

0 From the findings of other investigators and the,
results presented here it is apparent that p'ozzo-

PH lanic'activity is directly related to the reaction
-.. -"! rate aand the quantity of the reacting components of

TIthe soil. "6' :* '

The slopes of the lines resented in Fig. 2 were
used to' determine the're'aption rate constantsfor

the nineteen 'soils and the quantity of reactingcom-<
002 ' jnents was expressed by the Iamount of material'W ""

so smaller than 0.002 mm. It was decided that. the c Ilayaaa
,size fraction should be:.the fraction more represent-

a 0: ' te ~ 'of the reacting components,though it'mon

recognised thatnthe most active component s are
~really the amorphous materials in the clay size "~~

0 7 ~ ' ~

Time days~
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fraction. For the soils oF this study it is rovosed that x

takes the value of 2.
Figure 4. Scanning Electron Micrograph, The values of the rate constants and the
Magnification X3000 showing the micromorphology of activity indexes; for the seils are presented in
C-S-H and scattered amorphous reaction products. Table 4. It can be seen that the A. values range

' from a value of 0.12 x 10-" to a value of '4.08 x
10 - 4 giving really a wide ringe for classification
purposes.

4 Table 4. Rate Constants and Activity Indexes for
the foils Investigated.

foil SymLo] Rate Constant Pozsolanic
Activity Index
A. x 10- 4

JPA 0.0035 0.172
JPM 0.0052 4.08
JP 0.0015 0.12
CT 0.0016 0.291
AT 0.00120 1.116
All 0.00234 0.791
SIA 0.00108 0.1161
S IB 0.002,45 0.120
,51 0.00543 3.13
NF 0.00279 0.472
JT 0. O.3R4
JIT 0.00472 0.567

Figure 5. Detailed view of Fig. 4, Magnification TI 0.00340 1.6116
X6600 showing massive plates characteristic of TIt 0.00384 3.689
C-S-H reaction products. RC 0.00118 1.062

LISM 0.00108 1 .24 8
SB 0.001714 2.512

1 P11 0.001411 1.812
SM 0.00202 1.07

The usefullmess of th, .Ctivity i dex should he
proved agir, i1l othor accept ed parameters, this was
d0one in this paper tby conr4lating the sclivity index
with the uucontmind comr,rssive :;trength of the soil
lime system; nd a1so by investigating its relation
with 1h well-known resactivity parameter of
Thompscon (17).

The rt lal 01n cf A. vs. unconfined oomnressiyestrengthi is shn i i ig. f . The equation obtained
for' this rut :ition i;:

UCS = 1.603 A. + 0.0135 A.- 0.0276 A.

where LICS = unconfined compressive strength Of the

so'i-lime system in M/m.

A. = activity index x 10- " per day.It is proposed here that the pozzclanic activity I

of a red 1ropicl loil should he exoressed by an This equation was found to le statistically highly
C It iv it 7  , u,., h i,:h it: r , la t d t,, th , 1,t " ,:o n t a n'1 t~1,, ,' 0' ti IF e r,,lo AO d LV tl t significant with a multiple R equal to 0.97327 at

95% confidtnc, limit. The standard error of
!. 1 ,i 14, , 01 ;oh:estimate .;s 0.358;,.

The relation of the lime reactivity parameter of
A. = n XThompson arid te activily index proposed in this
I paper is shown in Fig. 7. This relation, unlike the

where A. = activity i.le:: one shown in Fig. 0, is a linear relation of the
I following form:

K = rate 0oos(a a5lt
LR = 0.7? A. + 0.278

it = percentage of clay-size fraction i.

x = a constalit dependenit on the type of whe = lime parameter MN/m2
material .re reactivity in

Aintroduction o costant x A= activity index x 10-4 per dayAlthough tile [rtrou isof the cosatxmay aI

seem arbitrary, it is bas_,d on the assumption that
different materials may have different types of This equation is statistically highly significant,
reacting components within their clay size fractions, with R equal to 0.88 at 77% confidence limit. The
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standard error of estimate is 0,4567. correlationlinks' t e i a ii prm

' Thus it can be seen that the activity index of Thompsq-j and the 'proposed ,'activity-index., ThisXQp,
obtained by the use of a theoretical model is afindin ignificanceit
valid representation of the pozzolanic 'activityfther w vaues fo assessing.th pozzo-
the red tropical soils investigated in this study. 'lanicproperties ofthese,

of the' Avlearthat' it 1i'praierbsed,',on.F-"
a. th'oeiicl m"de'dthti anb otaied

Figure 6. Relation between activity index and the ftivity va wic..... yidxn"te .fastertajer'6 IIIewi rqil' o

unconfined compressive strength of the red otropica onlytimebutgreat ainut

... .. ilt in"ex" ivsnd-wide

soils. 6. :,Since the actviym
....... ..of values. it-be used toclassify' redet''-& pF

soils.'y-However, a limniting valuenoftheAcityvi
0 Index. A.. whichawill separate lthe ,pszzolaniof omrhe

non-pozzolanic~s s .is very difficult tor' p ~se at
-this stage of knowledge .-Thompson (17) has K F

indicated that'a reactivty"value of 0.35 MN/m 2-'K<'

.. ...K. .. . . . . a ,s ,n "Pr fe so'.o

.: ! ::. ' c n r F FdeF'.
.. - . .... Ackowledge entsn , fte ui
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INNOVATIONS IN DESIGN AND CONSTRUCTION OF A LOW VOLUME LOW COST ROAD
ON WINDBLOWN SANDS

P.J. Strauss, Bruinette Kruger Stoffberg Incorporated, Consulting Engineers,
Pretoria, Republic of South Africa

F. Hugo, Professor of Civil Engineering, University of Stellenbosch,
Stellenbosch, Republic of South Africa

The design of a low cost pavement structure for Gravel material that can be used in pavement
low volume roads in some arid parts of Southern construction is calcrete with viariable quality as
Africa is described. Only two available sources far as material strength is concerned. The usable
of material exist, namely calcrete and windblown strength of calcrete is further impaired in the
sand, both of which vary greatly in quality, course of time by the presence of soluble salts.
Several methods of possible improvement in These salts lead to the destruction of any bitumin-
strength are described and results are based both ous surfacing if not checked by preventive measures
on laboratory as well as field measurements. Two such as stabilization or proper construction proce-
pavement systems are considered in design namely dures.
a thin surfacing on a stabilized base and an The use of sand/calcrete asphaltic concrete as
asphaltic concrete made of calcrete/sand on in surfacing is generally favoured since crushed stone
situ compacted sand. Both systems are susceptible has to be imported over long distances with the re-
to variance in material quality and this is con- sult that treatment or conventional asphaltic con-
sidered in a method of pavement design. The sta- crete as surfacing becomes too expensive. If high
tistical method of design in which variance in quality surfacing is used, it is implicit that it
material properties is taken into account, con- contributes to the structural strength of the pave-
siders a simplified two layer system which al- ment.
lows failure of the pavement area to be predic- The final result is that two types of pavements
ted. It is concluded that the improvement of can be considered namely a 75 mm (3 in) asphaltic
the quality of available materials through selec- concrete layer, or a 12 ma (j in) asphaltic surface
tion and stabilization is necessary but the ex- layer and 150 mis (6 in) stabilized calcrete base,
tent thereof depends on the variance and the on the well compacted windblown sand subgrade.
mean strength of the product.

Characteristics of Materials

The design and construction of a highway as an Considerable areas of the northwestern region of
indispensable part of the infrastructure of a deve- Southern Africa can be classified as arid or semi-
loping country takes on a new dimension when a defi- arid and in situ materials mainly consist of an
ciency in quality material exists. The in situ ma- aeolian or windblown sand. The most common source
terial in parts of South West Africa mainly consists of road building material is calcrete which primari-
of an aeolian or windblown sand, often called a Ka- ly occurs in lower lying, poorly drained areas.
lahari-type sand, that compacts well under optimum Other than calcrete which consists of nodules, hard-
moisture conditions but by its very nature is single- pans and strongly calcified sands, no other source
sized and hence very unstable in its uncompacted of aggregate is economically available. Thus the
state. Thus the bearing capacity drops considerably engineer has to make the most of the meagre supply
under uncompacted saturated conditions, of good quality calcrete and sand to substitute for

The majority of vehicles which use these roads the commonly required high standard materials.
can be classified as heavy vehicles, i.e. bigger
than 6 ton trucks, which take a heavy toll in riding
(4ua.ity on dirt roads. Although the designed for Windblown Sands
number of equivalent 80 kN (18 000 lb) axle loads is
only of the order of 80 000 to 200 000 for a 20 year Tile single-sized sand virtually all passes the
design life, it is economical to surface these roads 2 mm (0,078 in) sieve and is non-plastic with a
in order to cut on maintenance costs. A-2-4 or A-3 classification. No more than 12% pas-

ses the 0,075 nmm sieve which tends to cause low sta-
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bility in the sand. Thus the CBR ranges from 7 to 45 Chemical Improvement
with a mean value of 22 and standard deviation of 8
at a 95% Modified AASIITO density. Improvement of the bearing capacity of calcrete

Apart from relatively low strength considerable is possible by ion exchange and/or cementation
variation of ill situ density occurs. Field densities through the addition of a chemical substance such as
can be as low as 76% Modified AASIITO which implies a a calcium type road lime, milled blastfurnace slag,
possibility of severe settlement under favourable Portland cement or a combination of these. A bene-
conditions such as saturation and heavy loading (dy- ficial byproduct of stabilization with lime in some
namic or dead loads). The CBR strength of the ma- calcretes is the prevention of eventual salt damage.
terial at this density is 2 when fully saturated but The improvement in strength can be measured in
has a CBR of 15 at field moisture condicions. Thus terms of CBR, UCS or ITS. Figure I gives an indica-
the obvious means of ensuring strength is by proper tion of the increase in strength through different
compaction and drainage, stabilizing agents and stabilizer contents for a

calcrete material from one borrow pit.

Calcrete

Figure 1. A change in strength with type and
Calcrete, a pedogenic material, is formed by the quantity of stabilizing agent.

cen:ltation or replacemenit of existing soils through
the deposition of calcium carbonate from soil water 800
(1). The material can be indentified as strongly
calcified sands, hardpans or nodules, or a mixture
of thlese.

Usual Iv chunks of calcareous material I up to a
600size of 75 nun (3 in) occurs in a matrix of fine ma- 96

terial of which as much as 357 passes the 0,075 nun 
(No 200) sieve. The fine material can be classified
as calcif ied sand and the plasticity index is gene- U
rally lower than 13. Tie strength of te calcrete 400
ranges from a CUBR of 7 to I10 at 95% Mod if ied AASIITO
diens ity. Borrow pit material, however, can be quar- ,
ried with discretion to obtain ai mean CBR strength
of 58 ind standard deviation , rnd r consistent
cou1trol a me an CBR of 70 with standard deviation 12. 200 / _- 'CJT

The higgest concern when using calcrete material .- .-
inl road laver work is the existence of soluble salts. ,.. .

SeverIl invest igators (2, 3, 4) have reported on this GYPS14 ........................
phenlomn nl .111d it W S foiid that the most common de-
leterious salts are NaiCl and Na:SO.,. The actual 0 1 2 3 4
daLoIge is Ctused b% the crystallia:ation of salt be-
twoentl Lile hituom inls sur face seal and base course due STABILIZING AGENT (%)
to the ev;Iotrinsporition of soil water. If the

clcr'ete ma, ntera;l is not chenlia I lV stab i I ized, at-
ticks from solph;ittes maiy octir with a resiltant Due to tile great variation in calcrete quality,
break-up of the lauver so that the linlitation of both considerable scatter can be expected in the strengths
solUhIC salts Is well as sul pliates in calcrete are of stabilized materials and it is therefore quite
of prie impOrtaic'. possible that the other types of stabilizing agents

Variations iii calcrete qituality makes it suspect may perform better with other calcretes than the
as a nttural base m'iterial, eslpeclially since soluble lime or lime/slagment as indicated. However, road
sa Its cont r ibtIt e to a de.ene rati on oif the eng i tiecr ing lime is generally favoured because of better reac-
properties. Thus, mchIai ical or cient ical improvement t ion with deleterious salts and slower gain in tell-
is essential in most cases, not oilIy to avoid salt sile strength ill due course. The latter is impor-
damage bit also to iicreVase mean strength. tant since block cracking of the stabilized layer

must be curtailed in poor drained areas.
The change in soluble salt content with the addi-

Improvement of Materials tion of lime can best be illustrated by actual field
results as indicated in table I. Table 1 shows re-

Several routes are ,vai I able to the engineer for stilts of laboratory testing on samples taken from
improving the engineering characteristics of ti! two sections of pavement in service. One section
available materials. Amongst these arc chemical al- was built with natural calcrete material and tie se-
terations, mechanical stabilization and the addition cond section with exactly the same calcrete material
of a suitable bituminous binder material. Al though but stabilized with 3% road lime. Samples were ta-
laboratory testing is necessary, the reasuring of ken at 50 mm (2 in) intervals to a depth of 200 nun
actual field performance bv experimental sections is (8 in) . The results show that a concentration of
a more reliable way to evaluate the relative success soluble salt can be found at the surface. It is
of each nmethod of stabilization on an equal basis. also clear from the values in table 1 that lime
The laboratory methods of assessment is tlhirotigh test- treatment assists in reducing the soluble salt as
ing using unconfined compression (UCS), Marshall, well as the sulphate content.
CBR and indirect tensile strength (ITS). Al though
the laboratory testing cannot fully take into account
the effects of climate and traffic especially on che-
mical reactions, weathering and stability of the
layer work, it nevertheless gives an indication of
relative strength.
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Table I. Soluble salt content* on a typical Figure 2. Mechanical stabilization by
sample of natural and lime stabilized calcrete. mixing calcrete and sand.

Depth of Unstabilized 3% Lime stabilized
Sample (Z Salt) (Z Salt) 70

0 - 50 nunl 1,67 0,37 60

60 - 100 nim 0,96 0.13

100 - 150 mm 0,59 0,07 50
150 - 200 mm 0,25 0,10 5

Mlean Sulplate
conLtent of 40
layer 0,257 0,035 z

*Tested according to test method CSIR CA 21 (2).

No salt damage is experienced with the sand,
therefore the chemical stabilizing of sand is aimed
at improving strength. lowever, unless the quality 100:0 50:50 0:100

of available calcrete is excessively poor, stabili- RATIO OF CALCRETE:SAND
zed sand is not used as ba.ie material. Several rea-
sons for this can he put forward :

In the evaluation of these strengths it is assu-
1. The pil of sand is low:, of the order of 3,4 to med that a high degree of compaction is attained.
0,2. This will call for an increase in the quantity Keeping in mind that in situ densities of undisturbed
of alkaline stabilizing agents. material may in some cases be as low as 76% Modified
2. Only cementitious agents can be used for stabili- AASItTO, improvement of strength through proper com-
zing since the sand is a non-cohesive, non-active paction is essential. This can be achieved by using
material, heavy compactors directly on in situ material without
3. Shrinkage crack widths can be expected to increase necessarily scarifying or adding moisture to the ma-
as tensile strength increases. This reduces the terial. Figure 3 indicates the increase in strength
structural performance of the layer. in terms of CBR by using a pneumatic, light vibra-
4. Chemical stabiliziation of sand with Portland ce- tory, impact or square roller, and heavy vibrator
ment is nore expensive since More agent is required with statit weights of around 12 ton, 8 ton, 10 ton
than when calcrete is stabilized with lime for the and 12 ton .- t:?, tively. (Tile impact roller is a
same fin ml cost bne fit. 10 ton rol~er ,itl, pentagonal drum which affects

compaction through impact (_5)). The relative suc-
cess of tae different rollers is very much dependent

Thus, lime staibilized calcrete is favoured as a on the types of materials, moisture content and depth
base uIder thin surfacing. The mean CBR of a good below surface at which measurements are taken. Gene-
qual itv calcrete properly mixed with 1% lime, is 118 rally it can be said of a windblown sand that the
with a standard deviation of 22 compared to a mean combination of a heavy vibratory followed by a light
CBR of 70 and standard deviation of 12 for the un- vibratory roller achieves the best results.
stabi I ized calcrete.

Figure 3. The effect of various roller on
leliaIn ica Imloprovement strength with depth.

Two methods by which the strength of available PNEUMATIC
materials can be improved michanically are by mixing 0"..
calcrete and sand, and by means of heavy compaction.
The first me thtod involves the improvement of the gra- I
ding of calcrete by adding sand whereby density and "
mechanical interlock, and thus strength, is increased. HEAVY VIBRATOR-...

The relative s,;ccess of adding the sand to calcrete
is shown in figure 2. In this particular case the BEF" RA

maximum strength was reached at at 50 :50 ratio of
calcrcte to sand. The increase in strength in terms F _

Wa BEFOREof CBR is genera lly of the order of 25 per cent which n 7
implies an expected mean CBR of around 70 at 95%
Modified AAS1ITO density for the mixture. This method IMC ROLLER
of improvement, however, does not decrease variation
in strength since it was found that at a fixed ratio .. LIGHT VIBRATOR
of calcrete : sand, the increase in strength may vary / /
between 0 and 50 per cent for materials front the same
borrow pit. Chemical stabilization may thus be ne- 2

cessary to further increase strength to a level high 0 10 20 30
enough for use as a base material. STRENGTH (CBR %)
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The results of this combination are illustrated consisted of a 150 mm (6 in) stabilized layer with-
in table 2 which lists the change in CBR as well as out any seal and with a traffic load of about 10
density witli depth on a windblown sand. The results twelve ton tandem axle trucks er day for 6 months.
in table 2 clearly indicate tile benefit derived from A panel rating of these sections is shown in table 3.
heavy compaction in the sand. Not only has the mean
strength increased but the variance of strength de-
creased over tile compacted area because of more uni- Table 3. Relative success* of bituminous
form densities. stabilised sandy calcrete.

Table 2. Average change in density and CBR of Time Emul- 3/12 15/20
a windblown sand when compacted by a combination (months) Property sion EVT Tar EVT Tar
of heavy and light vibratory rollers.

3 Ravelling 4 4 3Depth Density (kg/m) CBR* Deformation 3 3 3
(mm) Before After Before After Cracks 5 5 5

12 Ravelling 2 2 3
Deformation 3 3 30 - 200 1 710 1 760 15 20 Cracks 3 2 3

200 - 500 1 680 1 760 12 20
500 - 800 1 650 1 755 8 19
800- 200 1 615 1 740 6 18 *Scale 5 excellent

1 200 - 1 600 1 610 1 710 5 5 4 good
3 average

2 poor
*CBR deduced from laboratory curves of 1 very poor
CBR versus density.

The low viscosity tar, showed inferior performance
Improvement by Asphaltic M5aterials under actual field conditions since ravelling of tile

layer occurred within twelve months under traffic.
Several types of bituminous binders can be utili- The high viscosity tar was the best performer after

zed as base stabilizers. Materials that have been 12 months as less ravelling and very little rutting
used Lnclude different grades of tar, bitumen and occurred under traffic. This is somewhat contrary
bitumen emulsion. Figure 4 indicate.; the change in to laboratory strength results as indicated in fi-
strength of sandy calcrete stabilized with different gure 4. Tile reason for this difference may be found
types of binders, as a function of binder content, in the ease of mixing low viscosity tar with sandy
The ability of the materials to be mixed properly calcrete but with a gradual loss of strength due to
appear to have a marked effect on the final strength. ageing.
Thus the low viscosity tar (3/12 EVT) as well as the
aniomic bitumen emlIsion showed greater relative la-
boratory strenigth when compared with high viscosity Pavement Design
tar (15/20 EVT). Also shown in figure 4 is tile re-
lative strength of a hot mix asphalt which contains The foregoing background to the different types
50 : 50 good quality calcrete and Kalahari sand mixed and varying quality of the available materials now
with 60/70 pen bitumen, leads to the question of how to implement the infor-

mation into the most economical design/construction
strategy. The strategy can be discussed under two

Figure 4. Variation in strength of a headings namely the application of methods to im-
bituminous stabilized sand) calcrete. prove the strength characteristics and the accommo-

dation of variance in the strength of the materials.

4 Application of Methods of Improvement

HOT MIX ASPHALT-# The availability of material does not leave many
i IU E sION "options open to the engineer. However as an impor-3 BITUMEN EMULSO

tant first step the subgrade can be compacted. Not
only does this improve strength but it also decreases

20 variability which will find application in the sta-
VS SItistical design method.

: (/The improvement in base strength can be achieved
by the various means of stabilization already dis-

IHVISCOSITY TAR cussed. The extent of improvement however depends
(15/20 EVT) on the strength required which is dependent on the

type of surfacing or wearing course to be used.As far as the wearing course is concerned, an

0 2 4 6 8 asphaltic concrete consisting of a high quality
AMOUNT OF BITUMINOUS MATERIAL (%) calcrete/sand mixture and bitumen gives tle best

performance. Some typical Marshall criteria are
listed in Table 4. Although the voids are high, low
air permeability is measured which implies a denseExperimental sections of the different types of mix not prone to excessive ageing. Since the stabi-

binder materials were constructed. These sections
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lity is reasonably high, the layer can also be utili- where
zed as a structural layer.

2 = the standard normal variable from which
the area failed can be determined using

Table 4. Characteristics of a Typical statistical tables
Calcrete/sand Asphaltic Concrete

n = the expected total number of load applica-
tions e.g. equivalent 80 kN (18 000 lbs)

Air Perme- axle loads
Binder Voids in Stability Flow ability
Content (%) Mix (%) (kN) (mm) (X 10-8 cm2) N = the total number of load applications that

can be tolerated on the pavement system,
i.e. the mean number of load application

7 16 3,5 2,0 0,9 designed for
8 14 3,7 1,5 0,7
9 12 3,3 1,3 0,5 S2 S
9__ 12_3,3_1,3__0,5__2_log n, log N = variance of log n and log N

respectively

The contribution made by a thickness of asphaltic
concrete can conceptually be illustrated as in fi- The value of n can be determined with the ex-
gure 5 where the thickness of asphalt required to pected life, growth as well as present day traffic
withstand a certain amount of loading without over- in mind. The value of N is determined from known
stressing the unstabilised sublayers is shown. Also pavement design procedures such as multi-layer and
shown in the figure is the alternative design to an fatigue analysis and by using the mean strength of
asphaltic concrete layer namely the use of a single materials to be incorporated in the pavement struc-
seal surfacing on top of an even stronger base. Sta- ture. The value for S2log n is purely a function of
bilization may become inevitable unless a relatively the accuracy with which n can be estimated while
salt free, high strength calcrete can be selected S21og N has to be calculated.
from the borrow pit areas and a relatively thick The most convenient way to calculate the value
asphaltic concrete can be used as surfacing. of S2log N is by making use of Taylor's Theorem (7):

Figure 5. The conceptual relationship f(x,y) f(K,Y) + (x - 3) f' (T) -
between base strength and thickness of
surfacing. (y - 7) f' (y) + second order derivatives (2)

where x,y = value of variables with means x,

/

S. /' f' = first derivative of a function

o 0Y C, Equation 2 can be expanded to the form for va-
riance and can be written as follows (6):

9 Variance f(x,y) f2 (5) variance (x) +

S., f2(y) variance (y) +0

• + second order derivatives

i A + factors with covariance (3)
/ -

The function (x,y) which simulates a function of
N in this case, has to be derived from a mathemati-

STRENGTH OF BASE cal equation for N which relates strain with fatigue
characteristics

Materials Variation and Design N = f(1)t (4)
e

The influence of variation in material strength
on the ultimate performance of a pavement can be ta-
ken into account and the principle can be illustrated where
by the expression (6):

t ' factor relating strain 6 to
number of loads to failure

log n - log N()
Son - N(1) e = f (Modulus of elasticity E, stress S)

\ISlog n +
Slog N



213

The principle can be illustrated by assuming an a standard deviation of 25 mm for the thickness of
end loaded continuous beam on an elastic foundation, the base, a value of 0,37 is derived at f-r the va-
The simplified form for the stress in the top of riance of log N by using equation 7. Assuming no
the bottom layer can be written as (8): variance in determining log n, the value S2og n +

S2 1  N in this case is calculated to be 0,37. If
F , E52-]80 000 axle loads i.e. log n is equal to 4,90, arestress S = f 5 -5) expected in the life of the pavement, the value ofs S f 6 becomes 0,99 since the value of N is approximately320 000 from multi layer and subgrade strain analy-

sis based on mean material characteristics. This

where implies 16% of the area will have failed in terms of
rutting and unevenness after the design life of

P = magnitude of load 80 000 axle loads have expired.

h = thickness of top layer Conclusions

E1 ,E2 = stiffness values for top and The use of relatively low quality material in
bottom layer low volume roads is becoming increasingly necessary,

especially since the cost has to be kept to a mini-mum. The quality of these materials can be increasedAssuming a constant relationship between stress substantially by different techniques of which mecha-
and strain and by substituting equation 5 in 4 nical and chemical procedures show the biggest poten-

tial for base materials. Since relatively thin
layers of wearing course are used on stabilized bases

gN=Et_ the incidence of the reflection of stabilized crack-logN=C-- t  6 (6) ing increases. Thus small amounts of stabilizing
agents are normally added whereby strength is in-

creased to the required level. In the event of a

where calcrete/sand asphalt being used as wearing course,
an increase in thickness of this layer may decrease

C = constant the required strength of the subbase and only mecha-
aical stabilization may be required.

The single most important aspecc in the design
and construction of a low volume low cost road isDifferentiating equation6 and deriving an equa- the variation in material quality. It can be mathe-

tion in tie format as shown in 3, a value for variance matically shown that a decrease in the variance of
S can be written for failure in the bottom layer. log N, the designed for number of axles loads, de-

creases the possibility of failure provided mean

[(2 strength remains constant. This implies that good
'2 g N t log e)2 ) 

0
,
6 
Sh 2 quality control as well as sound construction prac-SogN (togeh) tice is most important especially where calcrete

base material is chemically stabilized. On the other

2 2] hand the mean strength may be increased and greater

+ ( 8 E /0,20 SE variance be accepted with the same result. This
0+ , (7) philosophy of increasing mean strength can be fol-\E ) lowed especially where more difficult processes of

construction such as bituminous stabilization is
considered and also where reflection cracking fromIn all cases the values for material stiffness E chemical stabilization is of no concern. One im-

are assumed to be related to strength and thus can ceia tblzto so ocnen n mare sbstued toby relted To trength wanthrs can- portant aspect that needs consideration is the pos-
be substituted by UCS, ITS or CBR, whatever is con- sibility of increasing the mean thickness of the
venient, thus assuming a fixed relationship between top layer. Not only does this action increase the
these factors and E. Since the ratio of standard expected life log N,but also decreases the variance
deviation to mean strength is employed, the actual of log N with a resultant decrease in failure area.
relationship is of little importance in this calcu- Finally, a few important points need to be stres-
lation, sed

The fact that a two layered system is assumed may
be a simplification but the main consideration is
that a relatively thin wearing course, about 12 mm 1. Mechanical stabilization especially in the form
(0,5 in), with virtually no structural contribution of deep compaction by heavy equipment is beneficial
will be used on a stabilized base which means that to improve the strength characteristics of windblown
the stabilized layer is considered as the top layer sands.
for all practical purposes. The only question is 2. Provided the materials are selected carefully,
whether the subgrade is uniform enough in depth to a mixture of sand and calcrete produces a material
be considered as one layer. In the event of no sta- that can be used as base as well as aggregate for
biiized base course being used, the sand asphalt, asphaltic concrete.
about 75 n (3 in) thick, can be considered as the 3. Unless the calcrete has a low soluble salt con-
top of two layers on a uniform bottom layer, the tent, chemical stabilization is almost certainly a
subgrade material, requirement in order to obtain a material of base

As an example the previously mentioned design of quality under a thin surfacing.
a 150 mm stabilized material with thin surfacing on 4. Bituminous materials can be used with succesq
an in situ compacted subgrade can be used. Using in stabilizing the available borrow pit material
the mean and standard deviations for the subgrade provided the mixing-in process is of high standard
and stabilized layer as reported on previously and or the mean strength is sufficiently high.
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5. Asphaltic concrete manufactured from calcrete/
sand mixtures can be used both as a wearing ceurse
and as a base.
6. The variation in quality of material is a; im-
portant as the mean strength in designing a success-
ful pavement structure. At the present time the-
knowledge is available permitting the application of
the variance and mean of pavement characteristics,
such as strength and thickness, in design and con-
struction control.
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FOREST SERVICE EXPERIENCE WITH IN-PLACE REDUCTION OF
OVERSIZED ROCKS IN UNSURFACED ROADS

Martin C. Everitt and Ernest L. Hoffman, U. S.
Department of Agriculture, Forest Service

The Rocky Mountain Region of the USDA, Forest surface degradation, frost action, abrasion, ero-
Service has about 11,100 km (6,900 mi.) of un- sion, or poor quality maintenance eventually bring
surfaced roads in a system totaling 37,400 km large rocks to the road surface. The road becomes
(23,225 mi.). Surface maintenance of unsurfaced rough, unpleasant to drive, hard on vehicles, and
roads in rocky soils is difficult, yet gravel sometimes unsafe. Users properly criticize the
surfaces or pavements often are not economically owning agenc).
justified. A Browning RB-4 traveling hammermill The standard technique for handling the problem
crusher has been evaluated to reduce oversize is to remove the rocks a few at a time as they are
rocks in place. In several trials in 1976 and pulled out of the road in normal maintenance. In
1977, the cost averaged $1,708 per In or $,750 time, this removes a substantial volume of material
per mile. Different applications were tried and and results in the profile grade being lowered,
the most efficient determined. Results were sometimes by more than 30 cm (1 ft.). The boulders
generally satisfactory, but a sizable crew and accumulate along the roadside. In relatively flat
fleet of supporting equipment are essential, terrain, they sometimes make an unsightly row of
This is not a routine maintenance tool, but rocks beside the road.
rather a heavy maintenance tool approaching re- Where a road is located on terrain such as a
construction. Some equipment modifications are glacial moraine whe:e a large number of boulders
suggested, are present, the rroblem is very difficult. There

are too many rocks to remove without replacing the
lost volume, the cost is very high, and the result-
ing road is usually poor. On an old road, it is

The Rocky Mountain Region of the USDA, Forest difficult to place an aggregate surface over an un-
Service includes the States of Colorado, South even, rocky subgrade, and even more difficult to
Dakota, Nebraska, Kansas, and Wyoming east of the keep the aggregate in place. The roads usually do
Continental Divide. In this area, there are 15 not justify a bituminous pavement system due to low
National Forests and 3 Natioral Grasslands. traffic volumes.

The Regional road system includes about 37,400 In-place treatment of such rocky surfaces was a
km (23,225 ml.) of roads of various standards, logical idea and was not new. It was widely prac-
About 716 km (445 mi.) are paved, and these are pri- ticed in the past by counties, but has largely been
marily in recreation areas. The remainder includes abandoned as county systems were upgraded to pave-
about 4,280 km (2,660 mi.) of aggregate surfaced ments. The Forest Service decided to try the tech-
roads, 11,100 km (6,900 ml.) of unsurfaced roads, nique and in research reported in 1974 (1), the San
and about 21,300 km (13,230 mi.) of primitive roads. Dimas Equipment Development Center examined two sys-
Unsurfaced roads may handle from as few as two or tens. One, a traveling jaw crusher, would have re-
three vehicles per day to more than a hundred vehi- quired the material to be dug up, lifted into the
cles on peak days in some recreation areas. Most of crusher, and spread behind the crusher. The mobile
the unsurfaced roads are old, but some are still jaw crusher available at that time would handle
built where the soils will support the expected rocks up to 30 cm (12 in.) in diameter. Moist or
traffic without undue environmental damage. Forest cohesive materials would have caused problems.
Service roads primarily serve timber harvest, recre- According to the San Dimas research prediction, the
ation uses, and land management activities. The cost was about 10 percent greater than that of the
system does not include Federal, State, and local mobile hammermill system.
roads with which it is connected.

Construction specifications have changed over
the years, but typically it has been required that Machine
all rocks larger than 10 cm (4 in.) in size be re-
moved from the top 15 cm (6 in.) of the subgrade. The traveling hammermill type machine was se-
Below that level, rocks up to 61 cm (24 in.) in di- lected by San Dimas for further evaluation, and
ameter may be placed in embankments. However, their 1974 report gave a favorable recommendation
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Figures I and 2. ] rowning RB-4 parked was somewhat smaller than the Pettibone Model P-500
without towing univ. Hammer chamber is used in the San Dimas test, but otherwise similar
under sloping cover .. "ront view. (Figures I and 2).
Note many hand-operated adjustment The machine obtained is quite old and does not
cranks, turnbuckles, levers, etc., represent current equipment technology. It was
which have been eliminated in newer built in about 1952. It is 2.44 m (8 ft.) wide,
equipment. Rubber skirts control 5.00 m (16 ft. 5 in.) long, 2.75 m (9 ft.) high,
flying fragments. and weighs 5,442 kg (12,000 lbs.). The engine is

an International Model UD-14 diesel rated at 180
hp. The engine drives the hammers through a multi-
ple V-belt. The machine rides on two wheels which
are adjustable for height, and is towed by a trac-
tor. The only controls are thie clutch and throttle,
which are operated by ropes to the tractor. All
other adjustments are manual. The arrangement is
awkward but workable. There are some problems with
parts availability resulting from the age of the

! WA machine.
Manufacturer's literature indicated that a D-4

class tractor could pull the crusher. However,
both S,:i Dimas and Regional crews found that such a
small tractor was marginal in power and lacked
underclearance to straddle the windrow. A D-6 class
tractor with power shift transmission was prefer-
able. Underclearance was satisfactory, and the
power shift transmission prcvided smooth operation

i Ik at very slow forward speeds. A side benefit was
noted in that the larger tractor crushes some rocks
under its tracks, assisting the operation.

Crushing is done by 18 free-swinging hammers
which are mounted on four pivot pins arranged par-
allel to a central driveshaft (Figures 3, 4, and 5).
The hammer speed is 1,000 rpm, and with new hammers
the total assembly has a diameter f 96 cm (38 in.).
Tle rated capacity is 115 to 153 m (150 to 200 cu.
yds.) per hour. The width of the impact area is

Front view. 1.22 m (4 ft.), and the loose depth of the processed
material behind the machine is 0 cm (8 in.). This
is a maximum capacity of 0.07 mi (2.67 cu. ft.3 per
30 cm (lineal foot) of travel, or about 0. 76 m
(I cu. yd.) per 3 m (i0 ft.) of travel.

Objectives

In the uses described here, performed in 1976
and 1977, the following objectives were considered:

1. Find the most efficient application tech-
nique.

2. Determine the optimum crew and support equip-
ment arrangements.

3. Determine costs of routine production oper-
ations.

4. Determine lives and costs of several differ-
ent hammer alloys and compare, if possible, with
rock type being processed.

5. Suggest equipment modifications if any are
indicated.

. - 6. Determine crew training needs and see if the
machine can be effective with minimal training.

- "Trials

The first trial, while getting the crew acquaint-
Rear view. ed with the equipment, was simply to eliminate loose

rocks pulled out of a road by previous normal blading
operations. Rocks were pulled out of the ditches,

on the basis of controlled tests and computer etc., and brought onto the road surface, which was
models. Tests, however, are not the same as expe- not disturbed. A single pass of the machine crushed
rience in day-to-day production work. The Rocky and scattered them. A layer of gravel about one
Mountain Region decided to buy a machine and eval- pebble thick was produced over the road width, and
unte it in routine use. A used Browning Model RB-4 within a week or two most of this had been whipped
"Rock Buster" was purchased from an area contractor off by traffic (Figure 6). Rock that might other-
and overhauled before being placed in service. It wise have been loaded and trucked to a dump site was
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Figure 3. Inside hammer chamber of Browning RB-4. In operation, hammers
swing free on shafts. Note different wear patterns depending on position.
These hammers have a few hours of life remaining. Replacement hammers
will be placed where blank spaces occur in this set, enabling two sets of
hammers to be used on one set of pins.

Figure 4. New hammer for the Browning RB-4. Figure 5. Worn hammers from Browning RB-4. Hammer
Dimensions 40 cm (16 in.) long, 11.1 cm (4-3/8 in.) on left is about 25 cm (10 in.) long.
wide, 6.3 cm (2-1/2 in.) thick; Weight 24.5 kg
(54 lbs.).

($3,000 per mi.). The material was weathered gra-
nitic rock and residual soil.

The road was in very good condition when com-
pleted, but potholes began to develop within 3
months. This potholing may have been due to the

eliminated. However, there was no lasting benefit nature of the soils, but other roads where compac-
to the road. It was a convenient way to get rid of tion was used have not developed much potholing.
these rocks, but was judged to be an inefficient Thorough compaction after processing was highly
use of the equipment. beneficial.

The next experiment was to scarify the road The equipment array was not efficient with re-
surface to a depth of 15 cm (6 in.) to 30 cm (1 spect to the crusher. The ripper, blade, and other
ft.), windrow and crush Lhe material, and relay it equipment worked steadily for the full day to pre-
without compaction. Equipment included a D-7 trac- pare and respread the surface, but the crusher was
tor with three ripper teeth, one grader, and a in operation only a little more than 2 hours. Also,
water truck. Total progress was about 0.8 km (1/2 it was observed that the three-tooth ripper was ihot
mi.) per day, and the cost was about $1,875 per km as effective as a five-tooth, short-shank ripper
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Figure 6. Windrow before and after processing by the RB-4 and the same
spot about 3 weeks later. This windrow is smaller than the maximum
which can be handled, but is otherwise typical. This section was not
ripped.

a.

b.

C.

-' W:4,
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would have been, because the ripper teeth were too of two crushers. Windrow processing is faster, and
widely spaced. lost time due to crusher breakdowns and hammer

changes is greatly reduced.
It is obvious that this process is a heavy main-

Optimum Equipment Array tenance operation approaching reconstruction. It
was originally hoped that the crusher could be used

The most efficient operation and equipment array in routine surface maintenance, but such is not the
was developed by trial and error and includes: case.

1 Crusher with towing tractor.
1 Bulldozer, D-7 class, with multitooth, short- Materials

shank ripper.
2 Motor graders, Ca erpillar No. 12 class. The Browning machine has been used in many dif-
1 Water truck, 19 m (5,000 gal.) capacity. ferent soil and rock types, including fresh and
I Rock rake. weathered granite, glacial moraine, volcanic extru-
I Dump truck. sives of several types, limestone, quartzite, etc.
1 Wheel type tractor-backhoe with loader and It ha3 performed about equally well with all.

hydraulic rock splitter attachments. Initially, an attempt was started to relate rock
1 Mechanic's truck, well equipped, type to hammer life and cost. A number of samples
1 Welder. were taken before and after one, two, and sometimes
1 Compactor, usually pneumatic tired. three passes of the machine. Gradation tests were
1 Rock drill, either air- or gasoline-driven, run, and Los Angeles abrasion tests and some visual
2 Pickups or personnel transports, rock classifications by particle counts were made,
1 Brush chipper (optional). but this effort was eventually dropped because of

lack of time and funds to pursue it.
The crew included six operators, eight laborers, 3ome observations based on very limited data

one mechanic-welder, and two flagmen, if needed, are as follows:

1. The crusher effectively reduces rocks up toOptimum Technique about 41 cm (16 in.) in size to the 5 cm (2 in.)
sieve size and smaller. Contract specifications

The bulldozer-ripper and one grader prepare the could he based on this performance.
road by ripping the surface. Several passes with 2. There was conflicting data on the material
the ripper are necessary to fully loosen the sur- passing the No. 4 sieve. In some tests there was
face, and a single-lane road usually must be totally no significant change, but other tests indicated
closed during operations. The blade makes a few changes even in the material passing the No. 200
trips to work the rock to the surface and makes a sieve and in the Plasticity Index. Accurate com-
windrow. parison sampling was almost impossible, and this

Windrow construction is an important step. The may be the reason for conflicting data. The ques-
windrow must be of the proper volume for the machine. tioa was not pursued to a solution. No important
Rocks larger than 35 cm to 41 cm (14 to 16 in.) must chaages in tLe fine soil were expected.
be removed from the windrow. There must be some 3. There appears to be some correlation between
fine soil for efficient crushing and to confine fly- cru3her performance, hamnner wear, and the Los
ing rocks, but too much fine soil slows the process. Angeles abrasion characteristics of the principal
The operation depends heavily on tile blademan's rock type present, but no correlation with the sul-
Judgment and skill. fate soundness loss. Tests included rocks having

One to three passes by the crusher are usually L. A. losses from 21 to 70 percent. Visual identi-
necessary to crush the rock in the windrow. The fication of the rock type and weathering condition
blade then reworks the windrow and brings out any might be as informative as the L. A. abrasion test.
rocks missed in the first passes. A new windrow is Rock toughness and abrasiveness are important.
built and processed, and the operation is continued 4. The manufacturer states that rocks up to 61
until the entire volume is processed. For tile usual cm (24 in.) can be crushed. Experience shows that
one-lane road, this requires about three full wind- 41 cm (16 in.) is the practical limit without risk-
rows. la a dry climate, almost continuous watering ing damage to the machine. The pivot pins which
is required to control dust. During crushing, the carry the hammers are very difficult to remove if
bulldozer-ripper and one grader are starting the they are bent.
next section.

After crushing, the second grader, rock rake,
compactor, and water truck work to spread, shape, Equipment Life and Modifications
and compact the surface. If this operation exposes
any uncrushed rock, a final pass with the crusher Several differont alloy steels were tried for
may be worthwhile before final compaction. the hammers with the following life spans reported:

fhFe tractor-backhoe is an auxiliary machine used
for digging our boulders whli.h the ripper cannot 1. Mild steel, grade 1020, average life 19
handle, as well as clearing culverts and other inci- hours. These cost about $16 each.
dental work. Tile hydraulic rock splitter reduces 2. Mild steel, grade 1020, faced with welding
large boulders or rock outcrops. Blasting is in- rods, Eutectrode No. 4 and Chromecarb N600G, aver-
efficient for this kind of work. The air compressor age life less than 24 hours in weathered granite
and rock drill are required with some types of hy- and metamorphic rocks. The cost and life of these
draulic splitters. vary with the amount of hardfacing used.

The dump truck, brush chipper, and other small 3. Cast manganese steel, life 24 to 65 hours.
equipment is used for incidental work. This was the best, though the hammers cost $31 each

The mechanic-welder and his equipment are indis- in 1977. The reduction in time lost to hammer
pensable with this amount of equipment operating at changes more than compensated for the initial cost.
considerable distance from town. A full set ot hammers and pins cost about $1,000 in

The overall operation can be speeded by the use 1978.
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Several different steels for the hammer support mi.) of road were processed in 1976 and 1977.
pins were also tried. Cold rolled steel was un- These included many rock conditions and soil types.
satisfactory. The best to date has been grade Several crews were used, and the work was geograph-
C1144 steel, which usually lasted through two sets ically scattered throughout the Region.
of hammers by staggering the hammer location (Fig- The costs ranged from a high of $2,06 per km
ure 3). ($3,338 per mi.) to a low of $1,580 per km ($2,462

A number of modifications w~re made in the per mi.). The overall average for all work was
machine. Many corrected peculiarities of the rig, $1,708 per km ($2,750 per m.). In general, t',e
and fell in the general category of strengthening more costly projects were those where a sm.i. crew
or toughening it to cope with the strong vibrations and minimum outfit of supporting equipment were
and very severe operating conditions. The most im- used.
portant was to weld heavy reinforcement to the By comparison, the cost .f 10.2 cm (4 in.) of
underside of the crushing chamber to absorb the im- crushed aggregate, in place, would average between
pact of rocks thrown up by the hamer. The mate- $1,875 and $3,125 per km ($3,000 to $5,000 per mi.).
rial used was buildup bar for crawler track shoes, The additional cost of preparing an old subgrade to
which worked very well. receive the gravel would average more than $625 per

A second major category of modifications was km ($1,000 per mi.). There may be rare situations
related to speeding the change of hammers and pins. where gravel would compete with the Browning
When the Browning machine was first received, it machine.
took in excess of 4 hours for two men to replace
the hasners. With some modifications, it is pos-
sible to do it in less than 2 hours unless some- Other Trial Applications
thing is bent or broken.

Most of thle echanical problems appear to have One other minor test was conducted on a section
been solved in the newer Pettibone machine, of old bituminous pavement that was so badly dete-

riorated that it was no longer maintainable. It
was decided that the road would be more economical

Operating Problems with a gravel surface. The pavement was scarified,
windrowed, and processed with the Browning machine

The most serious problems are not usually di- in the manner previously described. The product
rectly concerned with operation. They involve was a very satisfactory gravel surface. The alter-
coordination and control of the work. native would have been to remove the old pavement

and replace it with new crushed aggregate.
1. Traffic control. During this operation it In this case the old asphalt was very brittle.

is very hard to keep a two-lane road open to traf- While some relatively fresh patches crushed satis-
fic, even Intermittently, and on a one-lane road, factorily, it is not known whether the process
total closure during the workday is highly desir- would work with bituminous material which is not
able. On a system of one-lane roads, detours are generally brittle.
often difficult to find, and work must be scheduled The machine might also be useful in new con-
during minimum traffic seasons. struction to finish the top of a rocky subgrade in

2. Coordination. Only one or two of the lieu of removing all rock greater than that allowed
Forests in this Region have either the men or equip- by specification. This idea has not been tested.
ment to handle the full operation. It is often
necessary to combine crews from two or more Forests
with counties or other agencies. This is very dif- Summary and Conclusion
ficult to coordinate, especially since crews and
funds must be diverted ftom other work which may The original objectives were generally ful-
be equally important. One project in 1978 involved filled, and the findings can be summarized as
crews and equipment from the Forest Service, a follows:
county, and a contractor. Management has been ex-
tremely difficult, and this kind of arrangement 1. This is a useful technique, though not in-
should be avoided, expensive. It is not a routine maintenance tool,

3. Creow and equipment. Since the machine is but rather a tool for heavy maintenance approaching
moved from one Forest to another, a new crew must complete reconstruction. It requires a consider-
be broken in every time. This always results in able support force and trained manpower for effi-
some lost time, inefficiency, and excessive wear cient operation. The overall average of costs in
on the machine until the new crew gets accustomed 1976 and 1977 was $1,708 per one-lane km or $2,750
to it. A full-tilme crew chief traveling with the per one-lane mile. A more efficient machine might
rig helps, but a permanent crew with its own sup- be much cheaper to operate. Crushed gravel surfac-
porting equipment would be the best arrangement. ing may occasionally be competitive.
Separate funding would also help avoid many of the 2. The most effective hammers are high alloy
problems and permit more efficient scheduling, types which have higher first costs but last

longer, reducing time lost in changes. There ap-
pears to be some correlation between soil or rock

Costs type and equipment behavior, but this work was not
conclusive.

The precise operating cost of the Browning RB-4 D. Improvements can be made to any available
was difficult to isolate because a number of vari- machine, generally toward strengthening it and sim-
ables such as crew size, hammer type, soil and rock plifying maintenance and hammer replacement.
type, etc., were being tested. It was intended 4. Trained crews are essential to smooth oper-
that the entire trial be handled as nearly as pos- ation. It takes about 2 weeks for a crew to "shake
sible in a "real world" environment. Thus, all Out" and begin to work well together.
pers.)nnel were regular construction and maintenance 5. The major problems are with coordination
foremen, operators, and laborers. Cost accoun-ing between agencies, financing, etc., rather than in
was no more elaborate than in routine operations, operation, which is fairly straightforward once

A total of about 59 one-lane lun (36.8 one-lane crews are well trained.
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6. Other practical uses for the equipment
probably will appear.

7. The trial was successful. The technique
will continue to be used by the Region.

In 1978, the Pettibone P-500 machine originally
used in the San Dimas research was obtained and used
in place of the Browning RB-4, which was sidelined
due to parts shortages. Early indications suggested
a major reduction in costs due to greater speed and
easier hammer changes, but full information was not
available at this writing.
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AN INTEGRATED NATIONWIDE RURAL ROAD SYSTEM FOR THE GAMBIA

Paul E. Conrad and John G. Schoon, Wilbur Smith and Associates

The rural road system in The Gambia, West Africa, portation scene.
comprises over 2300 kilometers of paved, gravel, In general, travel by road has proved to be more
and earth roads. These connect rural communi- desirable for persons and small cargo loads and for
ties with each other, to riverside staging certain trips which do not involve movement between
points, to the larger towns and cities, and to opposite sides of the River Gaibia. Bulk cargo
produce storage and transshipment depots. The movements along the river and passenger and small
role of the road system is considered in regard cargo movements involving cross-river movements re-
to these functions and as related to needs for mote from ferry crossings, or longer trips where
future rural development consistent with nation- time is less important, are almost exclusively ac-
al goals and objectives. Data based upon recent commodated by use of river craft.
studies in The Gambia are presented, particularly
those which address future agricultural develop-
ment potentials and road integration with river Road Classification
linkages. The categories of primary, secondary
and principal feeder rcads are examined from the Existing roads throughout The Gambia are shown
viewpoint of current function, traffic, and ex- in Figure 1, indicating the Public Works Depart-
isting deficiencies. Future highway needs based went's functional classification system of primary,
upon optimum use of the iver Gambia and the secondary, and feeder roads. It can be seen from
road network for transporting a variety of im- this that many roads lead directly to and from
port and export commodities are described and a riverside points--used extensively as river-road
tentative road investment program is proposed. goods transfer nodes.
Guideliues are then outlined to assist in the Primary roads are defined as those connecting
geometric and structural design of future high- the main centers of activity, and form the major,
ways in The Gambia and a review is made of ma- continuous, all-weather lines of communication.
terial types and availability for future use. These roads carry most of the rural traffic in The

Gambia. Some sections have been bitumenized and
the remainder are gravel roads. The alignments and

Location widths (generally 6.7 meters) are such as to allow
a free flow of two-way traffic, except at some

Located on the west coast of Africa, The Republic bridges and at ferries.
of The Gambia covers an area of 10,400 square kilo- Secondary roads are all-weather roads connecting
meters, and extends eastward from the mouth of the a particular region or locality to the primary net-
Gambia River a distance of approximately 330 kilo- work. They are essentially gravel roads of somewhat
meters inland. At its widest point, the country is lower standard than the primary roads and do not
approximately 40 kilometers wide and is surrounded, form a continuous netwcrk.
except for the coastal strip, by Senegal. The largest group of secondary roads serves the

coastal area and the southern border of The Gambia.
Others are isolated connectors to the primary roads.

The Existing Road Network Feeder road is the term used to describe the
multiplicity of routes used primarily for access be-

The two basic forms of transportation in The tween villages, and to transport crops to buying
Gambia are river and road. Due to the elongated stations, riverside depots and processing centers.
east-west orientation of the country, surrounding They are basically unformed roads, with little or
low-lying topography and presence of the navigable no provision for drainage. They range from well-
River Gambia extending nearly the entire length of defined (and sometimes gravelled) tracks for vehic-
the country, the river was historically the pre- ular use to footpaths or cart tracks. Some of these
ferred means of transporting persons and goods. The roads, located on higher, stony or free oraining
later development of roads has increased economic land, are usable throughout the year, but most feed-
development and agricultural production. Need for er roads provide reliable access during the rainy
improved communications and general inland travel season only for four-wheel drive vehicles.
was therefore a secondary development in the trans- Of the national total of approximately 2,360
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Figure 1. Existing rural road network, The Gambia.
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Figure 2. PWD road classifications.

kilometers, the greatest length, 1,555 kilometers, or
66 percent, are major feeder roads, while primary and
secondary roads comprise 28 and 6 percent of the to-
tal, respectively. Examples of each classification
category are shown in Figure 2.

Traffic Characteristics Primary road, gravel surface.

Sample traffic counts were made at 14 locations
and origin-destination interviews were conducted at
8 locations on the road network. The counting peri-
od lasted from 0700 hours to 1900 hours in two-hour
divisions. This procedure and the data obtained, to-
gether with monthly indications of traffic trends in
The Gambia, formed the basis for estimating annual
traffic levels and related characteristics.

Daily traffic volumes on rural roads, as shown in
Figure 3, were estimated to vary between nearly 700
vehicles on the Barra to Kaolack Road (leading to
Senegal) to approximately 40 vehicles on roads in
eastern areas of the country on the north bank. Over
600 vehicles per day occurred between the major cen-
ters of Banjul and Soma. On the Trans-Gambia High-
way, between northern and southern areas of Senegal,
230 vehicles per day occurred at the ferry crossing
and approximately 350 on the road segments leading Feeder road, earth surface.
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Figure 3. Estimated daily traffic volumes on prin- Index 1 - New Pavement
ciple rural roads. Index 2 - Pavement not new but with adequate

riding quantities and transverse
shape

Index 3 - Pavement irregular in shape but still
basically sound, correctable with
grading and/or a premix regulation

LACI
DA course

M/CK KAUR Index 4 - Excessively deformed pavement shape
I A& KN OMAN r u ~ requiring base and surface repair

Index 5 - Pavement failed; route detour re-
quired

HART -Typical examples of the above conditions are
ARRI KfRE Ushown 

in Figure 4.FAtOr0

Figure 4. Road condition index.

to and from it, indicating considerable local activ-
ity. Volumes diminished significantly toward the
eastern extremity of the country, reflecting pri-
marily the reduced settlement density.

Traffic volumes in urban areas, as might be ex-
pected, were much higher than those on rural roads.
Nearly 9,000 vehicles per day were observed on the .01
main road into Banjul, the Capital. .

The percentage of non-Gambian vehicles in the
traffic stream varied from approximately 75 percent
at the Trans-Gambian ferry to approximately 2 per-
cent on other major roads. As expected, apart from Condition 2 - acceptable.
the Trans-Gambia highway, the greatest volumes oc-
curred on roads leading to and from Senegal, varying
between 8 and 25 percent.

Vehicle classification observations indicated
that passenger cars were the largest component of
the traffic stream, usually varying from between 60 IL
and 80 percent on the roads with the higher volumes
to as low as 25 percent on the more remote roads.
Most passenger cars were used as taxis. Between 10
and 20 percent of vehicles were trucks. However,
this was exceeded on the Trans-Gambia highway, where
31 percent of all vehicles were recorded as trucks.
The percentage of buses is considerably lowcr, vary-
ing between zero on some north bank roads which are
unpaved, to 32 percent on the Trans-Gambia highway
ferry.

On feeder roads in The Gambia, traffic rarely ex-
ceeds an average of 50 vehicles per day, based upon
existing records and observations made during recon- Condition 3 - surface deterioration.
naissance and evaluation trips throughout the road
network. In many cases the volume appears to be in The nature of general deficiencies noted at spe-
the order of 20 vehicles per day or less, and a large :ific locations during the field observations are as
proportion of this traffic consists of animal-drawn follows:
carts, government vchicles, motor and pedal cycles.
In some instances where villages, groundnut buying Shell Bitumen Surfaced Roads
stations or other activity centers are located near 1. Excessive camber and longitudinal deforma-
main roads, higher volumes occur. However, these tion in outside wheel tracks.
may be regarded as access volumes on a very limited 2. Some heavily travelled road surfaces are in
portion of the total network, imminent danger of failing.

3. Edge failure of the bituminous surface.
4. Uncut grass to the edge of the bituminous

Physical Deficiencies of the Road System surface (December, 1977).
5. Culveit markers, headwalls, bridge parapets

Field inspections of road conditions were made and bridge handrails need repairs and repainting.
to establish a "condition log" which could be used
as a basis for establishing needed improvements and Sand Bitumen Surfaced Roads (mostly Banjul and
costs, adjacent areas)

The condition of the road pavement has been 1. Excessive deformation.
ranked from a numerical index to one of an index of 2. Pavement failures on heavily travelled sec-
five, as follows: tions.
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3. Edges eroded and regraveling needed. in The Gambia as described in the Five-Year Plan
and other documents.

Basalt Chipping Bituminous Surface Road (Trans- In general, traffic volumes are expected to be
Gambia Highway) approximately 3.5 to 4 times greater in 1997 than in

1. Failure of the base and subbase on approach 1977. This includes an anticipated increase in the
sections to Gambia River ferry. (This road carries size of trucks from 6 to 11 ton capacity for most
heavy vehicles.) groundnut transport and consolidation of buying sta-

2. Ferry approach sections need reconstructing. tions and shipping points. Associated use of ferries
3. Edges eroded; regraveling needed, is expected to increase in direct proportion to

traffic volumes.
Gravel Surfaced Roads
1. Surfaces worn and corrugated.
2. Cross-section irregular. Functional Classification. The recommended road-
3. Needs regraveling to restore the pavement way system is classified into three functional com-

strength and camber, ponents--primary, secondary, and tertiary roadways.
4. Edges eroded. See Figure 5.
5. Culverts, bridge edges eroded and require Of the 1,212 kilometers of highway in the desig-

repair. nated system, about 658 are classified as primary,
345 as secondary, and 209 as tertiary. With the

It should be noted that many of the above obser- completion of the recommended plan, almost 55 per-
vations were made shortly after the wet season, 1977, cent of the principal roads system will have a bi-
and maintenance was being undertaken to remedy de- tumenized paved surface; a little more than 45 per-
ficiencies. cent will be gravel surfaced.

Future Design and Construction Guidelines Road Network Development Guidelines

During the 20-year period from 1977 to 1997, an It was apparent that new or modified practices
increased demand for road and river transport will would be beneficial in several areas related to de-
occur to accommodate increased crop movement, imports sign, and construction. This section, therefore,
and exports, and general demand for personal mobil- indicates guidelines to assist in these areas.
ity. A review of the planning and systems aspects
of the proposed system is provided below to provide
a background to the design and construction guide- Basic Considerations. One of the characteristics
lines recommended for future development, of road traffic in The Gambia is the diversity of

both vehicle types, ranging from ox carts to articu-
lated lorries, and operating speeds. This, combined

Transportation Systems Review with pedestrian activity within and between the many
villages along main roads, is likely to continue in-

Following estimation of the major future demands to the forseeable future. Road design standards
and formulation of potential river and road improve- must recognize these complexities to minimize haz-
ment alternatives (three road networks), cargo and ardous situations encountered by the road user and
passenger demands were assigned to the networks, at the same time attain the maximum facility effec-
This process consisted of a series of manual itera- tiveness.
tions of traffic assignments, initial cost evalua- Recognizing the diversity of travel needs, ve-
tions, network adjustments and consideration of the hicle types and operating speeds, the following
potential benefits expected from unit expenditures basic criteria for the major roads were set:
on the principal projects.

The river and road traffic estimated to occur in 1. Pedestrian paths or tracks should be pro-
the future was reviewed for consistency with general vided along all paved roads, adequately separated
economic indicators and with potential development from motor vehicle traffic.

Fiqure 5. Recommended roadway system, functional classification.

.... ._ .....

- - - - - - - - -

V p 3 0 3



226

2. The road pavement should be wide enough to country.
allow two large commercial vehicles to pass safely, 3. Tertiary Roads. Those roads which are neces-
without reducing speed. sary for the maintenance of all-weather access to

3. Road geometry should be able to accommodate local areas, from either the primary or secondary
operating speeds of up to 80 to 100 kilometers per roads or the river transport system.
hour, depending upon the type of road. 4. Local Roads. Those roads which are made

4. The road shoulders should be wide enough to solely for local use. They may or may not be all-
accommodate very slow moving vehicles well clear of weather roads.
the road pavement. They should also provide a safe
refuge for disabled or parked vehicles.

5. The horizontal and vertical alignments must Responsibility. Central Government should ac-
allow ample opportunities for overtaking with safety. cept responsibility for:

6. The right-of-way should be wide enough to
minimize the chance of a vehicle, when forced to 1. Definition of the actual network of primary,
leave the travelled way, colliding with a man-made secondary, and tertiary roads.
structure or other object. 2. Adoption of road design standards for these

Suitable provision should be made for bus, taxi, roads.
and lorry stops. Adequate lay-byes and, particularly 3. Construction and maintenance of primary
in built up areas, service or frontage access roads roads.
should be provided, together with appropriate signs 4. Construction and maintenance of secondary
and markings for pedestrian crossings, roads on the understanding that as local government

develops, maintenance of the secondary roads could
The guidelines on road design and construction be undertaken by local government, with some finan-

and the general approach to their implementation have cial assistance trom central sources.
been developed with tile above considerations in mind. 5. Such financial and technical assistance to

local government as may be necessary to enable Area
Councils to develop and maintain the gazetted ter-

Classification of Roads. In recommending a road tiary roads.
classification system, the following objectives were
set: There are many aspects as to classification,

funding, and general administration of a national
1. There should be only one classification sys- road system. It is believed that the guidelines

tem established which can be used by all interested mentioned above will provide a sound basis for more
parties, extensive planning.

2. The classification must have a specific pur-
pose, be capable of clear definition, and be adapt-
able to future needs. Road Design Standards. Road design standards so

3. If the classification results in visually far submitted for projects in The Gambia have either
distinctive road types, then the road system must been for a particular road or have been formulated
appear to be logical to the road user. by road class. However, these design standards, al-

4. The road classification system should be though based on sound engineering principles, may
consistent with the method of financing. Nationally not be sufficiently flexible to efficiently cater
important roads could be financed from the national for existing and proposed road traffic movements
sources, locally important roads from local revenue, within The Gambia.

5. Definition of the various classes of roads Consequently, based upon specific requirements
should be sufficiently rigid, on the one hand, to in The Gambia, five design classes were recommended,
enable any road to be logically classified, and suf- predicated on average daily traffic volumes on open-
ficiently flexible, on the other hand, to allow for ing and modified to recognize the type of terrain
improvement of a road witi!out having to change its (flat or rolling) through which a road would pass.
class simply because of the improvement. (On a newly constructed road, it may be necessary to

6. The system of roads that the user perceives base the design class on predicted rather than ac-
and uses should be logically constructed. For a tual volumes.) A summary of the main features of
major road, the standard of construction should be these guidelines is shown in Table 1, and typical
uniform throughout its length. Progressively lower cross-sections are shown in Figure 6.
standards will apply to roads carrying less traffic. These design recommendations are based upon a

World Bank review (A Review of Highway Design Prac-
ticed in Developing Countries, Con, F. W., May 1975)

Guidelines. The future classification of roads of highway design as practied by developing coun-
in The Gambia described here are based on functional tries, wherein design standards are related to an-
performance categories. They can be applied as a ticipated traffic flows, rather than road classifi-
tool for national planning. cation. Adoption of this principle will enable The

It was recommended that the primary, secondary, Gambia to make most use of available funds, at the
and tertiary roads should be officially gazetted and same time ensuring that each road segment is ade-
road design standards adopted for each class. Local quately designed to carry the present and future
roads should not be gazetted. The main features of traffic.
these categories are as follows: Essentially, the design classes as shown in

Table 1 and Figure 6, vary from Class A with over
1. Primary Roads. Those roads which, at a na- 2,000 vehicles per day to Class E, with less than

tional scale, form a continuous all-weather network 50 vehicles per day. For each design class, the
of roads, linking all major centers of population following design elements are considered:
and providing the major international links.

2. Secondary Roads. Those roads which, by 1. Design speed.
their connection to the primary road network or the 2. Width of surfacing.
river transport system, serve to maintain all-weather 3. Shoulder and formation width.
access to and within the various regions of the A. Width of bridge decks.
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5. Sight distances. Thompson, economist, in developing much of the data
6. Gradients. presented. The statements herein, however, are the
7. Vertical curvature, sole responsibility of the authors.
8. Horizontal curvature.

Right-of-way widths are proposed by road classi-
fication, and a uniform set of cross-slopes is recom-
mended for all road types.

The degree to which a road can be built to satis-
fy the above standards will depend primarily on the
funds available and the actual dimensions and limits
adopted will depend upon the status of the road and
the number of vehicles using it.

Axle Load Regulations. It was recommended that
a ter, ton axle load limit be applied to all vehicles
operating on Gambian roads. This limit would be ap-
plicable to all roads--primary, secondary, and local.

However, it is recognized that at least one road
in The Gambia, the Trans-Gambia Road, will be carry-
ing significant volumes of international traffic with
axle loads up to a limit of 13 tons.

The existing Gambian axle load limits for Special
Roads (The Laws of The Gambia, Motor Traffic Act,
1966) (The Trans-Gambia Road and the Banjul-Mansa
Konko Road) are 12.2 tons for a two-axle vehicle
and 16.8 tons for an articulated vehicle.

It was recommended that these limits be ration-
alized to 13 tons, regardless of vehicle types, for
Special Roads. In the very long term, other inter-
national routes may be declared Special Roads, al-
though there appears to be little need to do so in
the near future.

Pavement design recommendations (United Kingdom,
Department of Transport, Road Note 31, A Guide to
the Structural Design of Bitumen-Surfaced Roads in
Tropical and Subtropical Countries, 1977) take axle
loading into account.

Materials Availability

Within the foreseeable future, there is a defi-
nite possibility of a road construction materials
shortage occurring in The Gambia. In the cascs of
laterite, material of the required quality and grad-
ing has been identified in various locations through-
out the country. Sand and shells, however, appear
to exist only in the western parts of the country,
making transport to other locations an expensive
necessity. As regards construction timber, the ruhm
palm is becoming increasingly scarce, therefore
jeopardizing the economical construction of jetties,
bridges, and related works.

Several actions concerning the construction ma-
terials situation are recommended. The provision of
a limited amount of shell extraction and washing
equipment could be procured and assembled locally.
A construction materials availability study, includ-
ing the technical feasibility of ruhm palm plantation
establishment, could be considered an essential fea-
ture of a national construction program of benefit
to governmental and private organizations alike.
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ROAD NETWORK ANALYSIS FOR TRANSPORTATION INVESTMENT IN EGYPT

Brian Brademeyer, Dr. Fred Moavenzadeh, Michael J. Markow, Massachusetts
Institute of Technology

Dr. M. El-lawary, Cairo University, Egypt
Dr. M. Owais, Assiut University, Egypt

A highway transportation planning framework de- various links comprising the primary, secondary, and
veloped at M.I.T., the Road Tnvestment analysis tertiary road networks to the overall performance of
Model (RIAM), has been applied to the analysis the road transport network are not well understood,
and planning of highway investment decisions in nor is there agreement on the appropriate design and
Egypt. Ten alternative maintenance polci-es were maintenance standards for the various classifications
analyzed over the network study zone, reflecting of links and upon criteria for upgradings.
three types of investment concerns important to Given the limited resources available for road
the Egyptian Transport Planning Authority. Among transportation investments, either in construction
the questions addressed were: (1) the relative of new facilities or maintenance and upgradings of
frequency of the maintenance activities; (2) the existing facilities, there is a growing need within
relative magnitude of the investments as reflected the Egyptian Ministry of Transport for a hierarchy
in the overlay thickness; and (3) the relative of analytic techniques capable of evaluating the
levels of investment among the three road classes- capital budgeting and programming of alternative
primary - secondary, and tertiary - to achieve scenarios for major investments in expanding or up-
tile most effective overall investment strategy grading the network; of analyzing the various inter-
in the network. Additionally, tile heavier the dependencies between the alternative projects and
level of investment, the greater was the economic maintenance policies of a road system, including
return from that investment, given that the invest- both the appropriate timing and scaling of these
ment was disLributed fairly evenly among the projects; and of evaluating the economic consequen-
various road classes. The optimum alternative ces of alternative design, construction, and mainten-
identified was found to consist of frequent, light ance standards. The present Egyptian techniques for
overlays on the primary system (where additional evaluation of road transport investments and corres-
structural strength is not required) and initial pending data inventories are rather inadequate for
heavy overlays followed by frequent, light over- the application of analytic models for road invest-
lays on the secondary and tertiary systems (where ment evaluation.
additional structural strength is needed to meet The purpose of this research is to demonstrate
future traffic demands). These results held true the application of an existing analytic framework,
whether the performance was judged on economic tile Road Investment Analysis Model, to road trans-
efficiency or user satisfaction (consumer surplus). port investment decisions in Egypt, and to develop

the necessary procedures for its modification and
and adaptation to the local Egyptian conditions. The
scope of the research effort during the first phaseThe road network in Egypt comprises over 26,000 was to evaluate road transport in a zone comprising

kilometers of roads with approximately 12,000 km roughly one-fourth of the paved road network of the
paved and 14,000 km unpaved, and highway inter- Nile Delta at bott. the link and tie network level.
city transportation accounts for approximately three- During the link-evaluation phase, five reconstruction
fourths of present annual ton-kilometers and passen- and subsequent maintenance policy alternatives were
ger kilometers (a situation which is expected to be analyzed on each of twenty-five links independent-
maintained over the next decade). Although recent ly (1). The five alternatives included do-nothing;
partial appraisal reports of the road network by a premix overlay followed by either scheduled or
Independent consultants have concluded that on aver- demand-responsive maintenance; and a double (asphalt
age the highway system is in relatively good condi- over premix) overlay followed by either scheduled or
tion, with the poorer conditions being concentrated demand-responsive maintenance. For each alternative
in the less heavily trafficked paved roads, the capa- and on each link, economic analyses of net present
bilities of the Egyptian Ministry of Transport to value, first year benefits, and internal rate of
maintain tile present system or expand the paved net- return were performed against the do-nothing alter-
work during the coming decades have not been suffi- native. Where data were lacking or unreliable,
ciently addressed. The relative importance of the surveys were undertaken or engineering judgments
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were used. 2. Physical homogeneity of link characteristics;
The results of tile twenty-five link-evaluation 3. Diversity of traffic volumes, providing a

applications of the Road Investment Analysis Model cross-section of the spectrum of traffic conditions
indicated that there were four classes of link per- likely to be encountered on the Egyptian road net-
formance in the study zone under the proposed stru- work;
ctural overlays and subsequent maintenance standards. 4. Possibilities for a rou':e-choice study; and
These classes were: the

5. Economic importance of this road network to
1. Links which are in excellent present con- the Highway Authority in Egypt.

dition and for which the proposed Investments may
be postponed; The zone of study in Egypt is shown in Figure 1,

2. Links which are in poor present condition displaying the zones into which the country was
and for which the proposed investments produce divided for purposes of the origin-destination sur-
acceptable results. This means that the heavier vey, which will be discussed later. The roads ana-
structural overlay performs satisfactorily for the lyzed within the study zone were classified into
entire analysis period thus requiring no major sub- three categories, depending on their utilization, as
sequent maintenance investments; shown In Figure 2. These classes were as follows:

3. 1.inks which are In poor present condition Class I Is the Cairo-Alexandria Agricultural Express-
and which performed marginally under the proposed way, which carries the majority ot the national
investments, in that the heavier structural over- int r-city transport; Class II which represents tile
lay failed ill from 5-14 years requiring major sub- natioi:al highways connecting the major secondary
sequent maintenance nvestments, and for which cities to tie Cairo-Alexandria corridor; and Class
heavier initial investments should be considered; III which represents the paved road network con-
and necting the minor cities with the rest of the nation-

4. links which are of weak structural strength al road system. Unpaved roads were not analyzed in
and poor present condition and which would have this investigation.
performed poorly under the proposed investments, in These classes were chosen so that nv, ,,(gations
that both of tie proposed structural overlays failed into the relative and absolute magnitude o1 c est-
In less than 5 years and where all of the net bene- ments among the various road classes coul- u- under-
fits accrued from major subsequent maintenance in- taken. Specifically, we wished to addre.-s the ques-
vestments, and for which heavier initial Invest- tion of, given a network investment program, where
ments or reconstruction must be considered. do the major benefits accumulate?

Ali origin-destination survey was conducted in
A tentative general finding which Ield true on the study zone on the 8th of August, 1977. The

all links analyzed was ttat, of the four post-con- interview was designed to obtain information on
struction maintenance policies studied, the one vehicle type and route clt)iee. Besides requesting
with the heaviest overlay dominated tite economic where tite vehicle was coming from and going to,
analysis, independent of the effectivoness of the which were at the governorate and markaz level, the
original double (asplialt over premix) overlay, questions were aimed at determining route choice be-
which was the more extentsive of the two construction havior: What are the major cities on your route?
options analyzed. Ttus, on all links studied, the Will you stop at any city en route: If so, for how
heaviest construction and maintenance investments long? 1)o you normally take this route? If so, why?
producetd the g;reatest economic net present values. If not, why this timci and what is your estimate
This and tile above performance c!assification are of your total travel time? The intent of the inter-
being reviewed in light of assumptions made during view was to determine as completely as possible any
data collection. A visual inspection was made of previous knowledge of O-D route-alternatives, per-
representative links in the study zone to verify ception of travel time, and pre-trip route decision.
these predictions. The study area was divided into 16 zones, corres-

The link analYses disclosed several key data pending to the markaz boundaries. The external area
items whic'h had to be obtained before tHie ensuing strrounding the study area was divided into 11 zones,
network analvsis could be undertaken. These data using natural boundaries, such as a canal, where
items were collected by the Transport 'lanning possible and such that each external zone contained
Authoritv (road user costs), tie Road and Waterway a major highway which entered the itudy area as
At thor i it y (traffic counts and axle load distrIbu- shown In Figure 1. The external :-ones' traffic (gen-
tions), inid Cairo University (road deteroration eration and attraction) was their assigned to the
relations) personnel. Tlese data collection efforts neighboring zone centrold in the study area to con-
are documented In a companio rel'it to this study vert all the strvey volumes into demands within the
(2_). Ii additLio, the need for rapid attd accurate study area.
roald Cnditiotn ev l tation eutiI pment was emphlasized. After the lata had been collected, manual pro-

This htaper prtcedles froin the work done at the cessing was carried out. Since five vehicl . types
link-evaltintion level, with most of the data itents, were interviewed (private cars, Inter-city taxis,
including construction, intiitenantice, ano vehicle buses, trucks, and trucks with trailers), there are
operating costs, reported ini our pievious work (_1)I. five 0-P matrix sheets for every interview station.
The new data items inc ide the mahit enance strate- As the sample size Interviewed for each vlhicle type
gies to be atolyzed, and the origpin-destinntion was considered as representative of the daily traffic
matrix for tire base year conditions. These will for the corresponding vehicle type at the interview
be discussed fttr ther ill stlibseqiten t sections of L Is statin, the 0-) matrix was expanded by the Average
taper. Daily Traffic (ADT) for a certain vehicle type at

Tue irva chosen for study is flat, mainly cul- the interview station divided by the sample size for
tivated land lVitug to the north of Cair, and that vehicle type. Each cel I in the 0-) matrix was
containing the Mtonofia and Qalubla governorates multiplied by this factor, producing five enlarged
road network. This are,, was selected for the Study O-D matrices for each interview station.
zone for tie following reasons: Traffic generated ir attracted to a specific

zone within the study are. was considered to be
1. Availability of records concerning con- accurately given in the resulting O-D matrices from

struction and maintenance of time road network; interview stations on road links crossing tie zone
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Figure 1. Nortern Egypt and the study zone. Figure 2. The Monofia and'Qualubia

Governorates road network.
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In question. Traffic originating and destinating ching standard was to repair 80 percent of all un-
at any specific zone was then determined by the patched cracks each year, but not to exceed 50
addition of tile zone 0-I) cells given in the enlarged square meteL6 per kilometer per year. The surface
O-D matrices of tbe corresponding interview stations. dressing standard was to perform a surface dressing

Once the 0-1) matrices were In hand, they had to on the entire road surface whenever tle total area
be calibrated to the measured link traffic volumes of cracking and patching exceeded 10 percent of the
to determine the traffic assignment diversion inten- total road surface area, but not more frequently
sit' parameter Icorporated within the Road Invest- than every two years or less frequently than every
ment Analysis Model. This parameter Is vehicle type five years. No surface dressings were performed
specific (but not a function of time or origin and after the year 1995, so that major maintenance in-
(lest inat iou), and was estimated using the d isag_;re- vestments would not be performed in the last ana-
gato roIu te-chOice data obtained from the 0-) survey. lysis years where they might not have sufficient
The values of tline used for Egypt were taken as zero time to realize their full benefits. Although these
for private cars, taxis, and trucks; LE 1.85/hr. for items were standardized in all policies analyzed,
buses; and LE I0/hr. for truks with trailers; which the actual quantities of patching and surface dress-
were obtained from Transport Planning Authority ing varied slightly from strategy to strategy due
estimates. to the demand-responsive nature of the maintenance.

Sensitivity runs were perforid on tie (liver- Routine maintenance of drainage structures, vege-
Sion intens ity parameter nti il tie discrepancies tation, shoulders, safety install at ions and miscel-
letwoel Illeasitrid and predicted I ink volumes could laneous items was constant over all policies ana-
IIO longeLr be ittributed to .i t-lit'-hoLce behav[or. lyzed.
This resulted in a diversion parameter of 1.0, The primary focus of this study was on the re-
lnllllli, that non unit of actual cost difference be- Iitlve frequency and thickness of overalys among
[Weeln routes is 1erce Rci i Olle unit Of cost dif- thte various road classes. The alternatives were
fLect'e bV the road User. local traffic was then selected to Illustrate as thoroughly as possible the
aidded I'etween some lihibor in , 0-1) pairs (less Lhan effects of the various options avllable in a re-

percent of ill traffic demand), to brin, all pre- asonobly small number of strategies. Five of the
dicted link volumes within ten percent if the mea- alternlatives involved holding the thickness of all
s;U roI vi Imos . "lH resulIt ig mastor li-) matrix is overlays constant at 40 mm of asphalt concrete while
givell ill Tabl I. "r,iffic was ;isiuILed to grow mi- varying the absolute and relativ frequency of over-

rmlly vat 7 percciit for all vehicle t ypes through- lays amlong tie various road classes, as measured
out the anal vsis period, 1977-2000. by the threshold roughness at which an overlay would

TILe following coulchusions were drawn from this he performed. The remainder of the alternatives in-
cal ibratLion efirt: volved varying the thickness of the applied over-

lays with the overlay thickness increasing by 20 mm
I. The f inal ;IssiillllleLt was reached with a for every 1010 mm/km of additional roughness tol-

diversion iat ens ik y parameter of 1 .O0. erated before performing the overlay, while using
2. [II e [ework flow pat torn was sensitlive similar absolutL and relative f requiencies of over-

to the vol lie tf tlet diversion paramueter, and ll% lays among the three road classes (is were analyzed
significaunt tlhauie fr-ii 1.0 would resilt In a d- In the first group of strategies. No overlays were
crease ill [le overal iv:ur-cy of the predicted performed after 1994, so that these major mainten-
I i1 n v0ol lmes. ance investments would not be done in the last ana-

3 . The f in ;ssi gmenit reached with a diver- lysls years where they might not have suffIcient
siOn parametecr of 1.0 neciss ituted the IdditiOn of time to realize their full benefits.
some liwaIl triaffiC (less than 2 percelt of the total Figure 3 shows tile effects of overlay frequency
delaniud) to the system. while holding the thickness of all overlays constant,

4. "li, .ive rige erro r h te t LIe ac:tual traffic presenting the dilscounted net present value (In
ITIeaiSlreiiLillts and 0hv predicted traffic flows On tile this laler, let present value includes maintenance
aiet',rk It lti filial assigiiiiMeilt WAS 5.2;'. and user costs) of all alternatives (using Alterna-

tLwy I as the base case) versus total discounted
maintenance cost, discointed at 12 percent. All

Economic Al,'s is oild Re'stilts (halt it iis are economic values in mil l [ons of
Egyptian pounds. The arrows indicate tie direction

Ion ; lternitivet lillmintallce pol icies were alna- of increasing overlay frequency.
I VZ oV.l tir tilie network Study zone, reflecting three Alternatlv I represents a light, but relatively
types of ilive,;tnn t conceris of npiortance to the uniform, level of overlay investment in tile network,
Egyptiau l'ransprt tol;in Ig Autlhority. First was whereby tie links ire overlaid at roughness levels
tlt guC;t iii I the roclativ e freqIuiency of the main- of 5000, 6000, and 7000 nat/ki in road Classes I, I
teniauIC it iv ities, ill this CAse asplhalt concrete and Ill, ri'Spectively. This policy also produces
over liy,;, 'hiCh wi l afofect tile men road Surface tihe worst econolilc network performnance of all of the
coiiditions for each road claSs. Second, was tile illternatives analyzed. Alternative 2 represents
'Iit lVe muitude of the investments as reflected a heavier, hut still relatively uniform, level of
il le lve thickness, which would affect the investment with overlays at 4000, 5000 and 6000
rate of future il.t-eriorition of the riding surface nim/kiii, respectively. This produces a great improve-
in each road c liss. Third, was tile quLestion of tile ment over Alternative 1, yielding a net present
rel at i v' levels Of Invstlllont among tile three road valie of roughly I l'. 140 million for an Incremental
clIses - clrilary, sicouudaurv, And tortiary - to investment cost of less than I.E I million. Alter-
chievue the most efic tivi ive riIll investment strat- nattive 3 represents a yet heavier, but still re-

egy in the network. The tell mallintenance investment iatlvely uniform, investment level with overlays at
policies are summarized in Tihle 2. The road roughness levels of 3000, 4000 and 5000 mm/kin, re-
classes within tLI StudV zone were showa in Fig- spe tively. Tils produces aln incremental net
tire 2. present value of LE 106 milllion (over Alternative 2)

All Iolicieis were ientical as regards the at on incremental Investment level of only I.E I
main tenance activities of patching, surface mill ion. Thus, from tile three cases of relatively
dressinig, and miscellaneous mainteiance. The pat- uniform investments In the three road classes, we
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can conclude that the returns on investment, al- case the overlays are of thickness of 60 and 80 mm,
though decreasing as the investment level increases, respectively. The huge economic return of nearly
are very large. LE 100 million on an incremental investment of less

Alternative 5 in Figure 3 represents a very non- than one-half million indicates that, if only Classes
uniform investment level among the three road II and III are to be overlaid, these overlays should
classes, with links in road Classes 11 and II never be of substantial thickness.
being overlaid and links in road Class I receiving From the above considerations, we can conclude
overlays at a threshold roughness of 3000 mm/kn, that, given a relative frequency distribution for
Although this investment strategy is superior to overlays in tile various road classes, the heavier
Alternative I, it is clearly inferior to the moder- the overlays the greater the economic return, and
ate to heavy, uniform investment strategies as re- the greater tile user satisfaction with the system as
presented by Alternatives 2 -'nd 3. In addition, it measured by the consumer surplus criterion, which
produced a highly skewed traffic distribution pat- will be discussed later.
tern which is viewed negatively by the road users, Figure 5 shows tile economically "efficient"
as will be discussed later in this report. Alter- maintenance policy set, which is bounded by Alter-
native 4 represents another non-uniform invest- natives 5, 3, 8, and 10. The common characteristic
ment proposal, wherein links in Class I are not of this set of alternatives is that each specifies
overlaid and those ill Classes 1I and Ill are over- overlaying Class I roads at the most frequent level
laid at roughn,.ss levels of 3000) ald 4000 mm/kin, analyzed: i.e., 3000 mm/km with a 40 mm overlay.
respectively. his strategy is inferior economic- These overlay policies are summarized in Table 3.
ally to the non-uniform investment in Class I roads (This is not surpr,sing, since a review of Table I
(as given by AI ternal lye 95) and is also inferior indicates that 73 percent of the total traffic demand
to the mode rate to heavy, uniform investment pro- is between ciLies lying in the (,lass I corridor.
posals as given hv Alternatives 2 and 3. Indeed, Mat is surprising, however, is that so little of the
the heavy, uniform strategy of Alternative 3, which potential benefits come solely frcm investments in
is in a sense a "superposition" of tile non-un I form this class.) From Table 3 and tile figure, we can see
investments, prodILues ovr twice the net present that the majority of the benefits come either from
va I tie as Al teraat i ves 4 and S combined. lowever, the high overlay frequencies on tile Class II and III
Alternative 4 is proferaibIe to Alternatie 5 from links contained in Policy 3 or from the increased
the road user point of view, as measured by con- thickness of these overlays presented by Policy 10,
suimer surplus, as will be described later. which performs the overlays much less frequently as

From tie above, we can conclude that for tile measured by threshold roughness levels. 'Tlis sug-
case of constant thickness of overlays throignout gests that a hybrid policy consisting of the thick
tile system, tie more intensive and uniform invest- initial. overlays of Policy 10 followed by tile l ight-
ment alternaotIes dominate tile economic performance er, but more frequent overlays of Policy 3 would
of tile systemLi. hiis is even more true when the con- produce the greatest economic performance and user
sumer surplus criterion is use'd as a measure of net- satisfaction with the network.
work performance, as will be shown later. Figure 6 shows the discounted net present values

Figure 4 shows tile effects of varying overlay of the various alternatives as a function of dis-
thi'kness while keeping the absolute and relative count rate. As was expected, In a multi-link situ-
frequency of ne r I ays among the three road classes atinn such as a network analysis where many separate
const;lit . Al ternatlive 6 reflects the same overlay investments may be undertaken in any given year,
frequen cies is Alternative I, namely at roughness the ranking of the alternatives is not sensitive
lwuvls of 5000, 6000 and 701) mm/ka, but incor- to the discount rate. Tbhis Is shown by the "para-
porates overlays Of thickness 80, 101) and 120 mam, 1lelness" of the net present values as indicated
respectivel;, instead of tile '41 Mm used In Alterna- in tile figure.
tives I throug, h 5. Th is investment strateg" pro-
duces a net prsent vIlltie Of LE 190 m 1!I on ait a' Consumer Surplus Criter ion
incr,-mental Irmintenance investment of slightly more
than LE 2 mil 1 lion, produ ;1in 1 an economic network The discounted maintenance costs, vehicle op-

perfiaice ilnfrir on lv to Lhe heavy, un iform eratlag costs, total costs, and net present values
finvestits 01 Alternative I (of the alternatives for all alternatives are shown In Table 4. Also
discussed so far). AI ternative 7 reflects the shown is the net consumer surplus of each alter-
same overlav frequemlncies as Alternative 2, namely native. 'File consumer surplus is a measure of the
at roughness lcvels of 4000, 5000 and 6000 am/kin, "user satisfaction" with time system, and in the
but incorporates overlays of thickness 6O, 80 and current case is taken as the sum of the actual eco-
1011 rim, respect ivelV, i nstedi of tle 40 mn over- nomic costs of time system and tile difference be-
lays. Again, the econa a ic return of tile thicker tween the actual and perceived financial costs of
overlays is inipressive, I.1 100 ?Ilill ion on an incro- tile system. Titus, the difference between the actual
mental invstment of IE 1.5 million, altihotgh, and perceived cost of the system Is a "proxy"
through a combi nat ion of the higher overlay fre- measure for tilt! user satisfaI tion with tile system.
qiuemucy and thinner overlays, the transition is less 'file greater the difference, tile less thle users of
massive than that indicated by the comparison of time system thik they are actually paying with re-
Alternatives I and 6. Alternative 8 reflects tile gards to the actual cost ouf using tile system. In
oniform, heavy overlay frequencies of Alternative 3t, another sense, the greater the difference between
namely at roughness Ievels of 3000, 4000 and 5000 tle actual and perceived costs, tile more route-
ntn/km, but uses overlays of thickness 40, 60 and 80 choice optionM are avallable to the user, since
mm, respectively, ratit, than tie uniform 40 mm in the case of only one rout e the actual and per-
over lays. Aain the return is impressive, iE '4 ceived costs are identical. In the current case
mil I I on on in incremental investment of 1.1 0.7 study, the difference between tihe actual and per-
million, although again there is less return on ce ived costs is taken as time measure of network per-
investment thian generated through the 1-6 or 2-7 formance, and hence as a benefit to be added to the
transitions. Alternative 9 reflects the same non- economic performance of thie system (3).
uniform linvestment distribttion as Alternative 4, Using this new measure of system performance,
namely, no overlays in (:lass I links and frequent which is included in Table 4, we can again rank the
overlays in Class II and III links, although In this network performance of the various maintenance
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Table 2. Maintenance overlay policies. Figure 4. Effects of overlay thickness on
economic performance (million Egyptian pounds).

Ove rlay Frequency__________________

Policy Class I Class II Class I1 00

1 5000a (40)h 6000 (40) 7000 (40)8
2 4000 (40) 5000 (40) 6000 (40) 3

3 3000 (40) 4000 (40) 5000 (40)

4 Never 3000 (40) 4000 (40)

5 3000 (40) Never Never
S200

6 5000 (80) 6000 (100) 7000 (120) 6

7 4000 (60) 5000 (80) 6000 (100)

8 3000 (40) 4000 (60) 5000 (80)

9 Never 4000 (60) 5000 (80)

10 3000 (40) 6000 (10(0) 7000 (120)

aOeray roughn.ss threshold, mm/km.

hOverlay thickness, mm.

05

/4

ECONOMIC AINTENANCE COSTS DISCOUNTED AT 12 PERCENT

Note: Net present value Is with respect to
alternative 1, and includes road maintenance

an.' road user costs.

Figire 3. Effects of overlay frequency on Figure 5. Economically "efficient" maintenance
oronImIic performance (million Egyptian pounds). alternatives (mllon Egyptian pounds).

300

0
8 10

44

3 
3 0

o00 200

I 6

0.

alternative , and includes road maintenance alternative , and includes road maintenance
an~d road user costs. and road user costs.
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Table 3. Economically "efficient" maintenance Table 4. Economic performance summary (million
policies. Egyptian pounds discounted at 12%).

Net Present Overlay Frequency Vehicle Net Net

Policy Value" Class I Class II Class III Maintenance Operating Total Present Consumer
Policy Costs Costs Costs Value

a  
Surplus"

5 56 3000h (40)' Never Never

3 246 3000 (40) 4000 (40) 5000 (40) 1 11.13 1867 1878 0.0 0.0

8 280 3000 (40) 4000 (60) 5000 (80) 2 11.73 1727 1739 139.1 137.0

10 293 3000 (40) 6000 (100) 7000 (120) 3 12.65 1619 1632 246.3 254.4

4 12.07 1829 1841 37.6 35.8

Note: I Egyptian pound - U7 $1.40. 5 9.24 1813 1822 56.0 11.6
aMillion Egyptian pounds discounted at 12%; includes road main- 6 13.27 1675 1688 189.8 190.9
tenance and road user costs.

bOverlay roughness threshold, ms/km.
cOverlay thickness m 8 13.41 1585 1598 279.8 292.8

9 12.43 1729 1741 136.9 130.2

10 13.86 1571 1585 293.0 295.9

aNet present value is with respect to Policy 1.

bNet consumer surplus is with respect to Policy 1.

Figure 6. Economic net present value as a function Figure 7. Economicall "efficient" maintenance

of discount rate. alternatives from consumer srpls criterion.

boo 373

* Net Present Value

i0
O Consuer Surplus

40,1/

3

?00

H S

too

100

8"" id to--
16 r4 I4 0 ______________ •______________

DISCOUNLT RATE. PRCENT 9 0 11 12 13 14
ICONOMIC MAINTINANCE COSTS DISCOUNTED AT 12 PFRlCT

.Note; Net present value is with respect to

alternative 1, and includes road maintenance Note: Net present value and net consumer surplus

and road user costs, are with respect to alternative 1.
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alternatives. Figure 7 shows both the discounted net for itself in less than one year (the overlay thres-
present value and the discounted net consumer surplus hold of 3000 mm/km means an average reduction of
of all alternatives (measured against Alternative 1) approximately 1500 mm/kin, since tile model assumes
plotted against the discounted total maintenance in- that an asphalt concrete overlay restores the riding
vestment, discounted at 12 percent. From the figure, surface to a roughness level of 1500 mm/kin). Fig-
we can see that the relative ranking of the various ure 8 was derived on an annual basis so that the
alternatives is largely unchanged, and that the same results would not be affected by the chosen dis-
set of maintenance alternatives which is economically count rate. From the graph, we can see that the
"officient" Is also tile elf icielt set from the con- secondary and tertiary links require either a great-
sumer surplus criterion. All of the non-uniform in- er roughness reduction or a longer time period with-
Ve,'t1lent alternatives (4, 5 and 9) perform less well in which to accumulate benefits in order to achieve

tinder the consumer surplus criterion than tinder tile the same level of return as is available in the prl-
strict economic effciency criterion, most notably mary system, requiring either frequent, light over-
Alternative 5, which is to invest only in the primary lays to maintain the riding quality or infrequent,
I inks. This indicaLtes that, from a user satisfaction heavy overlays to reduce the rate of road deter-
point of view, stressing one road class over another ioration. Tile economic returns of both of these
is highly disadvantageous, and that a uniform level policies have been discussed previously.

of investment is to be preferred. Al thiough pol icies
withi maxiaunt i oves tmlellt in the primary system, which
handles it a minimum 73 pOrctnt of the total demand, Conclusions
ire still dominant , those policies which also incor-

porite hietvV investments in the secondary and terti- From the above discussion, the following summary
iry ietwris (Ait ernatives 3, 8 and 10I) produce much can be made. A highway transportation planning

hiL, hier ov ,rall performanc, , as measured both by the framework developed at M.I.T., the Road Investment

ecomliic off'icietice ind user ;atisfact ion (consumer Analysis Model, has been successfully applied to

sIirps I is) of the svstem. the analysis and planning of highway network Invest-
ment decisions in Egypt. The disaggregate origin-

destination survey data was used to calibrate the
RLeturn, Oil l al ttncI'e Inves,*tments probabilistic traffic assignment diversion parameter

to Egyptian conditions.
'T explain the huge returns in the road network Ten alternative maintenance policies were ana-

to tile proposed t11ailtliten;iC e intwos tMents, it is use- lvzd over the network study zone, reflecting three

fitl to study hi pure 8. The figure shows the average types of investment concerns important to the Egypt-

,Otkl ,hnss relhtc t iot int rm/km which moust be maintained ian Transport Planning Authority. First was tile

over at 0ti yeur er iad such that tile tesI' ling velti- question of the relative frequtency of the malnten-

ie operatin , cost s;ayiljis eti ual the cost of ;a 40 ima ance activities, in this case asphalt concrete over-

over I a. 1n0 Cill See wh, tile "economicalI I efficient" lays, which affect the mean road surface condition
sOt ma ilitenuMce a IItoernat ives inclIiUes the heaviest of each road class. Second was the relative magni-
investment ts in the primary links, since even atn aver- titde of the investments as reflected itn overlay

lgL' atunutlI roughlness reduction of 500 nm/ka will pay thickness, which affects the rate of future deter-

F igure 8. Average runghness reductions as a function of average annual daily traffic

such that tie annunl road user cost savings equal tile cost of a 40 tan overlay.
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ioration of the riding surface in each road class.
And third, was the question of the relative levels of
investment among the three road classes - primary,
secondary, and tertiary - to achieve the most effect-
ive overall investment strategy in the network.

The economic analysis indicated that the more
uniform the investment levels among the road classes,
the higher the economic performance of the network.
Additionally, the heavier the level of investment,
the greater was the economic return from that invest-
ment, given that the investment was distributed fair-
ly evenly among the various road classes. The best
alternative analyzed was found to consist of frequent,
light overlays on the primary links, which is a
corridor represent at least 73 percent of the total
traffic demand, and infrequent, heavy overlays on
the secondary and tertiary links. However, since
thils alternative was only marginally better (consid-
ering all alternatives) than a policy of frequent,
light overlays throughout the system, we conclude
that tile optimum maintenance overlay policy would
consist of frequent, light overlays on the primary
system (where additional structural strength is not
required) and initial heavy overlays followed by fre-
quent, light overlays on the secondary and tertiary
systems (where additional structural strength is
needed to meet future traffic demands). These con-
clusions held true whether the system was judged on
strict economic efficiency or onl user satisfaction,
as measured by the consumer surplus criterion.

In considering the above conclisions, one must

bear in mind the limitations of tie model, which
does not include the effects of congestion, roadway
occupancy dur ing mai ntenance and rehab il itat ion
operations, motorized/non-motorized vehicle inter-
action, or maintenance resource or capacity con-
straints. lowever, the predicted economic returns
seemed so large that these cons iderat ions would
probably not alter tie general findings of tile an-
alysis.
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EVALUATION OF HIGHWAY ROUGHNESS IN BOLIVIA

R. F. Carmichael III, Austin Research Engineers, Inc.
W. R. Hudson, The University of Texas at Austin
Cesar Sologuren F., Servicio Nacional de Caminos - Bolivia

Highway roughness measurements were made in 1. To provide a basis for development of a
Bolivia in the Districts of La Paz, Cochabamba, general roughness index (7) which can potentially
and Santa Cruz (i) using a Mays Ride Meter. The be used for world wide roughness comparison,
work was sponsored by the International Bank for 2. To obtain roughness data on selected section
Reconstruction and Development (IBRD) as part of of Bolivian highways for input into IBRD maintenance
a pavement maintenance project with the Servicio cost models, which use a Kenya-based roughness
Nacional de Caminos, Bolivia (7). Several index,
measurement results are presented. These in- 3. To measure the effectiveness of motor-grader
elude Mays Meter calibration results using the maintenance operations in smoothing gravel and
TRRL pipe course, both prior to and after com- earth roads,
pletion of a large survey. Roughness survey 4. To establish a roughness measuring capabil-
results are compared to results obtained in ity for SNC use in Bolivia, and
Kenya. Roughness versus speed information taken 5. To train SNC personnel in the installation,
during the calibration and roughness measure- calibration, and use of roughness measurement equip-
ments from paved, gravel, and earth roads are ment.
presented. The effectiveness of motor-grader
operations In reducing roughness Is discussed. A Mays Ride Meter with two differcnt roughness
A preliminary roughness scale developed for use devices was used in the study; (1) an electronic
in Bolivia is presented and compared with a digital system and (2) an electromechanical paper
Kenva roughness scale developed by the IBRD (8). output system. The paper output system is manu-
Conclusions drawn from the paper include the factured by Rainhart Company (2), while the elec-
establishment of tentative roughness limits for tronic digital system has been developed on an IBRD
roads in Bolivia and similar countries. The project in Brazil (3, 4, 5, 6). The Mays Ride Meter
measurements obtained were successfully used paper output contains three traces; (1)pavement
with IBRD maintenance cost models, thus roughness, (2) an odometer distance marking, and
assisting the maintenance programming in Bolivia. (3) a special event trace contrblled by the opera-
Since the completion of the work presented in tor. The paper chart flow is a function of the
this paper, further measurements have been made roughness measured and this feature allows rough-
for planning and study purposes. ness to be summed continuously. The electronic

summary equipment uses the Mays Meter roughness
transmitter manufactured by Rainhart. However, it
uses a digital distance measuring Instrument (6)

B ackgroun d which sums roughness over 50 m (165 ft.) or 200 m
(660 ft.) intervals (3, 4, 5). The "ays Meter

The international Bank for Reconstruction and transmitter is mounted in the rear of the vehicle
Development (IBRD) uses models developed from a over tile differential. The measurement vehicle for
Kenya study to relate user cost to road roughness this study was a 1976 Chevrolet Suburban, which has
(8). Unfortunately there are significant problems a relatively stiff suspension.
involved in determining road roughness in other The primary scope of the project included sa.t-
countries and scaling the resulting values to the pling a total of 1300 km (780 mi.) of roadway,
Kenya equations. The purpose of this study was to approximately one-third of which was in each of the
establish compatibility between various methods of three Districts: La Paz, Cochabamba and Santa
evaluating pavement roughness on a world-wide basis. Cruz, as shown in Figure 1. Table I shows a break-
Texas Research and D)evelopment Foundation (TRDF) down of the sites according to location and road
conducted this study in 1973 for IBRD and the type. Roughness measurements were also made on
Servicio Nactional do Caminos (SNC) of Bolivia. fourteen unpaved roads prior to and after the

The objectives of the project were: passage of a standard motor-grader. Calibration
sections were established in Bolivia to facilitate
maintenance and calibration of the roughness
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measurement devices. A Transport and Road Research than 15 percent. This difference, however, is not
Laboratory (TRRL) pipe calibration section (8) was abnormal because at slower speeds the roughness is
established on a portland cement concrete road at more variable, depending upon wheel path, tire pres-
the El Alto Airport in La Paz. Calibration sections sure, and weight of the measurement vehicle. How-
were also established on in-service roadways in all ever, comparison of the other calibrations indicates
three districts. that the equipment remained in calibration for the

measurement period.
Figure 2 shows the speed correction relation-

Equgipment ICalibration ships developed for the different calibration speeds
using the electronic device data. In general rough-

Initially the Mays Ride Meter was calibrated on ness decreased with speed. Also, at 50 km/hr (30
the TRRL calibration strip which was established in mph) the roughness-stage relationship is linear.
La Paz. The Joint spacing of this pavement is 6 m These relationships were used to calibrate rough-
(20 rt.), and the pavement is 10 cm (4 In.) thick ness measurements taken at one speed to equivalent
with .635 cm (.25 in.) diameter mesh steel rein- roughness values for other speeds, which may have
forcement. There is a granular base of varying been impossible to take due to alignment, just, etc.
thickness and a granular subgrade soil with little Additional roughness data taken at different speeds
plasticity. Thus, the roughness of the basic sec- on in-service roadways are contained in Table 3,
tion should remain stable for many years. which also shows the magnitude of the coefficient of

The development of the pipe course is reported variation which may occur during the sampling of a
by Abaynayaka et al, (8). Measurements are taken given roadway. The data are plotted in Figure 3,
for six different states or levels of roughness simu- indicating that, in general, roughness decreases
lating virtually the full range of roughness, from with speed.
a paved road In good condition to an unpaved road in Because of the differences in data presentation
extremely poor condition. The procedure consists of by the paper and electronic devices, a method was
establishing a permanent test section on a rigid con- established to transform the output of both systems
crete pavement with a number of pipe segments (from into identical comparable units,. i.e., millimeters
0 to 150) bolted across the vehicle wheelpaths at of pavement roughness per kilometer of pavement
varying intervals to shmiLate varying stages of length.
rou-hness. The vehicle and instrument make three
passes over the test section in each state of rough-
ness to establish the calibration. The pipes are Sampling of Inservice Highways
2.2 m (7.25 ft.) long with an external diameter of
33.9 mm (.38 in.). The six different states of Thirteen paved roads, sixteen gravel roads and
roulghness are givn as follows: (Note - I m = 3.3 ten earth roads (1309 km, 780 mi.) were sampled.
ft.) These were evenly distributed among the three Dis-

tricts and were chosen by the SNC as representative'tage I No pIpeS, examples of different highway types. Table 4 shows
,tage It 25 pipes, placed at points 0, 12, 24, tile results from the sampling of paved roadway sec-

etc., to 288 m. tions. All paved roads measured were designated
Stage Ill 25 additional pipes, placed at 0, 20, "primary highway" with the exception of two secon-

32, etc., to 296 a. dary roadways and one rural roadway. The mean
Stag;e IV 25 additional pipes, placed at 4, 16, roughness, standard deviation, and coefficient of

28, etc., to 292 m. variation of the measurements on these various pave-
Statge V 39 additional pipes, placed at 2, 6, 10 ments are included in Table 4, along with pavement

26, 30, 34, 50, 54, 58, etc., to 290, 294, 298 m. type, condition of the pavement in terms of a pre-
Stage VI 36 additional pipes - to fill all sent serviceability rating (PSR), and pavement age

spaces at 2 m intevals, in years. The Autopista, currently under construc-

tion between La Paz and the El Alto Airport, has the
'able 2 summarizes the restults from the calibra- minimum mean roughness measured, 231 mm/km (15 In./

tion course with the electronic equipment, which was mi.). The maximum mean roughness, 3,000 mm/km (200
used in the sampling measurements due to its data in./mi.), was measured on Route 4 in the Santa Cruz
presentat ion for mat. InitiaIly (July ), the call- District, which is 30 years old and has severe sur-
bration was done at 30 km/hr (21 mph), as recom- face distress In the form of Class 3 AASqO cracking,
nended bv T'RI.. Subsequently (July 13), the device edge failures, and numerous potholes. Figure 4
was cal ibrated at speeds of 20, 30, and 50 km/hr shows tile relationship between present service-
(12, 20, and "12 mph) to facilitate comparison of ability ratings (PSR) and roughness for the paved
Bolivian measurelnents with measurements currently sections. The large coefficients of variation re-
blng made on a Brazil ian project (3) and to estab- stilt from the fact that the roads are highly vari-
1 ish speed correiat ions. The maximum percent dif- able and the mean value for each road was obtained
ference between .Julv 1 and July 13 30 km/hr (20 mph) by sampling along the highway over distances vary-
cali brations was It percent. This is close, con- ing from 30 km (20 mi.) (Santa Cruz to '4arnes) to
sidering that oi a g;iven pavement it is normal to 123 km (74 mi.) (La Paz to Sica Sica). The reason
have variations of 10 to 15 percent in average for these measurements was to determine tile rough-
roughness readings from one day to another. The ness of the typical pavements over their length.
measurement repeatability is also good: the average Table 5 summarizes the mean roughness values for
coefficient of variation of these measurements is 3 the gravel roadway sections sampled. In some cases,
percent. On August 3, upon coml)etion of saitpling the measurement speed was less than the desired 50measurements, tile electronic equipment was recall- km/hr (30 mph) due to poor visibility from dust,
brated on the TRRI, calibration course. Those mean alti inment, grade and/or traffic. Therefore, the
values are also shown In Table 2, with their percent roughness was measured at a lower speed, either 20
change as compared to the calibrations of July 13. or 30 km/hr (12 or 20 mph) and the roughness value
Again, the calibrations compare well, except for was converted to an equivalent roughness value for
two 20 km/hr (12 molt) comparisons which are greater a measurement speed of 50 km/hr (30 mph). The mean

roughness for gravel roads varied from a low of
4,393 mm/km (293 in./mi.), which is for a good
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gravel road, probably graded less than one week prior km (95 to 1,374 in./mi.). This roughness range cor-
to the measurement, to a high value of 14,986 mm/km responds closely to the roughness range measured in

(1,000 in./mi.) on a gravel road containing extensive Bolivia at a comparable speed but with a different
washboardlng and poor aggregate size distribution, instrument.
The mean roughness for primary roads was 9,000 ma/km The mean pavement roughness in Bolivia in 1,875
(600 in./mi.). The mean roughness for secondary mm/km (125 in./mi.) with a standard deviation of 998

roads was 8,100 mm/km (540 in./mi.) and the mean mm/km (67 in./mi.). The mean gravel road roughness
roughness for rural roads was 12,060 mm/km (804 in./ in Bolivia is 13,850 mm/km (924 in./mi.), with a
mi.). standard deviation of 4,631 mm/km (309 in./mi.).

Table 6 summarizes the sampling measurements made The mean roughness of earth roadways is 11,465 mm/km
on the earth roads, generally at a speed of 30 km/hr (765 in./mi.), with a standard deviation of 3,892
(20 mph) due to problems with dust, alignment, grade mm/km (260 in./mi.). When these data are compared
and/or roughness. The mean roughness for earth road- to average Kenya roughness data the mean pavement
ways varied from 7,600 mm/km (507 in./mi.) to 16,660 value for Bolivia, 1875 mm/km (125 in./mi.), com-
man/km (1,111 in./mi.). pares closely with the mean for all pavements

measured in Kenya, 1800 mm/km (120 in./mi.) for
asphaltic concrete, 2400 mm/km (160 in./mi.) for new

Effectiveness of Motor-Grader Operations surface dressed, and 2700 mm/km (180 in./mi.) for, O_ Roughness old surface dressed. The gravel and earth mean
roughness values for Bolivia, 13,850 and 11,465 mm/

Measurements of the effectiveness of motor km (924 and 765 in./mi.), respectively, compare well
grading were carried out on gravel and earth sec- with the range of roughness measured on gravel roads

t ions. TabLe i shows the results of the grading ex- in Kenya, 5000 mm/km (334 in./mi.) for gravel roads
periments on grvel sections In the La Paz and in gcod condition and 10,000 mm/km (667 in./mi.) for

Cochahamba Districts. As tile before and after grad- gravel roads in poor condition.
ing rougiless measurements show, the roUginess was Therefore, we concluded that the ranges of
imp:oved oil all sections except one. Three sections roughness, in units of millimeters per kilometer,

in tile La liz District, duc to their proximity to tile from tile Kenya and Bolivian measurements were com-
SV.C office, dere atlon measured one or two days later parable. While tile two devices have different opera-

aTs twenty daV later. Figure 5 shows that, in all tional characteristics, differences in variability

three cases, within twenty days without maintenance and repeatability, and different output, it may be

thiese roads had returned to the condition observed fairly concluded that the data collected In Kenya

before grading. In the case of Hiighway I near Laja, and Bolivia could be used with other data to produce

twenty days after the Initial grading, with no addi- a generalized rouginess index (GRI) (7).

tihnal maintenance, the road was worse than Initi-

al ly. This road is generally maintained more often
than once in three weeks because it Is a primary Subsequent Measurements

route.

Table 8 simnarizes the grading experiments on in March, 1978, the SNC carried out a ser el of

earth sections. File roughness values in Table 3 are additional highway roughness measurements on roads

for a speed of 30 km/ir (20 mpi) because most of the representative of each highway type.

measutrements on these earth roads were made at 30 km/ A Mays Ride Meter roughness electronic recording

lir (20 mpi) or less. The earth roads had a much device (I) was used. The instrument, the vehicle,

larger percentage redlction du to grading thanl did and tile calibration section were tile same as those

the gravel road:;. In tile case of Highway 1355, for used by TRDF in the 1977 study.

example, there is a 66 percent reduction, with a
before grading roulghness of 19,000 mm/km (1267 in./

mi.) and ain after grading roughness of 6,460 ma/km Roughness Measurements Objectives

(431 in./mi.). However, It mlust he understood that

these roads will not maintain the after gradlng Tile study had the following main objectives:

roughness for a long period (if time.
The gradilng stildies hlave shown tlat grading sig- 1. To determine the differences between gravel

nificant 'y lowers in tile roughness of gravel and and earth road rouginess in the dry season (TRDF

earth roldways. It is hoped that use of the rough- measurements) and those in the wet season (SNC

heOSs measurement equipment will assist SNC mainten- measurements).

anCe forces ill determinll lg sclheduilLes for gradiI ng 2. To determine tile effect of motor-grader

euInipment and otier maintenance opera tiolns. passes ill smoothing gravel and e1rth roads in the

wet season and to compare it with the dry season

effect.
!!eveqlTmt ofBol ivi-a Ro. iless Scale 3.. To increase the existing amount of highway

rouglness data in Bolivia, in order to fix main-

Iouginess measlurements from tile paved, gravel, tenance standards and minimum desirable road sur-

and *-arth roads were summarized to obtain tile overall face conditions for each highway category.

range of roughness measured in Bolivia. The 30 km/
lir (20 mph) mean roughgness values were used to allow
comparison with the Kenya scale(8). 'riTe mean rough- Equipment Calibration

ness values varied from a low of 231 mm/km (15 In./

m.) O0 tile new Autopist;1 to a high of 22,000 imn/km Calibration was performed according to tile TRRL

(1467 in./mi.) on a gravel road with extremely poor calibration method, as described earlier in this

aggregate gradation. paper. Tile Itays Ride Meter with an electronic re-

Tile TRRI. roughness measurements in Kenya were cording device was calibrated at two different times

made with a towed fifth wheel bump integrator (Sini- March 3, 1978 before starting tile field measurements

lar to a B.P.R. Rotliometer). Table 9 shows rough- and March 22, 1978 when the field measurements were

ness values for both Bolivia and Kenva for variouls completed. Calibration was carried out at speeds of

types of roadways. The overall range of roughness 20, 30, and 50 km/hr (12, 20 and 30 mph). Table 10

measlured in tie Kenya study was 1,429 to 2(1,600 mm/ summarizes the calibration results.
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An analysis of Table 10 shows that the percent- If the mean roughness plus one standard devia-
ages of variation between the two calibration re- tion is used as a point at which maintenance should
cords are low and similar to those which were be undertaken, the following limiting values should
obtained from the TRDF calibration records. Tnere- be criteria for the three roadway classificitions:
fore, we conclude that the TRDF and the SNC rough-
ness measurement records are mutually comparable. 1. Pavements - 2,873 ma/km (191 in./mi.)

Regression analyses were done on these data in 2. Gravel 18,841 mm/km (1,257 in./mi.)
order to establish mathematical relationships be-
tween highway roughness measurements at 20 and 50
km/hr (12 and 30 mph) running speeds and 30 km/hr Based on these possible criteria, two paved sec-
(20 mph) records. These curves and mathematical re- tions fell outside the maintenance limitation while
lationships are shown in Figure 6. Correlation co- two gravel sections and two earth sections needed
efficients arc very high and standard errors are more blading at tile time of measurement. These
low, indicating that these relationships can be three limiting factors may, in fact, be too high.
used to compare roughness records at different However, tile amount of maintenance equipment avail-
speeds. This capability is very important for the able makes it difficult to grade the gravel and
Bolivian conditions, since there are some roads earth sections as often as desired. Some earth sec-
which do not allow any speed higher than 20 km/hr. tions could be graded on a daily basis because of

the heavy truck traffic present. Much of the rough-
ness on gravel sections is due to the poor grada-

ilghway Roughness Sampling Measurements tion of materials present.
Comparison of tire Bolivian and Kenvan data in-The most representative highways of each type, dicates the feasibility of developing a generalized

including paved, gravel, andi earth roads, were roughness index for world-wide use. This is a
selected In the three different areas of the coun- particularly desirable use for measurements such as
try: the highlands (rolling and dry terrain), the those described. There is definitely a need to
valleys (rugged terrain, medium moisture content), express roughness measurements in comparable terms
and the flats (low lands, sub-troplcal and humid so that data call be shared. Tile data obtained from
weather). The data obtained from these measurements were

Most sections are tire same as those selected for successfully used by the IBRD in cost models (8) to
tile earlier TRIF project (se,! iigure I). evaluate the most effective maintenance expenditure

on Bolivian roads. In addition, the measurements
of motor-grader effectiveness on earth and gravel

Paved liljiways. Sampling on paved highways was roads In both the dry and rainy seasons provide
carried out on 500 m (1650 ft.) long sections dis- useful Information concerning maintenance quality
tribrted throughout tile whole length of each road and scheduling.
considered. Table 11 shows the results of this Tle ability to schedule maintenance should be
sampling. improved through tile use of roughness measurement

equipment. A measurement Program can be undertaken
and can help to determine the correct time inter-

Gravel and Earth Roads. Results of roughness vals for grading on the various roadway classifi-
sampling measurements ol gravel roads are shown in cations and to further define limiting criteria.
Table 12. Also shown are tile data derived from tire It Is shown by theflmotor-grader study that blading
TRDF measurements on gravel roads, in order to com- definitely lowers road roughness and a systematic
pare wet season and dry season figures. These data blading program based on objective roughness
indicate that rainy season road roughness is usually measurements should help maintenance scheduling.
lower than dry season roughness on tile same roads. Finally, the close comparison of 1977 and 1978
There are only two roads for which data do not calibrations and measurements indicates the relia-
agree with this conclusion and Iboth are roads where bility of the Mays Meter equipment.
laintenance is very poor.
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operated the test vehicle and test equipment during Table 1. Location and Extent of Measurements
field measurements.

La Paz Coch. S. Cruz Total

References Paved Roads

1. R. F. Carmichael and W. R. Hudson. Sections Sampled 4 3 4 LL

Evaluation of Highway Roughness in Bolivia. Kilometers Sampled
a 

185 235 243 663

submitted to Internatiinal Bank for
Reconstruction and Developrent, Texas Calibration Sites 4 2 1 7
Research and Development Foundation, Austin,
Texas, Septeaber 1977.

2. Rainhart Company. Mays Ride Meter Booklet. Gravel Roads
3rd Edition, Austin, Texas, 1973.

3. GEIPOT. Annual Report. Quarterly Report Sections Sampled 8 4 2 14

No. 1, Texas Research and Development Kilometers Sampled 204 133 21 358

Foundation, Austin, Texas 1977.
4. GEIPOT. Annual Report. Quarterly Report Grading Sections 4 3 0 7

No. 2, Texas Research and Development
Foundation, Austin, Texas 1977.

5. GEIPOT. Annual Report. Quarterly Report Earth Roads
No. 3, Texas Research and Development
Foundation, Austin, Texas 1977. Sections Sampled 2 3 5 10

6. Nu-Metrlcs. Digital Measurement Instrument. Kilometers Sampled 30 21 198 249

Connellsville, Pennsylvania 1977.
7. W. R. Hudson. The Importance of Rational Grading Sections 1 2 4 7

and Compatible Pavement Roughness
Measurements or a Generalized Roughness
Index for Worldwide Use. submitted to Summation
International Bank for Reconstruction and
Development, Texas Research and Development Sections Sampled 14 10 11 35
Foundation, Austin, Texas 1977.
H . Hide, 3. W. Abaynayak, I Sayer and R.J. Kilomters Sampled 419 389 462 1270

Wyatt. The Kenya Road Transport Cost Study: Grading Sections 5 5 4 14

Research on Vehicle Operating Costs. TRRL

Report 672, Transport and Road Research a I k - 0.62 mile
Laboratory, Crowthorne, England 1975.

9. W. N. Carey, Jr. and P.E. Irick. The b
Pavement Serviceability Performance Concept. Includes airport ruad/TRRL cal ::arl ,n section

HRB Bulletin 250, Publication 739,

ashington, D.C. 1960.

Table 2. TRRL Calibration Course Roughness (1977)

Measurement July 8 July 13 August 8
Speed Electronic Electronic Percent

b  
Electronic Percentc

Stages km/h Hays _ Meter Device Change, Hays Meter Device Change.
x 0 x 0 x 0

__/km mm/km M/km rn/km Z z/km rn/ka Z

50 7493 84 7745 670 3

6 30 10950 369 12271 369 11 12439 302 1
20 16898 201 20217 17 1

50 6806 134 6848 134 1

5 30 10025 101 9138 17 -7 10653 553 12
20 13646 503 15297 587 11

50 5348 50 5544 50 4
4 30 6722 6639 184 -1 7628 17 13

20 8684 67 10813 385 19

50 4359 101 4442 134 1
3 30 5398 151 5432 17 1 577 201 5

20 6823 218 7812 34 12

50 3135 67 3319 101 6

2 30 3721 67 3688 17 -1 3872 151 5

20 4241 67 4526 17 6

50 1877 101 1945 151 3

1 30 1660 134 1504 151 -9 1777 67 10

20 1 1308 117 1 989 67 -24

a Stage 6- 150 pipes, Stage 5 - 114 pipes, Stage 4 - 75 pipes, Stage 3 -50 pipes, Stage 2 -25 pipes,
and Stage 1 - 0 pipes.

b July 13 compared to July 8.

c August 8 compared to July 13

Note: ikm/hr- .62 mph, lam - .04 In., 1 km - 0.62 mi.
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Table 3. Rnughness vs. Speed Data On Table 5. Roughness Values for Gravel
Inservice Roadways Sections

Mean Coefficient
Speed, Roughness, of Variation, b Actual

c
Highway Type km/hr m/Ikm I Highways Mean Measurement

Route Roughness, Speed, Highwayd
Paved 65 1092 44 Number mm/km C.V. km/hr Type

50 1346 45
30 2286 25 1 (L) 8776 38% 50 P

Paved 50 2718 70 3 (L) 7500 25% 20 P
30 3810 69 3 (L) 6970 28% 30 P

Gravel 83 3327 25 3 L) 12751 20% 50 P
65 6350 28 106 (L) 7140 15% 20 S50 8776 38 107 (L) 9855 21% 50 S
30 15875 22
20 12497 21 108 (L) 12649 21% 50 S

Gravel 50 12751 20 1350 (L) 14986 22% 50 R
30 12548 24 4 (C) 8179 23% 50 P20 12065 34 7 (C) 8001 34% 50 P

Gravel 50 8179 23 106 (C) 7990 31% 30 S30 14656 26 401 (C) 6630 17% 20 S
20 211615 17 4255 (C) 5610 32% 20 R

Gravel 50 4394 33
30 7747 32 4 CS) 10820 16% 50 P501 (S) 4394 33% 50 S

Earth 50 7290 31 5050 (S) 15596 ll% 50 R30 7671 39

Earth 10 17983 18
20 23927 13 a. (L)-La Paz, (C)-Cochabamba, (S)-Santa Cruz

b. Roughness values for 50 km/hr (30 mph)apeed.
Earth 50 9525 34

20 15469 25 c. If measurement speed i less than 50 km/hr(30 mph) speed adjustment curves were used to
obtain roughness value.NOTE: I km/hr .62 mph, 1 mm .04 In., d. P - primary road, S - secondary road, and

1 km- 0.62 mi. R - rural road

NOTE: 1 km - .62 mi, I mm - .04 in.

Table 4. Roughness Values for Paved Sections

Table 6. Roughness Values for Earth Sections

HighwAya Meanb
Route Roughness, S. D. C. V. Pavement

c 
PSRd Age,

Number mm/km m./km % Type Years Actual
c

Highway Mean Measurement1 () 927 305 33 3 ST 3.5 5 Route Roughness, Speed,Number mm/lkm C.V. km/hr Soill
2 (L) 1029 406 39 3 ST 3.2 1

- (L) 231 76 33 JCP 4.0 0 1355 (L) 11390 31% 50 Clay
1551 CL) 8330 34% 20 Clay

107 (L) 1212 592 49 SMAC 3.0 5 455 (C) 1240 19% 20 Cky
- . 18 16 7 JP 35 a4255 (C) 12410 19% 20 Rocky

4791 (C) 17983 18% 30 Organic with
. (c) 1664 686 41 HMAC 2.4 30+

river gravel

7 (C) 813 508 63 3 ST 3.0 7 4767 (C) 15011 14% 30 Organic with

401 (C) 1803 330 18 3 ST 2.3 3 river gravel
4 (S) 2718 1905 70 3 ST 1.5 30+ (S) 16660 34% 50 Clay

5260 (5) 7747 29% 30 Sandy

4 (S) 2997 2083 70 3 ST 1.0 30+ 5134 (S) 7600 2% 0 Sandy

7 (S) 1245 711 57 3 ST 2.8 10+ 5130 (S) 8500 36% 20 Sandy

9 (5) 381 229 57 HAC 3.3 2 5030 (S) 8500 36% 20 Sandy

5050 (S) 1067 864 81 3 ST 2.5 10+

a. (L)-La Paz, (C)-Cochabamba, and (S)-Santa Cruz
a, (L)-La Paz, (C)-Cochabamba, and (S)-Santa Cruz b. All roughness values given for 30 km/hr.

b, Measured at 50 km/hr (30 mph) c. If measurement speed Is different than 30 km/hrspeed adjustment curves were used.

c. ST - surface treatment, HMAC - hot mix asphaltic NOTE: 1 km - .62 mi., 1 mm - .04 in.
concrete JCP - jointed concrete

d. Present serviceability rating PSR by R. F. Carmichael
NOTE: 1 km - .62 mi., 1 mm - .04 in.
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Table 7. Effect of Grading on Gravel Sections Table 9. Comparison of Bolivia and
Kenya Roughness Measurements

HJ1ghwaya Before Grading
b  

After Grading
b  

Actul_

Route Roughness, C.V. Roughness, c.v. Speed, Bolivia Kenya

Number mm/km % mm/km 2 km/hr Comments Roughness Measurements Pjugheiss Measurements

I (L) 17272 17 8306 11 50 Same day Mean, Rayne- f.ean. Range,

9627 12 50 24 hra later R

8255 17 50 48 hra later Paved 1875 231 - 361
AC on Crushed Stone 1814 1429 - 2697

18288 10 50 20 days later Surface Dressing on

1 (L) 4318 27 2540 13 50 Same day Cement Stabilized -

3962 18 50 24 hra later New 4.5 18DI - 2918

Surface Dressing on

10262 13 50 20 days later Cement Stabilized -

1350 (L) 13843 14 8839 19 50 Same day Old 2694 1877-3557

12929 18 50 20 days later Gravel 13850 7000 - 22000 5984 22000 - 20600

106 (I.) 6630 11 5270 7 30 Alignment bad Good Condition 5000

106 (C) 7820 17 6460 20 20 Too rough for Poor Condition 10000

50 kmh Earth 11465 7600 - 18000

4 (C) 8179 23 8369 21 50 No Difference

4255 (C) 5780 33 4250 34 30 Alignment bad NOTE: Kenya results are after Lefs. 6, 8.

a. Districts are (L) - La Paz and (C) - Cochabamba,

b. All roughness values given for 50 km/hr speed.

c. If measurement speed Is different than 50 km/hr

speed adjustment curves were used.

NOTE: 1 km - .62 mi., I mm - .04 in.

Tab!e 3. Effect of Grading Table 10. TRRL Roughness Calibration (1978)

On Earth Sections

o b (s) (b) (c)
Before Gradng After Grading

h  
7/13/77 3/03/78 Percent 3/22/78 Percent

Highway" ActualC TRRL Sneed Mean Mean Change of Mean Change of

Raute Roughness, C.V. Roughness, C.V. Speed Stage km/hr Roughness Roughness, (a)and(b). Roughness. (b)and(c)

Number em/km % mm/km km/hr mn/km em/km - =n/km

1355 (L) 19000 29 6460 36 50 50 7493 7042 6 7142 + 1

6 30 12271 11732 - 4 11960 + 2

401 (L) 12580 54 10540 37 20 20 16898 17034 + 1 19414 +14

50 6806 6385 - 6 6274 - 2

4791 (C) 18666 29 13668 21 30 5 30 9338 9754 + 4 9984 + 2

9 (S) 14960 18 11628 19 30 20 13646 13240 - 3 14838 +12

5030 (S) 8874 39 6324 38 30 50 5348 5174 - 3 5270 + 2

4 30 6639 6794 + 2 6845 + 1

5134 (S) 14892 21 7344 32 30 20 8684 9122 + 5 10296 +13

5260 (S) 7480 32 4250 26 50 50 4359 4133 -5 4108 -1

3 30 5432 5256 - 3 5026 - 4

20 6823 6908 + 1 7298 + 6

a. (L)-La Paz, (C)-Cochabamb, (S)-Santa Cruz. 50 3135 3284 + 5 3319 + 1

b. All roughness values given for speed of 30 km/hr 2 30 3688 3406 - 8 3432 + 1

c. If measurement speed is different than 30 km/hr 20 4241 4312 + 2 4212 - 2

speed adjustment curves were used. 50 1877 2002 + 7 1924 - 4

NOTE: 1 km - .62 mi., 1 mm - .04 in. 50 1877 20 +7 1924 -4
1 30 1504 1808 +20 1734 - 4

20 1308 1538 +18 954 -38

NOTE: 1 km/hr - .62 mi/hr., I em/km - .0667 in/mi.
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Table 11. Paved Highways Roughness (1978) Table 12. Gravel and Earth Roads Roughness

In The Wet and Dry Seasons

Highways Mean Mean Average Pavementb  Age Dry b WetRoute Roughness, Roughness, C.V. Type Years Season Roughness 3eason Roughnessb
Number 30 km/hr 50 km/hr 2 Highways Surface Mean Mean RoughnessRoute Type Roughness. C.V. Roughness, C.V. Change,(L) 303 615 59.58 3 ST 5 Number _m/km % mm/km % %
2 (L) 770 1154 29.15 3 ST 1 1 (L) Gravel 8776 38 5837 29 -33

3 (L) Gravel 7500 25 3795 40 -49107 (L) 608 984 71.64 HMAC 5

- (L) 1808 2052 22.09 JCP 8 3 (L) Gravel 12751 20 4621 27 -64

106 (L) Gravel 7140 15 3385 25 -534 (C) 185 442 35.29 3 ST 30+
107 (L) Gravel 9855 21 7184 29 -27

1350 (L) Gravel 14986 22 5866 25 -614 (C) 618 995 51. 1 IHA 2

4 (C) Gravel 8179 23 7164 26 -12

106 (C) Gravel 7990 31 5811 21 -274 (C) 1357 1691 45.28 1-MAC 30+

4255 (C) Gravel 5610 32 5662 13 + 1401 (C) 914 1295 26.26 3 ST 3 4 (C) Gravel 10820 16 6201 16 -43

4 (S) 2784 2745 63.53 3 ST 30+ 501 (S) Gravel 4394 33 3774 41 -14

1355 (L) Earth 11390 31 5931 41 -489 (5) 110 311 76.53 HMAC 2

4255 (C) Earth 12410 19 10619 31 -149 (S) 112 314 53.01 HMAC 2 9 (S) Earth 16660 34 7676 53 -54

5260 (S) Earth 7747 29 6089 69 -21a. (L)-La Paz, (C)-Cochabamba, and (S)-Santa Cruz 5134 (S) Earth 7600 34 8280 36 + 9

b. ST - Surface Treatment, HAC - Hot Mix Asphaltic Concrete,
JCP - Jointed Concrete
NOTE: I km/hr - .62 mi/hr R. (T,)-Ia Paz, (C)-Cochabamba, and (S)-Santa Cruz.

b. Poughness values given are for 50 km/hr on gravel roads
and 30 km/hr on earth roads.
NOTE: I m - .04 in., 1 km -. 62 mi.

Table 13. Motograder Passes Effect on Reduction of Gravel and Earth
Roads Roughness in the 1qet and Dry Seasons

Dry Season Measurements Wet Season Measurements
Highway

a  
Surface Belore

b  
Effect of Time Before

b  
Effect of TimeRoute Type Grading Motor Grader Lapse Grading Motor Grader LapseNumber Roughness, Passes, Grading/ Roughness, Passes, Grading/

mm/km 2 Measurement u/km I Measurement

1 (L) Gravel 17272 - 52 Same day 5388 - 24 Same day
-44 One day - 25 14 days

- 52 Two days

+ 6 20 days

1 (1) Gravel 4318 - 41 Same day 6164 - 38 Same day
- 8 One day - 5 14 days

+138 20 days

3 (L) Gravel 3795 - 13 Same day
3 (L) Gravel 4575 - 18 Same day

106 (L) Gravel 6630 - 21 3944 - 19 Same day

106 (C) Gravel 7820 - 17 5i68 - 14 Same day

- 3 Eight days

501 (S) Gravel 4885 - 1 Same day
9 (S) Earth 14960c - 22 4960' - 30 Same day

a, Districts are (L) - La Paz, (C) - Cochabamba, and (SI - Santa Cruz
h. Roughness values given for 50 km/hr speed

c, Roughness values for 30 km/hr speed

NOTE; 1 m - .04 in,, 1 km - .62 mi,
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Figure 1. Location of Roughness Measurements
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Figure 3. Roughness Versus Speed for Inservice
Roads
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Figure 5. Roughness Versus Time for Gravel Grading Sections
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OUTLINE OF A GENERALIZED ROAD ROUGHNESS INDEX FOR WORLDWIDE USE

W. R. Hludson, The University of Texas at Austin

The solution to the problems of providing uniformity surface, e.g., its desirability for use.
in roughness measurements is not an easy one. No Road roughness can be thought of in many ways.
perfect answer exists, only a set of intelligent some people talk about smoothness, others, service-
alternatives. It is vital, however, that some type ability. The Canadians use riding comfort and
of framework be set up so that coordination can there are national committees in the United States
begin. A multifaceted approach is proposed as to evaluate "riding quality." Still others talk of
follows: surface profile. In the European committees of

PIARC, the Permanent International Association of
I. levelop a Ceneralized Rourhness Index Road Congresses, the Fnglilsh term "roughness" has

(CR!) w.hich has a sound basis and ran provide a come to be associated with surface texture and skid
pseudo-standard for compariso~n of all methods, resistance or hydroplaning. Herein, roughness ani

2. Evaluate th( use of an artificial call- smoothness can be defined as opposite ends of the
bration method (such as developed by the Transport same scale. A general definition of roughness must
and Road Research Laboratory) with a variety of describe those surface characteristics of a road
instruments and cases to determine its value, which affect tile riding quality as perceived by the
problems, and utility, road user.

3. Apply tile concept of a standard rating The availability of a roughnetis scale Is
panel to provide an additional methodology for important in terms of evaluating a road and its
defiing and reproducing the CRI in countries all performance, but it is also very Important in terms
over the world without the cost of purchasing a of evaluating vehicle operation -ad user costs. A
stable profi!ometer, such as the General Motors common roughness scale for worldwide use regardless
device. of the level of roughness, e.g., gravel surface or

4. Evaluate the use of rod and level surveys paved surface, is highly important.
and recommend field equipment to simplify and
speed up such surveys for establishing calibratfion
points on a CRI. Surface Rougnless

It is recommended that a ,RI be implemented to Serviceability, or ride quality, is largely a
test these concepts. Cooperation will be needed function of rouglness. Studies made at the AASHO
among several countries and agencies. Particular Road Test (8) showed that about 95 percent of tile
attention should be given to coordination of Information about the serviceability of a road is
research data from tile Kenya, Brazil and India contributed by the roughness of its surface profile.
projects, in which the World hank is involved. That is, the correlation coefficients in the present

serviceability, or PSI, equation studies improved
only about 5 percent when other factors were added
to the index (8). Francis hiveem discusses this

Background problem in several papers. lie states that "there is
no doubt that mankind has long thought of road

One of the primary operating characteristics of a smoothness or roughness as being synonymous with
highway or pavement at any particular time is tile level pleasant or unpleasant." Road surface roughness is
of service that it provides to its users. In turn, not easily described or defined, and the effects of
tile variation of this level of service, or service- a given degree of roughness vary considerably with
ability, with time Provides a measure of the road's the speed and characteristics of the vehicle using
performance. This performance and the cost and benefit the pavement.
implications thereof are the primary outputs of a
pavement management system. User costs are particular-
ly related to road roughness on very rough roads. It Roughness Defined
was shown by Carey and irick (5) in 1960 that road
surface roughness was the primary variable needed to Road roughness is a phenomenon present in a
explain the driver's opinion of the quality of service- road surface that is experienced by the operator and
ability, or level of service, provided by a road passengers of any vehicle travelling over that
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surface. Surface roughness is a function of the over at a particular speed, produces an excitation
road surface profile and certain parameters of the in the vehicle at one of the-vehicles resonant
vehicle, including tires, suspension, body mounts, frequencies. The typical passenger carhas resonant
seats, etc., as well as the sensibilities of the frequencies at between oneand ten cycles per
passenger to acceleration and speed. All of these second. The relationship between wavelength, car
factors undoubtedly affect the phenomenon of roughness, speed, and car resonant frequency is shown in Figure
Safety considerations also influence our acceptance 1. This relationship 'indicates that at many speeds
of roughness. Hudson and Haas (10) refer to "pavement there is a road wavelength that will cause an
roughness" as the "distortion of the pavement surface excitation at one of the car resonant frequencies.
which contributes to an undersirable or uncomfortable If the amplitude of that wavelength is* large, the
ride." This definition refers to the road surface car ride will be noticeably affected.
and divorces itself from other considerations. For
purposes of this paper, this definition involving
surface distortion will suffice in terms of "road Figure 1. Relationship between resonant frequencies
roughness." of cars, car speed, and pavement surface wavelength.

Components of Roughness

To define completely a roughness function some
evaluation of the roughness of the entire surface so
area of the pavement should be made. However, for
practical purposes this roughness can be divided into
three components; transverse variations, longitudinal 40. 1iOCPSResonantFrequency
variations, and horizontal variations of pavement
alignment. In other words, any functional roadway
parameter which imparts accelerations to the vehicle
or to the riders must be examined. More particularly '
of interest are those functions which Influence the I CPS Resonant Frequency
comfort and safety of the rider and/or the deterior-
ation of the vehicle. Previous studies have shown 20.
that longitudinal roughness is probably the major
contributing factor to undersirable vehicle forces
(8). The next greater offender is transverse
roughness (e.g., the roll component transmitted to
the vehicle). The horizontal curvature of the
roadway, which imparts yaw forces to the vehicle, is
considered to be the least offensive and the one 0
which is normally handled by following good highway AVE LENGTH IFt)
alignment practices. Since most vehicles (approx-
Imately 70 percent) travel in a well-defined wheel
path with their right wheel located approximately In general, most passenger :ar ride character-
one meter (2-1/2 to 3-1/2 feet) from the outside lane istics are very much alike, and for any particular
line we conclude that measurements of longitudinal road most cars will be driven at about the same
profile in the two respective wheel paths 1.83 meters speed. With two of these variables held relatively
(six feet) apart might provide the best sampling of fixed, the excitations into the car and thus the
roadway surface roughness. Furthermore, comparison riding characteristics of the car become primarily
between the two wheel paths can provide some a function of the wavelength content of the road
measurement of the cross slope or transverse varn- profile surface.
ations which are also important.

A rider in a vehicle passing over a toad surface
experiences a ride sensation. This ride sensation is Surface Roughness Evaluation
a function of the road profile, the vehicle
parameters, and the vehicle speed. A variation of Roughness evaluation has received considerable
any one of these three variables can make a rough road attention from many highway and airport agencies in
profile appear smooth or vice versa.. Therefore, we North America. Roughness is the primary component
might say that, from a passenger's viewpoint, rough- of serviceability and a large number of different
ness is an unfortunate combination of road profile, roughness measures are in current use. This concept
vehicle parameters, and speed. Riding character- of preception by the highway user is important.
istics of airplanes are also affected by the proper- This definition of roughness excludes surface
ties of the pavements and of the aircraft. Acveler- texture and microtexture of surface aggregates since
ations of sufficient magnitude to critically affect these are not perceived by the user to affect .riding
safety of aircraft operations are sometimes obtained quality. Instead they affect skid resistance and
over poor pavements. , other operational characteristics but will be

Although some vehicles have hard suspension and excluded in this paper. The diameter of the surface
others soft, the vehicle parameters (tires, suspen- stone used in pavement surface treatments which
sion body mounts, seats, etc.) do not vary sufficient- causes "noise," is discernible to the user, has an
ly to make a significant change In passenger comfort, effect on the user's perception, and is roughness by
With the limitation of relatively fixed vehicle this definition.
parameters it is apparent that ride sensation is most
dependent upon the car excitation generated by the
various combinations of road profile and vehicle Surface Profile
speed. Most drivers have experienced the sensation
of either slowing down or speeding up to improve their Many authors, such as Darlington (6) and Cnrey
ride on a particular road. This indicates that the (3), feel that a surface profile is the best way to
road has a wave length content which, when driven characterize roughness. In terms of profile, rough-
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ness can be defined as "the summation of variations available, Including (6 , 11, 16, and 22).
in the surface profile." Profiles In this sense do Since so much has been written about the various
not include the overall geometry In the road but are instruments available, we will not attempt in this
limited to wave lingths in the surface that are less short paper to review all these measurement methods
than approximately 152.4 meters (500 feet) in length, in detail. See (14, 16-, and 39) for details.
In Darlington's term:;, roug hness is "the analysis of
the proflie or of the random signal known as profile."

Care',' in (.3 points out four fundamental uses of Comparison of leasurement and Summary Techniques
surface pro I ilOs or roughnLss Ieils rtmonts as con-
struction qual itv contrl tools, to locate abnormal Regardless of tie measurement and type of summary
ilngi in th' hi gliwaV such as drainage or subsurface techniques used, It is essential that a good refer-

problem:;, extrome construction def Iciuncies, etc., unce be established and maintained. It is equally
to es taiih Iu systemw'~lide has is for allocation of important that accuracy be maintained in summation.
pavement maintenince resources, and to I dentify Dar] Ington (6) points out that three basic
pavment servi'coai Iity-p-r formance histories. reference methods have been used historically toIn summlr, a poi Ile is a detii led recording of mesure roug hness: the so-called rolling straight
sur'iac ch'arateristiis and roughness or smoothness edge or land plane, as illustrated in Figure 3, the
is ; St it stic whi'h iUmmmarizes thiese' characteris- inertial mass as used in the BPR Roughometer,
tics. lhus, r,.mghnestils-snlmioI S is ;I statistic or illustrated in Figure 2, the Mays meter and the ICA
numbcr wi ih summminrizt t1e riding,, qualtv or surface meter which the automobile serves as tIme inertial
profile of a re~ad. mass and, finall v, an Inertial reference prof1l-

How rouib iis roulh? Onie lite sIrfae character- o01meter, suchas the Surface Dynamics or Ceneral
St ii~5 ,irt suiimstriz,,d, it is etseit iul to establish Motors Profilometer, where an external reference is

,i steaj,' for this ;tatisth, or Simlarv value. 'lIi s l)rov Id11 .
tC. i t doill'. ill mall .' ';''iS, ats pointed lit Il' lI r I I ng t on

T). Trad it ion, I l tler. are two wa's of dtermran-
hi' ti is ;t;lt istl ihli al intprat ion and Figure 3. Land plane roughness device sometimes

math .oult ia int-a' nim ,r snIvsfio. rl T, first of called Profilopraph or roliing straight edge.
tlk,!e rit ithodis is. tie 'lo t iomllm 4II, thatt is, tile iisi
i i i o vc oi li;i ii ,i iii'iiI rUmliotntt or device, , sut'h ias time

Bl'I rmo ,hli et or ini lig i<r 2, to mtelhiniclll lv filteor
aid siirmui,irie., the diitum ii ;i speci-ik i'd w T1 i' t
S Io in met lied iI l's ri "ordi ig tme prof lie is
flilt hfui I a S ,:;I : .il h mill mislyI zing and/or
lttip'lit il this ji f !I, , u i,"m:imt icalklv with s,',

stmimlird maith li:'i; t l pi roi.,dolit, ui(-h . itli.it oillt-
Slimed by Wal ler and lhdson ('3t ,oid 32), Rohbrts and

Il lu i (2!_ sid :i), and iPart Iog'.m (6). Time most
commomni mtltho ; in curretnt ust fi i i;utlii cal measire'-

otmlintIa ndills lmll'' in I ld, i t Is' l 'it ' ',loumueter ( 15 and

If,). til' PCA Rntu l71e'tL'r ( I illd 2), thI, la'S eter (32 Figure 4 I ilustrates by means of a Bode plot the
and 13) , tlie Chlo P rot i Ilonet or ( 4 ) , .. Tl tei 1lind transfer function or response of several types of
pl [mim i lProfiloprali (rolligu straiglht edge) (28). Instruments to the Input of road roughness. Tihe

problem is that the straillt edge or land plane
device is so erratic in its response that it Is

-igure 2. Schemat iic li ram - BIR Rout,,homot or relativly lusel ess. This Is illustrated iii Figure
4, where the effect of rouuihness wavelengths which

-bridge are any multiple of the length of the straight edge
results in zero output from ti' device.

cable DnrlI I ngton s imu1lLted t lie res;pinm:e *,f the BPR
Sroughmeter (or vibrometer, or seismic- reference

iead cocrnlerweighl s printg dev i c'L) nit II an aim lop c ompitt er us in g measured
physical characteristics of the instrument. Ills
analysis slows tlmat the roughomet,'r type device

ton u. yields reasonable results for wave length in the

wheel f" ame- regiott of ailroximately 1.22 to 4.26 meters (4 to 14
revolutionn " e t) . Wave letngtls ill th' range of 4.26 to 5.48___ meters (14 ti 18 feet) aro ladl: distorted, and wave

lengths lIevond 6.7( mieters (22 feet) rapidly at ten-
integrator a e to zero resi)liSts .

dash pat
dampers'-\- The need for tcoatn i b ili tV or Gtira hi tV

As oit Intod 1110VC', ml IVOrsi' measuremetnts iif
roughiness are id nm'itd the world. It is not
feasible to talk of equal Iv tyamotig these measure-
menits since It is not issible to provIde compat-
b1 1ty amomnl' thi various measuring s'stems if proper

conslderat lon is given. This compatibility involves
two levels of co ieri: 'Txtert I'" ionlipltali it v --
relating to whether tIme results (if one augency's or
country's work has quant i tat ive relat ionship or
meaning to those of anOLther agency, atnd "Internal"t Aese istruimnts aid ;1 umber of references Iare Compatibility -- relating to correlating results,
achievihug repeatability, etc., withiIn an agency.
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Figure 4. Theoretical differences between SD Profilometer,
Chloe, rolling straight-edges and seismic roughometer
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This se'cnld aspect of compit ihilitv is well illus- countries where roughness can be used not only for
trated ly the Brazil i'roject (Is) for it Is essential allocating maintenance resources but also for ascer-
that mea;sureLmnts made in aIll parts of Brazil he taining and considering user and vehicle operating
c ompatilt Withii each other evou though it is not costs. Although the absolute accuracy required for
posibil!e to make 111 t ile measu rementi.; WithI a single these various purposes may differ in all cases,
instrument. relative accuracy and compatibiliLy are important.

Thc problem Of external coimpatibility Is best
Illlistratd 1, the. fi't that resulis of studies Ill

Kenya c;n1 l1w compared to the f indinjls in Brazil Only llistorv of Roughness Calibration and Correlation
if there is compatibl Ity between titC two sets of
rogli;liess diata. I eel this canO best lL' accoMpl isied The earliest roughness measurements were
byl eta!;tlishin , ap "agenerallized rougl-.ess index" whicl reported by Ilogentogler, as far back as 1923 (42) and
can IW used IS coopat i Mh, base of camparison. Tb is early development of the Roughometer was reported In
is preferable to Se le ting any particular measurement 1926 (19). Even in these early developments the
systLL, whicI itself may lie (lian ,log ad wi hich may need for calibration was reaiily recognized. From
not be wilVlilil e to ;I particular potential uslng 1941. when the BIR Roughometer became "standardized,"
;1 1ncy. tlthe Bureau of public Roads (now the Federal iilghway

If a (;cintiralzUIIi lOIiginss Index (G;RI) is Used, Administration) maintained a "standard calibration
the tit' Latter res,;lves to one of priividing ..ome w ay section'" for testing any new or modified BtR Rough-
of de terming thlie (;R in any part-icular instance, ome ter. It was observed from the beginning that

Ill hl s opLni up, rtlark. to a National Conference Instruments manufactured as nearly alike as possible
ani roughness measurement s and corriIaiion in 1972, Mr. did not record the same roughness value for the same
W. N. Carey, .Jr., Dxictive I irector of tie U.S. pavement. The fallacy of a single calibration sec-
Transpiirtation Resarcli Board speals to these prob- tion Is discussed by Hudson and HIain (jd).
Itms (_) . It is not possible to calibrate a dynamic

A tird use of proil Imeasurements Is to Instrument at a single point over its range and

estallish a systematic stat ewidLe ba-is for expect the calibration to be satisfactory for use of
Sathe instrument over a full range of roughness. Th isallocat ion f pavetment maiteasnce resources, s illustrated In Figure 5 where , standard rough-

,A worid of caiition here is in orider. In the
less section with a value of 10 has been set up. Weinterest if find ing,, iw-co~s tools that can

he .as iv availa;ibl e to each 0 i.ighway department mlph t assume that any other instrument which reads
i 10 would be calibrated to the standard value. Indistrict, there 1' a tenthIliter to sii,j1.,st fact, this assumption is depicted by the solid "line

hig.hly simplistic devi'es. hI elievethiat of equality" in the figure. This line assumes that
re i ' a ie on thliese devices May%' I ii I to serious if an Instrument reads 10, it is "call brated" and
mistakes fin the_ deveLojimenfpriori t ies for thus will read 20 when the standard instrument reads
maintenanceexpend itures. . . 20, 30 when the standard Instrument reads 30, etc.

Carey's ciimmunt can easily be extended to include low- Alternatively line No. 1 illustrates a plausible case
volume and unpaved road planning in developing of a linear relationship where Instrument No. 1 is
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Figure 5. Single point BPR calibration problems.
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cal ibrated to the standard instrument on the s'ct Ion TRRL Pipe Calfbq:ation Course
with value 10. Without additional test points 'e
would not real ize that the slope of the calibration Another artificial calibration technique has been
line is really different from the assumed line of proposed and used by the Transport and Road Research
equalIvty. Dotted line No. 2 Illustrates a more Laboratory in England. This concept appears to have
complex case of nonlinear relationship which would, promise for use as a cal ibratlng device or standard-
of course, also he missed with the single point Ization method around the world. A short note on
cal I ibration. Some twinty-four state agencies had the moethod is presented in (39). Briefly, the
BPR Roughometers in use In 1960. Rany of these method involves the selection of a smooth pavement
devices have been calilbrated by this one-point method section approximately 300 meters (985 feet) long as
and by no other moth ltd. a standard. Tills smooth section becomes the

smoothest :,ection in a series of 6 calibration
sections. Subsequently rougher sections are created

Roughometer Calihr;tion Course - AASItO Road Test by adding artificial bumps to the surface of the
standard sections by means of pipes with external

As reported hV Iudson and la in (15) there was a diamter of 3.413 centimeters (1.34 inches) . A total
need to use the Roughometer in the AMSI0 Road 'rest of six levels of roughness are created. Thus, the
but It became obv ious very early, with the AASIIO problem of one-point calibration is alleviated and
Profllometer to compare to, that the 1BPR Roughometer yet the calibrating agency need find only one smooth,
was a variable instrument, difficult to keel) In relatively unchanging pavement section. The absolute
calibration. in our work at the AaSIIO Road 'rest we profile of this basic smooth standard section can
were not onlv Involved In measuring the roughness of likewise be checked with precise rod and levels on a
all pavements with the AASIIO Profilometer and in quarterly or semiannual basis as necessary.
developil and operatlog the PR Rougiometer, but
also In check ini, and cal ibrat log at least six rough-
Ome ters from states such as Michi gan, N'orth Dakota, Use of a "Standard" Device for Calibration
Minnesota, and Wisconsin whilh l brought their instr,-
mints to the Road Test for calibration against the Probably the most widely used method of calibra-
AASIi) Prof I lomete-r for determinlg serviceabilitv. tion and correlation has been the use of some type

Basicallv tile method Involved the Installation of so-called standard device. Really this approach
of aluminum bars on the surface of a smooth rigid should be divided into two types. The first involves
pavement to establish four separate test sections of the selection of one replicate from the group of
different but known roughness. The roughometer similar devices being used and time use of this
could then be checkei against the standard sections replica only for calibration purposes so that it
at any required time. presumably does mnot "wear out." This is the

approach that the BPR took with the check section
as outlined earlier. I liken this approach to gold-
plating a crowbar. If you have two dozen crowbars



254

and select one of them because it appears to be more a set of calibration sections. These sections are
perfect in shape and weight than the others and plate run regularly by eight Mays Meters to insure that
it with gold, what do you have? Still crowbar, their calibration remains stable. A control chart
albeit a shiny and expensive one. There is little procedure and regular check procedure similar to that
tvi dence that this type of "standard" device has been outlined by Williamson is followed (32, 33, and 34).
successful in true calibration and correlation. Basically, Texas maintains a group of 25 pavement

The seccnd typt, of standard device involve!, tite sections which vary from smooth to rough. Every
Use of a master device which IS itself calibrattIblo three months the profiles of all these sections are
or which has a st;andard of accuracy witich is perhaps measured and analyzed with the SDP Profilometer. In
a magnitude grit to r tlan the other devices for which this way, a set of pavements with known roughness
it is to hi- the master control. The AASIitI Road Test are always available for use in checking and call-
i'ro f i Ill tr was such a device which became a stand- brattng any other rougitness instrument. Any instru-
ard againtt which dozens of Chloe Profilonieters and mset which appears to be giving erroneous readings
lIiR Roughomoters werv calibrated (luring and soon is regularly run on several check sections and the

after the AASIIO Roatd "'est. This approach Is dis- values plotted on a standard control chart, If a
ctssod helow ais tie Texas Cal ibration Course. device is "out-of-control" on three or four sections

then it Is thoroughly checked, mechanically repaired,
and, if necessary, recallbrated.

Ise of ilvdra.tlic Shake r Table

't CGiler:li Motors ProfilOmeter was originally Rod and Level Surveys
dlev l 'ptd for Obtaining road profile Input whicit could
le fed ito ;t v,,hiti- rite simuitor for testing Many people feel that it is possible to estab-
vthichli -;ttpeiia nsiirs at tIe Ceneral Motors l'roving llsh vehicle rouginess calibrations over standard
(;rottd ("6 anld 27). Sont authoritits feel that a pavement sections by running control rod and level

sitl lar tpproiath can 110 tsed for inputting standard surveys of the calibration sections to see if and
rouil,.it s; tO Il ;ihillt e iTT tN arialyitallv controlled how their profiles are changing. There are two basic
m;tliner ttt Ctl iblr;Lt ot'her devices. This method protlems associated with this mettodology. First,

invi Ivyes isiryin, the responses it a measrrig tite response of tile vehicle and most roughness
devic Iii a l boratorv witht a servt-controlled measuring instruments to a profile Is an integration
hydrttlic ram resting undter each wheel. Known ex- of everything the measuring instrument sees on tite
ci tatii is Ilipli t rg titrgl tie hydrautlic ramns to road surface. Thiis is a conttiuous process and not
ilt v-,hitli t, i t t0rl1ilt t its response. More specific- one Involving discrete points such as are used in a
ally, the i whtIs (If the vL, hicle are vibrated by ;a rod and level survey. lhitis problem is magnified i)y
sht:tr t able ii a mati iiter to simulate operattit of the the fact that even the best martial leveling tech-
vtlhi i . t itlch of a set of standard test sections. nl ques make it expensive to make measurements of
Road proif i I dat a obtained with an instrumont suchit as test sections 300 meters (985 feet) long at spacings
(; Prof I loinCter are Uied to drive the shaker table. closer than about 1/2 meter (1.6 feet). Even In this
It pr'i Ii, data tape could be used for any number of case a total of 600-measuring points is required each

aticetssiv, rical1 brations over any period of time tine a calibration section is checked.
alit, In that at-s, would not chanlge. Perhaps more difficult than the aiciuracy and

Thi't' is, of coulrsie, some question abitout the detailed prtblem outlined above is tit need to
i'Orr'ltitt'lLt- bwtetn roado.s obtained bv shaker integrtte and/or snumarize and anlyze tue prof ile.
til,- itntd rtittghniss meistreiments otbtained in tile To ilate, little has ieei done iii this area. Recently
field. ilt m;tjitr Sort-, of dist'epiatncy retmairis it we have Investigated the use of second derivations of
th, ftct that the volilcle is moving aind wheels are the profile to vield estimates of vertical accel-
rot at int wh ilte mii-tstirtmtnts are being maile iii the erations present ii tite profile. A relationship has,
fiel t t tnot whil g filrattil. oin a shaker table. The fli turn, been developed between vertical accelera-
dynamic vs. ;t;ttic tire contitions are of particular t LIons and 51.

Olltrto. At tHit, irt-sCOtL time the National Cooper- Calculations are simple and do not require a
ativ Itihway Riu e ls,;trc Progran is undertaking it large computer facility as Is tho case with existing
rt,ter.h proiwt whiCh will itnidsoubt.dlyv investigate profile analvzing methods such as power spectral
thet shaker t;tiii niltroilach to cal i iratton of rtigtrLess densitv, Fourier transform, and diital f11 tering.
dtvicts (2 1) 1.ll getoraI, this Method dtoes not seem Road profile root mean square vertical accelerations
poss ible for us' worldwidet since the shaker table is have a strong correlation with Mays Meter rouihness
tiwli-s'rOtiut' and exjuensivi,. If i sipt.tIi Vei'sion couli readings as shown I1n the stdy by McKenzie anti
It' tlevi sod Ir tttId 1Wi dul Cated antd purChased ty Srinarawat (40) . FIgure 6 ill istrates a very good
ilt orestld gttips; tut a great di;l if research and agreement iii terms of serviceability index from 10
dvi'VVopmit'uit is; requireid and we must await the results road surface profiles obtained by rod and level
of the NCIIRP study method and the Surface l)ynamics ProfIlometer (SDP)

(41). This plot also suggests that road profile data
from rod and level and SI)P are interchangeablet and

''e-xis Cat librati tn Cotrse rod and level can be used to provide commonal ity
among road rittoguness scales pres, ntIy ii use.

lto Ciitnht ftor lli pti;tv Rest'arCh atil the T'clxas Certainly, these discrete rod and level surveys
Stati litt),rtmetnt of Ilihwavs ,lod Public Trans- have some practical advantages, particuarly in

Itortat ito ttste tht Sl' or G'reeral Motors t'rofIlontiter developilng countries where labttr-ntenselye methods
as a iiust ,r calibIratitn dviit', for a serits of 1Nlys are ecoomiIcal . It might he far more practical to
M-,-trs which ill'rt isuitd rt'utilt, Iv throulhott the state. obtain detailed, discrete profiles with rod and
'lhis tippr;ich isa reported by Hu!d.soknr, lso and levels of, say, ten or twelve pavement test sections
ViI , I1sII (.3", 3i, tld I'"). 1'n soin le prie, t on a regular basis thjan to maintail a high-teehnol-
similar appro't,.h h:t:; I,, L;ltkiti by the ,ifchlgan oy, expensive e lectronic device for continuous
tlighwt lDtptrtwolnt, tS riportI li I lbrook and profile measurements. Such a niethd will be practl-
Dar in titn ( I a t I1 I). ht, a;ltt approtlach Is being cal If data analysis techniques can be developed and
takein ;tt ht Ptitstiit time ill the iNDI' Brazil Study automated for easy use of the data.
(1 ) . A SDP i,,as pitrchasted tan Is used Ftr nitasurig



255

Figure 6. Comparison of serviceability indices in predicting pavement roughness. Carey and Irick
derived from rod and level profile and SDP profile. (_5) report similar results when comparing panels

at the AASIIO Road Test, as do Roberts and Hudson
(24 and 25).

One major problem exists, what about panels from
0 different cultures? For example, a panel from the

United States rides predominately on paved roads.
Z 4.00- Can it rate accurately on the same scale as a panel
> 0 from a developing country which rides predominately

_J on gravel roads? How could this dichotomy be solved?
Perhaps if as many as three members could be made

V available to participate In panel ratings in each of
3.00 a the major areas of the world, goegraphic and cultural0

Ot stability could be evaluated.
This method would never have the precision or

0 detail of physical calibration. However, It might
be accurate in terms of insuring that different

S2.00 classes of road roughness are adequately separated.
0 The following section presents a discussion of

0 the relative merits of these methods for use in

.0 ON establishing a C.Yneral 1,oughness Index.

W 1.00-
.2 0

V. Possible Approaches for Calibration

Evaluation of the concepts for calibration out-
0 lined In the last section indicates that three basic

0 1.00 2.00 3.00 4.00 methods have strong potential: the use of a shaker
table to input artificial roughness in a laboratory,

Serviceability From SDP Profile the use of artificial roughness calibration sections,
and the use of standard road sections along with a
method of evaluating the roughness of these standard

Rating l'anel Approach - Canadian good Roads calibration sect Ions from time to time.
Association However, the practical limitations of the problem

set forth In this paper apparently preclude any
Immediately following the AASItO Road Test, the possibility of using a hydraulic shaker table with

Canadian Good Roads Association desired to put the known roughness inputs to calibrate roughness
find ings of the AStIO Road Test into practice. In devices. No such equipment is presently in use for
order to do this, they ran a rather complete survey this purpose, even in the United States, and the
of tht, existing rougghness of their pavement system. development and employment of such eq ipment in the
They did not agree totally with the serviceability field seems completely infeasible at this point.
coIIc'pit ou1tliled at the AASlIO Road Test and they Therefore, the other two major approaches are
chose to devel op a P.ildlng-Comfort Index Scale with discussed in further detail: artificial calibration
valuels from I to 10. This index is basically an sections and standard pavement calibration sections.
evaluatiol Of pavement riding qLality or roughness
(7, 9 , and, 10)

Affter careful ly estab11l1hing their Riding Comfort Artificial Roughness Course
Index, a standard procedure was adoplted using a
small panel i of well-trained raters to go from The concept of introducing well defined arti-
location to locataion ovalutting the riding quality of ficilI roughness onto a selected section of smooth
these piavemtts and r)cording this riding quality in pavement in identifiable stages follows the approach
a data managemnilt sysltem. A great deal of work has of Abaynayaka and TRRI.. The approach Is certainly
been dnLne ol ratingl scales and other subjective feasible since any country in the world could
evaluations ( 5, 17, 20, and 2! ). There are some develop at least one smooth, strong section of pave-
shortcomings to this atpproach, but it has the ment to serve as the base section. They could then
1enefits of being practical, relatIveilv inexpensive, find several pieces of standard.l:ed pipe or other
andl reasonably stable :lthough its precision may le material approximately 2 meters (6.6 feet) long to

L't I 0ocL'd. It corta1nly fiu If ills Lhe Concept and Introducv roughness. These two ingredients call be
answers the questfion, however, ra i sed by Carey in combined in several stages to provide up to six or
the quote referenced earlier in this paper. 'fhls even more test sections of Increasing roughness.
approach deserves further consideration. The method therefore warrants careful consideration.

The major problems associated with this method
are the artificiality of the roughness introduced

Standard Rating Panel and thle potential of generating resonance or
harmonic motion In the measuring vehicle being

While it is not In present use, I believe that calibrated. As Indicated by the anlysis of Darling-
the concept of uslng a standard panel of pavement ton (figure 4), the transfer function of a roughness
riding quality raters to establish a time-and- meastrIng device Is hlighly dependent upon the
condit ion-stable standard roughness scale offers wavelength characteristics and ampli tude of the
great promise as a practical solution. Yoder and roughness in the roadway surface. It yields reason-
IIlhuotis (37) show in thier studies of rating panels able readings for wavel engths inI the range of 1.22 to

and various Instrumentation that ratilng panels of 4.28 meters (4 to 14 feet) and it has two resonance
fifteen persons or more are quite stable in pro- frequencies at 0.61 meters (2 feet) and 5.18 meters
diCting pavement serviceability. Since roughness is (17 feet). The response of the Instrument to step-
so highly correlated with serviceability, there Is inputs might be on the first peak present at very
little dbilt that such panels would be equally stable short wavelength-. If some type of resonance is
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generated in the system, say for roughness level six, a standard rating panel.
then the multiplication amplitude could be even high-
er. It is entirely possible that the response of an
instrument to tle roughest calibration section would Evaluation of the True Profiles- "Continuous."
be, for example, a very large roughness number and Of the three listed methods, the-most attractive
yet the Instrument might respond different to a very seems to be the use of-existing pavement with an
rough gravel road with natural potholes, etc. There evaluation of their true profiles. This technique
Is certainly also the possibility that the calibra- was chosen for use in the Brazil Project.where
tion course can be set up in such a way as to cover adequate research funding was available to provide
the range of Interest for most very rough roads and a standard profilometer, in this case the SDP profil-
thus to serve adequately as a calibration procedure. ometer, for making continuous measurements for
The only way to ascertain the answer to this question calibration.
is to study the problem theoretically and to apply It seems, however, that this approach is im-
the concept in the field where an alternative method practical at the present time for use worldwide as
of calibration and checking, such as the SDP or a calibration standard. The use of a standard
General Motors Profilometer, exists for comparison. roughometer or other "gold-plated" version of a
This type of comparison check is being made in Brazil typical machine carried around the world as a stand-
and results will be reported soon. ard device is not realistic as shown by experience

The other problem with this method is that it at the AASHO Road Test and the work by the Center for
does not yield to traditional analysis of random Highw.ry;Research for the Texas Highway Department.
data or profiles as outlined by Darlington, William-
son and Walker (6, 36, 30, and 31). It is possible
that another type of analysis could be used to eval- Evaluation of True Profiles - Discrete. It is
uate the step function inputs to the roughness pro- possible that analytical techniques can be developed
file which will be made by the pipes or artificial to accurately evaluate a discrete rod and level
bumps. It is desirable that someone follow up on profile of pavement test sections set up for stand-
the required analytical approach as a part of the ardization. Field work is underway by Srinarawat
evaluation methodology for this procedure. and Hudson to evaluate this approach and to compare

Finally, this concept is attractive in the sense the accuracy required and the spacing or detail of
that only about six test sections are needed to cover the measurement points needed to provide adequate
a wide range of roughness and only one basic strong Information (4-1).
pavement section is needed to provide the base If the approach Is feasible from an analytical
section. Considerable thought, however, needs to be point of view. It fi possible that field practice
given to the possibility of replication of roughness can shw wht type of level instrument and perhaps
levels within the artificial calibration course. This even what sp t al level rod could be most useful to
could be done by adding two additional roughness speed up tk,,e 9r'te4 .a make It more practically
levels whose roughness corresponds with a previously applicable. e th* $. Air Force, for example, has
selected level, but with new roughness being intro- developed & I --e- j tillni system which works on
duced by an alternate pattern or an alternate means the s *446 --- .mS level but which takes
such as a few wider bumps or a rearrangement of the autematic re- '. tsmf a laser be.m for a light
location of the bumps to interrupt regular patterns. source M&).

Another Vota fiar a r the rod and level
approach Is tb* Whe Ias ar uhIch Is normally avail-

Natural Pavement Calibratiu Sections able in many of the developlng countries for which
a roughness calibration Is needed. The rod and

The use of exist inP, pavement sections for cal- level crews could make the necessary measurements
lbration of roughness devices is an attractive on a quarterly or triannual basis with relatively
alternative, but there are problems. Tie attrac- little expense whereas In the United States, for
tiveness seems obvious since the sections are example, such an approach might not be as economical
typical of the pavements to be measured in the real as a profllometer.
world, they contain normal roughness Inputs of Thusfar, work by Srinarawat and Hudson seems to
varying wavelengths and amplitudes over a wide indicate that it is possible to interchange machine
spectrum of conditions. The problems, however, are and rod-level measurements (41).
multifold and must be considered. They Include
finding sections at extremes of roughness, the
changing of roughness with time on a selected test Roughness Panel. A third approach to establish-
section, the large number of sections usually re- ing and maintaining standard roughness evaluations
quired, and the considerable time and effort of calibration test sections is appealing and should
required to check tle sections which are normally be carefully considered. It involves setting up a
fairly widely spaced geographically, standard rating panel and developing a Generalized

Obviously it is not possible to set up a normal Roughness Index (GRI) which could be used not only
pavement section calibration course on which the for rating and establishing the roughness level of
test pavement ruughness will remain constant. All the calibration sections but as a standardized

of the pavemnts are in various degress of deter- roughness scale for comparing instruments against
foration. Most of them were built smooth but they each other all over the world without having to
are in the process of change and experience shows select any one particular instrument as the "stand-
that rough pavements change more rapidly than smooth ard."
pavements. It Is absolutely essential then that This approach is far from thoroughly formulated
for this approach some method of determining the and a great deal of additional thought will be need-
roughness history of each test section with time be ed before it can be accepted or rejected. However,
developed. This can be done in at least three ways; it is worthy of consideration. If the method works,
by true profiles measured "continuously" with in- its value is readily evident. If adequate accuracy
struments such as the SDP profilometer, true and details can be obtained, calibration sections
profiles measured at discrete increments with pre- could be set up and evaluated regularly without the
cise rod and level techniques, and repeated oval- expense and detail required for rod and level
uation of the roughness of tile calibration section by surveys.
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Likewise, tile potential pitfalls to the method selected CBR since i,- was used by more states than
are obvious. The method would basically be sub- any other method. However, comparison of the CBR
jective rather than objective, which we, as engineers, between states showed that even this so-called
always strongly desire. The potential value of the "standard" was far from standard since each state
method lies in the question of whetehr or not we can made slight modifications in the empirical test
make the subjective rating process objective by care- procedure. In tile face of this diversity, Mr. T. S.
fully selecting and establishing rating panels and Huff, Chief Highway Design Engineer for the Texas
rating procedures using up-to-date modern scaling Highway Department and Chairman of the AASHTO
and psychological techniques to overcome some of the Committee, recommended that a "soil support value"
subjectivity of the rating approach. with a range from zero to ten be set up as the

The basic value and acceptability of ratings for "standard." Each State Highway Department then
judging pavement quality was well established at the related its soil test method to the soil support
AASIO Road Test by Carey and Irick (5) and subse- value rather than to some state test procedure.
quently by Yoder and ,Mflhous in the significant Nationwide information on standard test materials
NCHR J study (37). As outlined previously herein, obtained from the AAStIO Road Test was used to estab-
the Canadian Good Roads Association has also made an lish common points.
excellent practical application of the rating At this time, 15 years of experience in using
concept (5 and 35). the AASIIO Interim Design Guide has shcwn the wisdom

Another major problem with the roughness rating of selecting the what-seemed-at-the-time "arbitrary"
approach is possible cultural differences amongst Soil Support value.
countries. One countr". ;or example, such as the
United States, has a r.,ulaLion accustomed to riding
on paved roads which :.re basically smooth. On the CRI - A Combined Approach
other hand, other countries such as many of the
countries In Africa and Latin America, are accumstom- Examination of alternatives indicates that the
ed to riding on unpaved roads. There is considerable practical approach to solving this problem will
concern that this cultural or historic difference, Involve some combination of the factors discussed
which Is also by the way aggravated by traditional above. To provide realism in the calibration, it
types and quality of vehicles used, would greatly is essential that 10 to 12 real pavement sections be

affect any relationship developed by a rating scheme, included In a calibration course. These can be

and thus would completely invalidate the concept of evaluated on a semiannual basis by rod and level

relative ratings, surveys. A detailed methodology will be published
by Srinarawat and Hudson within the next year.

To provide a large number of calibration sections

Generalized Roughness Index of varying roughness and a calibration technique
with some commonality around the world, a TRRL

After a thorouI;h evaluation of the problem of calibration course should be added to the calibration
e;tablishing a common basis for comparing roughness procedure. The methodology currently outlined by
measurements all over the world, and specitlcally Abayanaka and the TRRL should be used until a more
comparing roup'ness measurements in Kenya, Brazil, definitive consensus procedure is developed.
and India In terms of using data taken from these Finally, the overall reasonableness of the scale can
three research studies and combining it for use In be assured at any time using a rating panel to
developing improved joint models, It Is recommended ensure that reasonable roughness ratings are estab-

that a Generalized Roughness Index or a universal listed for uniformity. These :liags should invclve
roughness index be develoned to serve as a basis for panels on at least all three or four major research
comparison instead of the output of any particular efforts In the world and should include at least
roughness device. On the surface this seems an three or four commoa members in each panel in the
arbitrary intermediate step; however, experience initial stages of development. These common members
shows otherwise, could be employees of the World Bank or other

At the preusnt time, no simple, robust roughness research personnel who are involved in one or more of

measuring and evaluation technic ae exists which is the world-wide research projects and who could
constant eieoigh to become the appropriate "standard." bereficlally visit other activities, thus providing
The SDP piofilometer might be considered, but work In the necessary commonality of racings.

adopting and using this instrument in Brazil and in The GRI itself should have a relatively large
comparing it to the Texas instrument manufactured scale, perhaps 0 to 100 and should be generalized

ten years ago shows considerable difference In with smooLbess of existing new highways falling
hardware and data processing techniques. Many in the range of 10 to 15 and roughness on some of
people feel we are on the threshold of developing a the roughest roads now perceived falling in tile
non-constact probe to replace the road-following 70 to 80 range. This gives adequate room at both
wheel for the SDP device. When this happens, you ends of the scale for changes and variations not yet
can be assured that the transfer function of this observed and in no way detracts from tile use of the
transducer Alil be different from that of the road- Index,
following wheel. Thus, the "standard" would chang.e Some readers will undoubtedly be disappointed
again. Many other examples could be cited, but for that a firm Index in full detail is not presented
simplicity let it suffice to say that no real here; however, work over the past 10 years shows
"standard" exists, that there will be several steps required to solve

An example of a similar situation existed in 1962 this problem and we believe this paper is a necessary

concerning specifications and measurement of subgrade first step in defining tile problem so that an

strength for pavement design. The American Assoc- intelligent compromise can be reached.

iation of State Highway Officials at that time
desired to establish a standard design method which
would be useable and used by all or at least a large
majority of the State Highway Departments. There
were many candidate measuring techniques, such as
CBR, Texas Triaxial strength, shear modulus, Calif-
ornia R-Value, and others. Majority vote would have
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ENGINEERING ECONOMICS OF THE MAINTENANCE OF EARTH AND GRAVEL ROADS

Asif Faiz and Edgardo Staffini, The World Bank, Washington, D.C.

This paper presents a methodology for the economic prising the benefits from good maintenance. This
evaluation of maintenance programs for unpaved subjective method of analysis often results in sub-
roads with low traffic volumes (under 250 vpd), optimal investment decisions relative to the scale
a situation commonly encountered in rural areas and intensity of maintenance operations, such as the
in developing countries. The technique, drawing frequency of grading operations and the periodicity
heavily on the road deterioration and user cost of gravelling(8).
relationships developed in the IBRD/TRRL Kenya The proposed method of analyzing road maintenance
Road Transport Cost Study, involves a dynamic programs for unpaved roads is based on a dynamic
model that relates vehicle operating costs to analysis that relates vehicle operating costs to road
traffic-induced road deterioration. The proposed surface conditions as they are affected by traffic
methodology requires a two-step procedure: first and modified by maintenance operations. Traffic-
to determine economically optimal and technically induced road deterioration is defined in terms of
appropriate maintenance strategies; and second to roughness, rut depth, and depth of loose material.
apply these strategies to assess the economic The corresponding vehicle speeds and VOC are also
value of the global road maintenance program, estimated as a function of surface condition para-
The incremental economic analysis used in the meters, because the road geometric and environmental
methodology permits the differentiation of bene- factors influencing VOC remain unchanged under normal
fits, in the form of vehicle operating cost say- maintenance operations.
ings, between routine and periodic maintenance.
The use of the evaluation technique is demonstra-
ted by application to a road mpintenance program. The Analytical Framework
Although the proposed method reqoiires the use of
multiple regression analysis and elementary cil- The mathematical models that relate road surface
culus, graphical methods can be vsed as an alter- condition and vehicle operating costs to traffic were
native. developed under the IBRD/TRRL research program in

Kenya (2, 3, 5). A review of the background refer-
ences is necessary for an understanding of the metho-
dology presented in this paper as limitations of

Cost-effective road maintenance practice is becom- space preclude a thorough discussion of these rela-
ing a priority objective in most countries of the tionships.
world since relatively nominal maintenance expendi-
tures (about US$100-1000 per km in case of unpaved
roads) can extend the life of existing infrastructure Road Deterioration Relationships
and postpone the need for its renewal. Although the
economic value of road maintenance is manifest, its Lateritic Gravels Roads
quantification is necessary to determine economically
efficient levels of maintenance expenditures. Inten- 2 3
sive research by the World Bank over the last decade R = 3250 + 84 T - 1.62 T + 0.016 T (1)
suggests that the largest benefits of highway mainte-
nance accrue in the form of vehicle operating cost 2 3
(VOC) savings and that these are often the dominant RD = 11 + 0.23 T - O.0037T + O.000073T (2)
factor in reaching economically optimal highway
maintenance policy choices. In fact, vehicle opera-
ting costs on an unpaved road surface in good condi- LD - 1.5 + 1 4e

- 2 3T (3)
tion can be about 30-40% lower than if the surface
ware not adequately maintained. 2

The traditional approach to quantification of
benefits due to good road maintenance takes the form GLa = 4 a (4.2 + 0.09 2Ta + 3.5 R 2

of a static economic model that assumes fixed and T + 50
often arbitrary levels of VOC under "good" and "poor" a
road maintenance conditions; the VOC difference com- + 1.88 VC) (4)
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Sand-Clay Earth Roads consumption was also estimated from the results of
the Kenya Study while for vehicle depreciation and

R = 3250 + 785 T (5) crew costs the method recommended in de Wielle's
work (1) was used. Composite VOC, obtained by adding

RD = l4 + 1.2 T (6) the individual costs of VOC components, were calcula-
ted for the four representative vehicles--light goods

-0.23T vehicle (VL), single-unit truck (CMS), medium truck-LD = 1.5 + l4e- ; under dry grading with trailer (CMR) and heavy truck-trailer (CLR)--used in
the example demonstrating the application of the

LD > 10.0 mm. (7) proposed analysis method to a road maintenance pro-
gram. The physical characteristics and costs of

LD = 1.0; under wet grading (8) these vehicles are shown in Table 1.

Tracks Table 1. Vehicle characteristics and costs

R = 3250 + 1255 T (9)
Light Single Medium Heavy

Goods Unit Truck- Truck-RD = 1i4 + 1.2 T (10) Vehicle Type Vehicle Truck Trailer Trailer
(v) (CMS) (R) (CLR)

LD = 1.5 + le- 023T; with LD > 10.0 mm. (11) Physical Characteristics
and Utilization

where:R = mean roughness (mm/kin) Brake Horse Power 86 130 160 250Payload (t) 1 7 14 24
RD = rut depth (mm) Gross Vehicle Weight (t) 2.5 13 27 38
LD = depth of loose material (mm) Fuel Type Gas. Diesel Diesel Diesel
T = cumulative traffic volume in both directions Annual Operating Hours 800 800 1,200 1,200since last grading (thousands of vehicles) Annual Crew Hours 2,000 2,000 2,000 2,000
GLa = annual gravel loss (mm) Annual Kilometerage 25,000 25,000 25,000 35,000Ca=anagrvlls(m)Average Vehicle Life (yr.) 4 6 6 6
Ta = annual traffic volume in buth directions

(thousands of vehicles) Unit Costs (net of taxes)
RI=annual rainfall measured in meters New Vehicle (US$/veh.) 5,765 18,185 31,145 49,485VC = rise and fall, vertical curvature (%) Tires (US$/tire) 69 395 395 395

Maintenance Labor (US$/hr.) 0.40 0.40 0.40 0.40
Crew Cost (US$/hr.) 0.50 0.40 0.40 0.40

Vehicle Operating Cost Relationships FPLl (US$/litre) 0.33 0.30 0.30 0.30Lub. Oil (US$/litre) 1.40 1.40 1.40 1.40

In the Kenya Study relationships, if certain phy-
sical characteristics of the road (such as geometrics,
altitude and moisture regime) are fixed vehicle speeds Unified Road Deterioration and Vehicle
and consumption of fuel, tires, spare parts, and Operating Cost Relationships
maintenance labor can be estimated as a function of
surface condition descriptors, R, RD, and LD (4). The A review of Kenya Study relationships showed both
average road geometric and environmental characteris- road surface deterioration parameters (R, RD, LD) and
tics assumed in estimating speed and VOC components VOC could be reduced to a common denominator--cumula-
were: moisture content, 3%; average rise, 30 m/km; tive traffic volume (T), provided that road geometric
average fall, 30 m/km; average horizontal curvature, and environmental parameters remained fixed. This
175 degrees/km; and average altitude, 375 m. Oil special characteristic of the two relationships was

Table 2. Vehicle operating cost equations

Road Surface Standard Upper Bound
and Number of Error of Limit on VOCVehicle Type VOC Estimation Equation Maximum T Observations 82 Estimate (US$ Equivalent)

Lateritel'
Light floods Vehicle VOC=213.3240.0094T 2  100 19 0.985 1.85 310
Single 'nit Truck VOC=392.44+0.0216T2  i00 19 0.991 3.27 610Medium Truck-trailer VOC=692.9840.0422T 2  80 19 0.984 8.53 1020
Heavy Truck-trailer VOC=861.93+0.0557T 2  80 19 0.984 10.95 1225

sand-Clay c

Light (;oods Vehicle VOC=207.02+I2.87T-0.2496T2 30 17 0.987 6.72 370
Single Unit Truck VOC=385.96+I8.56T-O.2660T2  30 17 0.994 8.39 710
Medium Truck-trailer VOC=676.29+34.73T-O.43(',T2  30 17 0.994 16.96 1350Heavy Truck-trailer VOC=833.83+5l.40T-0.7947T2  30 17 0.994 22.49 1675

Track
Light Goods Vehicle VOC=206.86+21.51T-O.8o5lT 2 +O.OO3T4  

30 17 0.986 7.42 370
Single Unit Truck VOC=384.54+31.04T-1.O593T 2

+0.0(T4 30 17 0.991 10.32 710
Medium Truck-trailer VOC=675.07+58.37T-l.9396T2+0.O0OT 4  

30 17 0.992 19.23 1350
Heavy Truck-trailer VOC:B31.15+86.49T-3.0527T2+O.Ol2T4 30 17 0.990 28.99 1675

a T=Cumulative traffic volume between gradings in both directions ('000 vehicles).
b Applies to gravel roads with at least 2 cm of laterite surface.
c Applies to earth roads and gravel roads with less than 2 cm of laterite surface.

Note: VOC - vehicle operating coat (US$/1,000 kIn)



262

Table 3. Vehicle operating costs as a function of traffic and road surface characteristics

VOC Estimate'

Road Surface T R RD LD VL CMS CKR CLR

Cravel Road: 0 3250 11.0 15.5 213.32 392.44 692.88 861.93
(Laterite Surface) 1 3332 11.2 11.1 213.33 392.46 693.02 861.98

10 3944 13.0 2.9 214.27 394.60 697.20 867.49
20 4410 14.7 1.6 217.09 401.09 709.86 884.20
30 4744 16.5 1.5 221.81 411.91 730.96 912.30
50 5400 22.4 1.5 236.89 446.52 798.49 1001.11
80 7794 43.1 1.5 273.67 5,0.89 963.09 1218.24
100 11450 70.0 1.5 307.61 608.76 - -

b
Maximum VOC 310.00 610.00 1020.00 1225.00

Earth Road: 0 3250 14.0 15.5 207.20 385.96 676.29 833.82
(Sand-Glay Surface) 1 4035 15.2 11.1 219.64 404.25 710.58 884.78

5 7175 20.0 10.1 265.08 472.11 839.02 1079.89
10 11700 26.0 10.0 310.74 544.95 979.92 1304.11
20 14000 38.0 10.0 364.53 650.73 1196.23 1543.38
30 14000 50.0 10.0 373.47 706.97 1325.18 1659.38

Maximum VOC
b  

375.00 710.00 1350.00 1675.00

Earth rrack: 0 3250 14.0 15.5 206.86 384.54 675.07 831.15

1 4505 15.2 11.0 227.57 414.52 731.51 914.58
5 9525 20.0 10.0 294.81 513.53 919.45 1188.03
10 14000 26.0 10.0 344.45 593.12 1072.97 1402.98
20 14000 32.0 10.0 360.80 646.98 1197.22 1535.71

30 14000 50.0 10.0 373.47 706.97 1325.81 1659.38

Maximum VOC
b  

375.00 710.00 1350.00 1675.00

a Vehicle operating cost estimate (US$/1000 Ion).

b Maximum VOC corresponds to an average speed of 10-15 km/hr.

used to formulate a unified relationship that would where: f(T)1 = VOC equation corresponding to mainte-

permit direct VOC estimation as a function of cumula- nance strategy 1

tive traffic volume (T), bypassing all intermediate f(T)2 
= VOC equation corresponding to alternate

steps requiring estimation of vehicle speed and VOC maintenance strategy 2

components as a function of surface condition para-
meters. The unified VOC estimation equations were This procedure simplifies the calculation of benefits

obtained by regressing composite VOC with cumu]ative and does not require discrete addition of vehicle

traffic (T), for three road surface types (Table 2). operating costs. For example, VOC benefits from two

The interaction among cumulative traffic, road sur- gradings per year, as compared to one grading per

face condition variables and the related VOC is shown year on a sand-clay earth road, for a traffic stream

in Table 3. containing only light vehicles (VL) can be expressed

as:

Estimation of Benefits due to Reduced Vehicle B = l000IX (207.02 + 12.87T - 0.2496T
2 )dT

Operating Costs

With the use of VOC equations shown in Table 2, - 2(1000)1 /2(207.02 + 12.87T O.2496T 2)dT
savings in vehicle operating costs during a given time

period (normally one year for purposes of discounting) 2 2 3 3
can be estimated directly as follows: = 1000(12.8T(. - ) - 0.2496(x - )) (13)

2 4312-,

1. Calculate an average VOC equation by weighting where: x = accumulated number of vehicles per year in

the VOC equations for different vehicles by their thousands

respective percentages in the traffic distribution. B = VOC savings in US$/1000 km.

2. Use the average VOC equation to:
(a) sum the operating costs of vehicles accumulated
between gradings during one year, for a given main- Application to Economic Analysis of a

tenance strategy (e.g. 2 gradings per year and other Maintenance Program

required routine maintenance);
(b) sum the operating costs of vehicles accumulated The foregoing analytical procedure was applied to

between gradings during one year, for an alternate evaluate the economic value of a maintenance program

maintenance strategy (e.g. regravelling, 2 gradings for a network of 5,300 km of unpaved roads and tracks

per year and other required routine maintenance), in West Africa. The area covered by the maintenance

3. Determine incremental benefits (VOC savings) program is characterized by a dry climate with an

due to the alternate maintenance strategy as the average rainfall of about 1,100 mm per year. The

difference between the summed VOC for the two main- average altitude is about 375 m with a flat to roll-

tenance strategies. ing terrain. As deposits of good lateritic gravels
are not plentiful, a mechanically stabilised sand-

Mathematically, this can be expressed as: clay mixture has been used as the wearing course on

some unpaved roads.
VOC Savings = If(T)1dT - If(T)2dT (12)
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The Maintenance Program Classification of the Road Network

The maintenance program was designed to cover both The unpaved road network of about 5,300 km, varied
routine and periodic maintenance (regravelling) activi- from all-weather gravel (laterite-surfaced) roads to
ties. Fully mechanized routine maintenance operations tracks. The base-level average daily traffic (ADT)
consisted of grading, compacting, and dragging with on the network ranged from about 50 vpd on the late-
tractor-drawn tires. Other operations such as filling rite-surfaced roads to less than 10 vpd on the tracks.
potholes, clearing ditches and calverts, vegetation As the road network had not been functionally classi-
control, and spot regravelling were placed under tile fied, it was categorized according to its engineering
responsibility of road gangs. Each gang consisted of and traffic characteristics (Table 4). An average
25 laborers under tile direction of a sector chief with traffic growth rate of 3% per annum was assumed over
responsibility for a road maintenance sector covering the analysis period.
100-200 kn.

The physical requirements for the maintenance pro-
gram Included provision cf equipment plus an initial Determination of Maintenance Strategies
stock of spare parts, workshop equipment, construction
of equipment sheds, improvements to the workshops, con- Maintenance policies for unpaved roads included
struction of spare parts store, offices for equipment drainage and vegetation control, dragging (with rubber
inventory control and inspection, and buildings to tires), emergency repairs resulting from washouts and
serve as administrative centers for the road sectors, weak spots, grading, and resurfacing with gravel. As
To feet the requireients for mechanics, operators, and no definite, quantified models are available to eva-
other skilled staff, a comprehen:;ive training program luate benefits, from four of the basic routine mainte-
including technical assistance and equipment for a nance operations--drainage clearance, vegetation con-
training center was instituted. Senior administrative trol, shoulder maintenance and surface dragging--it
and technical staff needs were met by provision of a was assumed that a certain level of expenditures for
technical assistance team, whose functions included these routine items was required as part of the over-
training of local staff ano development of the neces- all maintenance policies. For grading and gravelling,
sary capability for equipment maintenance, and planning which consituted the major maintenance operations it
and execution of road maintenance works, was necessary to determine: (i) appropriate grading

strategies for various classes of roads included in
the maintenance program; and (ii) the traffic level

Sequential Economic Evaluation Procedure at which surfacing with gravel would be economically
justified.

The evaluation of the maintenance program followed
a sequential procedure involving classification of
roads included in the maintenance program, determina- Grading Frequency
tion of appropriate maintenance strategies and the
overall economic assessment of the maintenance program. The effect of more frequent grading is to improve
After the road nutwork was categorized broadly accord- the condition of the road surface and thereby lower
Ing to its engineering and traffic characteristics, an vehicle operating costs. The vehicle operating costs
appropriate maintenance strategy was determined for corresponding to various grading frequencies for a
each road surface type by calculating the incremental given type of road surface were obtained by
VOC savings associated with the improved maintenance IN
operations. This was followed by determination of EVOC = N 0 / f(T) w dT (14)
overall economic benefits (VOC savings), which were
then compared with maintenance costs to evaluate the where:
economic returns for the routine and periodic mainte-
nance components of the maintenance program. EVOC = cumulative vehicle operating costs in

one year corresponding to a grading
labh- 4. Cl.,,Ification of ra7 ,ctwor' for economic frequency, N/year (US$/km);

analt;is f the Ma.inL-tance program x = cumulative number of vehicles during one
..... ..... ..... ............. .. ......... . . year in thousands;

N = grading frequency (number of bladings/
Network 1.ength aT II!;trIhution of TraffIc year); and
Caterv (1m) (vp) MVl :s .CMR %CLH f(T) w = average VOC equation obtained by their

-... - . . . ..- ---- . respective share in the traffic stream.

(;ravel ioads' 1(95 49 45 15 25 15
(;ravel S ,al 79 N5 45 15 25 15 The incremental benefits (reductions in vehicle
(;ravel Roads 276 15 45 15 25 15 operating costs) due to additional grading were
Earth Roads' 63 40 45 15 25 15 obtained as:
Earth Roads I1l 34 45 10 0 25
Earth Road. 175 17 45 10 0 25
Earth Roads 49 14 45 15 25 15 AVOC = EVOCN - EVOC (15)
Earth Roads 150 17 45 15 25 15 N+l
Elarth Roads 259 10 45 30 0 25 where:
Ma Jor Trackf, 99 29 45 15 25 15
Major Tracks 646 17 45 15 25 15 AVOC = Incremental reduction in vehicle operat-
Major Track, 72 13 45 55 0 0 ing costs (US$/km)
Minor Tracks 1544 5 45 55 0 0 EVOC = Cumulative VOC per annum for a grading
minor Tracks 1110 7 45 15 25 15 N frequency, N/year (US$/year)

TOTAL 5318 EVOC =Cumulative VOC per annum for a gradingN+15 frequency N+l/year (US$/year).

a All gravel roads have a wearing course of lateritic By equating the incremental benefits associated with
gravels. progressively increasing grading frequencies with the

h All earth roads have a wearing course of a mechani-
cally stabilized sand-clay mix. incremental unit cost of grading (US$80/km); optimal

C Host tracks follow the natural ground profile and grading frequencies were established for various
may have a few drainage structures.
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Table 5. Effect of grading frequency on vehicle operating costs carried out for earth roads with a sand-clay surface
for luLeritic gcavel roads and earth tracks; the results are summarized in

Table 6. The optimal grading frequency from an econo-

Cumulative Vehicle Incremental Reduction mic standpoint is defined as the breakeven point
Grading Frequency Operating Costs, IVOC in VOC, AVOC where incremental reduction in vehicle operating

(number/year) (US$/year) (US$/year) costs due to an additional grading (or grading with

APT 2oLCvj compaction) operation is equal to the incremental
1 1,670.00 - cost of one grading (or grading with compaction)
2 1,669.60 0.40 operation. It was found that at least one grading

ANT = 
3  

d5,0 per year was economically justified on all of the
2 5,020.04 8 three surfaces whenever the base ADT was more than

ADT = 50 vpd 5 vpd, when compared with the null alternative (no
T 8,400.98 grading at all). The frequency of grading, however,

2 8,360.85 40.13 is a function of surface type and level of traffic;
A T = 70 vpd a laterite (gravel) surfaced road requiring a con-11I,833.29 a(rvl eurn

2 11,723.17 110.12 siderably lower frequency of grading than a sand-
3 11,702.78 20.39 clay (earth) road or an earth track, for the same

A 1T = 90 vpd. level of traffic intensity. The optimal grading

2 15,103.47 274.03 frequency on gravel roads was found to be less sensi-
3 15,058.09 45.38 tive to traffic, changing from 1 to 6 gradings/year

ADT = 120 vpd with ADT varying from 30-250 vpd. For an earth road,
2 20,774.76 5 the optimum varied from 1 grading/year at an ADT of
2 20,219.14 555.62

3 20,116.25 102.89 10 vpd to about 17 gradings/year for a base ADT of
4 20,080.24 36.02 120 vpd. The optimal grading frequeicies obtained

ADT = 150 vpd by the preceeding analysis were used as benchmarks
2 26,489.33 1 and, where warranted, modified in the light of local
2 25,404.15 1,085.18

3 25,203.19 200.96 experience and climatic conditions to arrive at ope-
4 25,132.86 70.33 rational routine maintenance strategies that main-

ADT = 200 vpd tained an appropriate technical balance between gra-
2 36,819.60 - ding frequency and other essential routine mainte-
2 34,247.33 2,572.27

3 33,768.93 478.40 nance operations, particularly for earth roads. As
4 33,604.26 164.67 a result, the grading frequencies for gravel roads
5 33,522.09 80.17 were slightly increased while those for earth roads

A -E 25_0_0 43.-and tracks were reduced (Table 7).
1 48,436.01 -
2 43,412.04 5,023.97
3 42,481.67 930.37
4 42,156.04 325.63 Gravelling
5 42,005.32 150.72
6 41,923.45 81.87
7 41,872.82 50.63 Surfacing an earth road with gravel provides a

riding surface which can better withstand the dele-

terious effects of traffic and environment, thereby

permitting all-weather usage. The serviceability of
levels of base ADT. Where incremental benefits were the road is considerably enhanced, while routine
larger than US$400/km (the cost of grading with com- maintenance requirements become less stringent. In
paction), the grading operation was supplemented with addition, the better surface quality results in low-
compaction. The incremental (marginal) reduction in er vehicle operating costs.
VOC with increase in grading frequency for a lateritic In order to determine the breakeven traffic
gravel surface is shown in Table 5 with levels of base volume at which surfacing an earth road with gravel
ADT varying from 10-250 vpd. A similar analysis was or resurfacing an existing gravel road would be eco-

nomically justified, a benefit/cost analysis was
Table 6. Economically optimal freqzency of grading: operations carried out comparing the cost of four gravelling

alternatives with benefits resulting from differences
Optimal Grading Frequency(,radlngs/year) in VOC on gravel and earth surfaces with base ADT

Road and ADT Without With ranging from 30 to 90 vpd. The gravelling alterna-
Surface Type (vpd) Compaction

a  
Compactionb Total tives considered were:

Gravel Road: 10 1 0 1 Alternative:
(laterite) 30 1 0 1 A - 10 cm thickness; 6 m width with 0.5 m shoul-

50 1 0 1 ders.
70 1 1 2
90 1-2 1 2-3 B - 10 cm thickness; 7 m width with 0.5 m shoul-

120 1 2 3 ders.
150 1-2 2 3-4 C - 15 cm thickness; 6 m width with 0.5 m shoul-
200 2 3 5 ders
250 3 3 6 D - 15 cm thickness; 7 m width with 0.5 m shoul-

Earth Road: iu 1 0 1 ders.
(sand-clay) 30 2 2 4

50 4 3 7 Routine maintenance strategies shown in Table 7 were
70 6 4 10 assumed for the two surface types as required. Bene-
90 7 5 12

120 10 7 17 fits at a given base ADT were then calculated as:

Track: 5 1 0 1
(earth) 10 2 0 2

30 4 1 5

a Unit Cost of grading US$80/km
b Unit Cost of grading with compaction m US$400/km
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Table 7. Routine maintenance strategies adopted for the maintenance program

Road Type Gravel Roads Earth Roads Tracks
Base ADT (vpd): 10 30 50 70 90 10 30 50 70 90 5 10 30

Dry Grading
(operat ions/vear) i 2 2 2 2 1 1 1 2 2 1 1 2

Grading with Corpaction
(operations/year) ------ 1 1 1 2 - - -

Spot Repairs
(m3/km) 25 50 50 50 - - 25

Light Routine Maintenancea
(kn/year/sector) - 200 150 100 50 - 150 100 50 50 - - 200

1 ragging
b

(No. of operations) - 20 30 50 90

a Filling potholes, drainage and vegetation contol, shoulder maintenance, etc.
With tractor-drawn tires.

n NExa/NE .N

BPV E a=l f(TE) dT - NGING f(TG) dT Pwfa(i,n) (16)

where: with 45% VL, 15% CMS, 25% CMR, and 15% CLR with VOC

Bpv present value of difference in vehicle expressed in US$/1000 km. The details of the analy-
operating costs between gravel and sis are presented in Table 8.
earth surfaces summed over a period of The regravelling cycle in years, obtained by
one regravelling cycle (US$/km); dividing the thickness of the gravel surface by the

n = analysis period = regravelling cycle average annual gravel loss, was taken as the analysa.

(years); period. Discounted VOC savings were obtained as the

Xa = cumulative number of vehicles during present value of the difference in vehicle operating

year "a" in thousands; costs between gravel and earth surfaces over the

NE = grading frequency for earth surface analysis period as given by Equation 17. The net

(number/year); present value, then, was given as the differeiv.e

NG  = grading frequency for gravel surface between VOC savings and the corresponding cont of

(number/year); gravelling. The breakeven ADT for the four gravell-

f(TE) = average vehicle operating cost equation ing alternatives was taken as the ADT at which the

for earth road; net present value becomes zero. At a discount rate

f(T ) = average vehicle operating cost equation of 12% (assumed to be approximately equal to the

for gravel road; and opportunity cost of capital), it was shown that

pwfa (i,n)= present worth factor for period a, regravelling alternative B was economically justified

discount rate i, and analysis period n. for all roads with a base ADT of at least 47 vpd.

Accordingly, 395 km of gravel roads with an average

For this analysis, the average VOC equations for gravel base ADT of 48 vpd (Table 4) were included for gravel

and earth roads are given as: surfacing in the maintenance prezram; the design

standards for regravelling comprised a 7m wide run-

ning surface, 0.5m wide shoulders, and a 10cm thick-

VO G = 457.39 f 0.0264T
2  

(17) ness.

VOCE = 445.20 + 24.97T - 0.3806T
2  

(18)

Table 8. benefit cost analysis ro determine breakeven ADT for gravelling

Reg ravelllng Cycle Cost of G;ravelling Present Value of VOC

Base Average Annual for Gravel Thickness (US$/km) Savings (US$/km) at Net Present Value
ADTa Gravel .oss

b  
(years) Alternatives 12% Discount Rate (US$/ki)

(vpd) (cm) 10c m 15 cm A B C D A,B CD A B C D

30 0.98 10 15 7.165 8,265 10,745 12,400 3,270 3,960 -3,895 -4,995 -6.785 -8,440

50 1.26 a 12 7.165 8,265 10,745 12,400 8,300 10.390 1,135 35 -355 -2,010

70 1.40 7 11 7,165 8,265 10,745 12,400 9,845 12,860 2,680 1,580 2,115 460

90 1.54 6 10 7,165 8,265 10,745 12,400 10,830 14,950 3,665 2,565 4,205 2,550

Altprnative: A B C D
Breakeven ADT: 43 47 50 58

a

b Traffic growth: 3% per annum.
From equation 4 with R1 = 1.1 m; VC = 3%.
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Economic Evaluation of the Maintenance Program The incidence and magnitude of vehicle operating
costs and related benefits as a function of accumu-

The economic evaluation of the maintenance program lated number of vehicle passes and level of road
consisted of an engineering-economic assessment of the maintenance with and without the maintenance program
condition of the road network and the associated vehi- is demonstrated in Figure 1. Although the proposed
cle operating costs with and without the maintenance method of economic analysis requires the uce of stat-
program. Without the maintenance program, it was istical regression analysis and elementary calculus,
estimated that effective road maintenance would dec- to estimate VOC savings, it can be seen from Figure 1,
rease systematically and eventually cease in about that such VOC estimates can be alternately determined
four years. Maintenance output for with and without by preparing templates consisting of graphed average
maintenance program conditions is given in Table 9. VOC curves and then measuring the area under these

curves for given maintenance strategies.
fable 9. Maintenance outplt with and without maintenance

|,ro;ram

Benefit/Cost Analysis of Routine Maintenance
With,,tt Haintin ef n t Ii ra

Rout ine Maintenance With Maintenance Program Costs for routine maintenance included Wi) capital
;ravel Etarth Routine expenditures for maintenance and workshop equipment,

!(,LL'd Roads Tracks Total Halntenar.ceiti Reravelliny an initial supply of spare parts, buildings, and re-
Year (k k) (kin) (km) (kr) km) lated technical asuistance, and (ii) recurrent main-

tenance expenditures for fuel, spare parts and labor,
1 474 161 965 1,600 incremental to the amount spent without the mainte-
2 '74 DO 565 1,200 1,800 100 nance program. Using procedures discussed in the

474 1 t! 165 800 5,318 100 preceding sections, benefits were calculated in terms
4. 400 - 400 5,318 1005 - 5,318 95 of reduced VOC resulting from improved routine main-

6 - 5,318 - tenance. The benefits were accumulated over the 14
7 - 5,318 - classified sections aud grouped in three categories.

- 5,318 - The economic life of equipment was estimated to- average about 8 years while the salvage value of
a buildings at the end of the analysis period was esti-

I)itribution of roads and tracks as shown In Table 4. mated at 50% of initial cost. Other than the roads
to be regravelled under the maintenance program at

The economic rates of return for the iaintenance pro- the rate of about 100 km per annum during the first
gram (separately for routine and periodic maintenance four years of the maintenance program, gravel roads
components), were calculated by relating the incremen- with less than 2 cm of laterice surface were treated
tal cost of equipment and other maintenance inputs to as earth roads for purposes of the economic analysis
the corresponding incremental benefits in the form of of routine maintenance. The results of the benefit/
reduced vehicle operating costs, resulting from cost analysis are presented in Table 10. The econo-
improved road maintenance brought about during the mic rate of return for routine maintenance operations
economic life of the equipment. under the maintenance program was estimated at 74%

Figure 1: ECONOMIC BENEFITS FROM MAINTENANCE
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Table 10. Routine maintenance - benefit/cost analysis

----------------------COSTS (US$ million) ------------------------------ BENEFITS (US$ million)----------

Cattal Investment Recurrent Maintenance Costs Incremental VOC Savings

Equipment & Technical With Without Incremental Gravel Roads Earth Roads Tracks Total
Year Spare Parts Buildings Assistance Project Project Costs

a  
(750 km) (877 km) (3691 km) (5318 km)

1 1.473 0.708 0.621
2 2.945 1.416 0.621 0.493 0.491 0.227 0.231 1.149 1.607
3 0.621 1.479 0.410 1.073 1.116 1.335 4.138 6.589
4 1.479 0.410 1.073 1.098 2.056 4.253 7.407

5 1.479 0 .2 44 a 1.236 1.079 2.694 4.525 8.298
6 1.479 0.244 1.236 1.351 2.891 4.809 9.050
7 1.479 0.244 1.236 1.831 2.960 4.887 9.678

8 1.479 0.244 1.236 2.869 3.028 4.974 10.871
9 1.479 0.244 1.236 3.232 2.981 5.060 11.270

10 -1.0 62b 1.479 0.244 0.742 2.212 2.120 3.461 7.794

IRR = 74.1%
B/C @ 12% = 3.17

a Salaries for permanent road maintenance staff.
b Salvage value of buildings.

corresponding to a benefit/cost ratio of 3.17 at a 12% three years of the program; no maintenance

discount rate. thereafter (US$ million).
VOC1  Vehicle operating costs under maintenance

alternative '1',--2 gradings/year and
Benefit/Cost Analysis of Periodic Maintenance other routine maintenance operations over
(Regravelling) an 8-year period (US$ million).

VOC = Vehicle operating costs under maintenance
The coat of periodic maintenance included expendi- 2 alternative '2',--regravelling at 100 km/

tures for equipment and technical assistance, and year over 4 years, 2 gradings/year and

operational recurrent costs over the 4-year regravell- other routine maintenance over an 8-year

ing program. The average regravelling output was period (US$ million).

estimated at about 100 Ian per year with a total output Then,
of 395 km. A 50% salvage value was applied at the end VOCI - VOC0 = VOC savings under maintenance

of the regravelling program, because equipment would alternative '1'.

have been used for only one-half of its 8-year econo- VOC2 - VOC0 = VOC savings under maintenance

mic life. Since the regravelling cycle was calculated alternative '2'.

to be about 8 years, while only about 100 km would be or,

regravelled each year, the residual thickness of the AB = VOC 2 - VOcI

gravel at the end of the analysis period was also

assigned a terminal value. The annual gra.vel loss was The results of the analysis are presented in Table

estimated to be about 12.6 mm per annum. The bene- 11. The incremental rate of return for regravelling
fits from regravelling were taken as the incremental operations was estimated at 17%, corresponding to a

reduction in vehicle operating costs, additional to benefit/cost ratio of 1.26 at a discount rate of 12%.

the reduction effected under routine maintenance,

and expressed as:

Sensitivity Analysis
AB 

= 
(VOC2 - VOC 0 ) - (VOC1 - VOC0 ) (19)

The specific risk elements related to the main-

where: tenance program were increase in costs and possible

AB = Incremental benefits from regravelling shortfalls in the projected maintenance output. A

(US$ million), sensitivity analysis was carried to evaluate the

VOC 0 = Vechicle operating costs under the null effect of these parameters on the economic return of

alternative--one grading/year and other the maintenance program components (Table 12).

routine maintenance operations for initial If routine maintenance were confined to the most

Table It. lPegravwllinp - b n,fit/rion.t an,ilys hs

Benefits

C,,q;tn (Ill mllllorts)--- -- .. .... . avings (USS nllins
. . Sal ige Vi.lue Net Incremental

Iechlal Recurrent if Remaining Alternative Alternative Benefits

Year Equipment Assistance Expenditure Gravel Surface 1 2 Alt. 1 - Alt. 2

I 1.932
2 O.(i80 0.464 0.683 0.802 0.099

3 0.080 0.464 0.718 1.030 0.312

4 0.080 0.464 0.746 1.280 0.534

5 -0.916 0.080 0.464 0.785 1.611 0.820

6 2.648 3.662 1.014

7 2.694 3.763 1.069

B 2.747 3.881 1.134

9 -0.579 2.798 3.999 1.201

IRR = 17.2%
8/C @ 122 = '1.26
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Table 12. Sensitivity analysis tivity from estimation of vehicle operating costs as
they are affected by the quality and scale of mainte-

IRR (%) nance operations and provides the analyst a tool for
determining economically optimal levels of routine

and periodic maintenance. The analysis can be carried
A. Routine Maintenance - iRR=o7I.0%; B/Ca12%=3.17 out with a portable hand calculator without recourse

Effect of Reduced Maintenance Output to expensive and time-consuming computer-based models.
Network Maintenance: Some of the salient conclusions of the maintenance

5,300 kma 74.1 program example described in the paper are:
3,500 km 63.0
1,800 km 26.6 1. Efficiently executed routine maintenance

Effect of Reduced Equipment Utilization operations yield a very high economic return and can
Economic Life of Equipment: help to offset the need for early renewal of the road

8 years
a  

74.1 infrastructure.7 years 73.0

6 years 71.3 2. Once an earth road is surfaced with gravel,
routine maintenance requirements become less string-

Effect of Cost Increases ent and require a lower frequency of grading opera-
Increase in Costs: tions.

5% 70.3
10% 66.9 3. The optimal grading frequencies resulting
15% 63.8 from economic analysis should be used only as guide-
20% 60.8 lines in the design of maintenance programs; where

Effect of Increase in Benefits necessary, they should be modified to reflect actual

Increases in Benefits: operational conditions.
5% 77.9 4. The minimum breakeven ADT at which gravel

10% 81.8 surfacing of earth roads becomes economically justi-

fied varies from about 45-60 vpd, depending upon the

design standards used.
Effect of Reduction in Annual Output of
Itaravel nLt
Kilometers Regravelled per Year: References

100 km
a  

17.2
80 km 12.4

1. Jan de Weille, "Quantification of Road User Say-
Effect of Increase in Cost of Regravelling ings", World Bank Staff Occasional Paper No. 2,
Increas 1i6 Cost: Annex 1, World Bank, Washington, D.C., 1966,5t 16.1

10% 15.0 pp. 45-72.
20% 13.0 2. Abaynayaka S.W. "Techniques for Measuring Vehicle

Operating Cost and Road Deterioration Parameters
Effect of Increase in Benefits from Regravelling in Developing Countries", TRB Special Report 160,
Increase in Benefits:

5% 18.4 1975, pp. 302-330.
102 19.5 3. Robinson, R. et al. "A Road Transport Investment

Model for Developing Countries" TRRL Laboratory

As assumed under Lile maintenance program. Report 674, Crawthorne, Berkshire, 1975.
4. Abaynayaka, S.W. et al "Tables for Estimating

Vehicle Operating Costs on Rural Roads in Develop-important road links (about 3,500 km of roads and igCutis RLLbrtr eot73 96ing Countries" TRRL Laboratory Report 723, 1976.
tracks), it would have an economic return of about 63%. 5. Hide, H. "An Improved Data Base for Estimating
If the training program failed to produce sufficient Vehicle Operating Costs on Rural Roads in Develop-
personnel to expand maintenance operations, or if a ing Countries" TRRL Laboratory Report 223 UC,
shortage of recurrent funds limited maintenance to 1976.
current levels (about 1,800 km), routine maintenance 6. Rolt, J. and Abaynayaka, S.W. "Revision 1 of the
would yield an estimated economic return of about 27%. Road Transport Investment Model" TRRL Supplemen-
The economic return for routine maintenance was rela- tary Report 246, 1976.
tively insensitive to reduced equipment life and the 7. Moavenzadeh, F. and Brademeyer, B. "The Road
corresponding reduction in maintenance output during Investment Analysis Model: General Framework for
the later years of the program, showing only a 3 per- Link Evaluation" TAP Report 77-5, MIT, Winter
centage point drop in the rate of return with equip- 1977.
ment life reduced from 8 to 6 years. A 20% increase 8. Harral, C.G., Fossberg, P., and Watanatada, T.
in costs would lower the economic return to 61% while "Evaluating the Economic Priority of Highway
a 5% increase in benefits, a distinct possibility Maintenance" Pan-Africa Conference on Highway
resulting from a probable traffic growth in excess of Maintenance and Rehabilitation, Ghana; United
the assumed 3% would raise the economic return to 78%. Nations Economic Commission for Africa, November

Relative to regravelling operations, a 20% reduc- 1977.

tion in the annual regravelling output from 100 km to
80 km would lower the economic return to 15% while
a 10% increase in benefits would raise it to 20%.

Conclusions

An attempt has been made in this paper to present
an improved economic analysis method for the evalua-

tion of road maintenance programs for unpaved roads.
The method employs some of the latest research find-
ings related to traffic-induced deterioration of un-
paved roads and its effect on vehicle operating costs.
This evaluation technique removes much of the subjec-
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PA525/78

EFFECT OF SIMPLE ROAD IMPROVEMENT MEASURES ON
VEHICLE OPE'RATING COSTS IN TILE EASTE'RN CARIBBEAN

H iide, 'Tria.;prt and Road Research Laboratory, UK
D Keith, Briti ;h Development Division in the

Ct irLbe, Ba rbados ;

The paper dialcribe:; the effect on vehicle All the roads included in the analysis are of
operatin; costs; of a simple labour-intene;ive low strength having a modified stractural number of
method of reliabilit,tin; and mainta inint badly less than 3,(2) and have high horizontal and verti-
detirioratted bi tllenin sturflaced uiid: in the cal curvature (at least 300 degrees/kis and tip to
E.;t-ra Caribbean. TIe' tlociteilt.-s: h!ve'loped 100m/km respectively). They carry between 50 and
for the rehojbi i t:ati on and ,il ntentance at the 1500 vehicles per day and have all been trafficked
r1aad are d,'a cribtd, ii'1 tih; -ui loill , for between ole and two years since rehabilitation.
tateri.jal ; tlld iinpoWer i-jtijad orti l:;t,,d. As the improvements wre carried out to the road
The rohibii i tit loll ,lld ili 'Ieste ;y:,t 'a1l is surface only there was no chanige in road geometry
a :;imnp? an, r'-atrict,.d to ,du; i.gtiate but the riding quilLify of the roarl surface wan
dratilh e( fi Ilin; ti,' e,th(,i,,t in rh, road improved. Riding ual i ty hIas beayn llea.jatirod as i g a
ald tlo vidiinq I millil;:., e'I. over I].. whole vehicle mounted blimp inteljrator tin it.. 'I'li rotigh-

read :irtica.. Tlh, r, 
" 

id) ii 11vo:h At ness values obtained wer, then convrti-d to the

aper.lt irl' I: t:, ; t-. i it .ih ' t ., improve- correspondi g towed 5th Wileel biwl intitgrator

lilTilit ill the. riling ,1 1l, i:y i: 'Ih, i aid stir- va Ltie(1) . The roid sltface rouhne.'; as mieosured by
fic, it; wl t., lt, :-;lffliciot t to rcover the this method retduced from 70 milnrl/km before the

reihh i I itit ion cl t!;t; int a ve'ry h'hlrt titme evenii illllroe.'tmlt; to in1 averaq' of '0001miw/km oil campla-
at filw:; a ; low a:; 100 viehiclos ipr day. tion of the rrster.t Jan tjf th,: i ad s;irfaice;.
T 'la St it If till' O i.td:; it' included ini thi ; Details of tiese rouahiiei ;s mia urllments for at

s;cholmfll ,'ti' :ii I.,' l It rt'ijth, iivi clw jeil-tric representative 3alalpl a of the roaid; are qiven iii

;tLandiad:l; .iid it','' t rafiii Il aw; rail; liOj fruit Table 1, and their loeations are iiowni on the map in

50 to 1500 v,,hic.-l,:; ir diy. All the road:; Figure 1.
liav Len triff i,:', far it o lta year All cos:ts are ituot.ed naet of tax in Eastern
I;ilncll: i. in, rhoibil itated and ;olae for two Caribbean dol lars (EC$2.7 - US$l: EC$ 5.2 - C1

ye. I;. urin tli!; lime itt le or no dLa age sterling)
to tie .ski; rl ,tie hii; t , ;i plice.

The situation prior to the eliiabilitation Programme

Introdut. ioll SIt Vii,ceiit ham 120 kilometrea (200 miles) of
bituminous surfaced roads and, with the exception of

This r iport_ deu;,:ribe a the cost-effectiveness 24 kilitoietres (15 miles) which have been recon-

of i as;inpl, labour-initlaive itlethool of rathabi l- structed over the last: 10 years, they had raceived
tailP 11; amid aitintl badly deteriorated bituii- Little if iny nurfficei mairtt,inanct- since they were
nouiv; rotd ;uirfaces. first bituiinised fii the period 1950-1068. Th is

The method iu;ed to improve tli( road tur fac 'e:; wis iit'il ect had rena Lte_,d in serious d terioration of
devel oped it tihe Eastr'ni Caribl,in isllid of St time rUlittit t urfact' ciaLiri :id by 'xtens;ive pt-
Vincent by (ii1' of th' ,iLhl-ors whilst Reliomtal 11i- hoL].bith ald craz'intg, is -howni iil Figlire 2. It a
Lie W, t)::; Advi!;,r t-,, th( Brit i!;n IDevil,)ptmlent I[potihole' is defirt(d as ha vin a i minimuim diameter
Divis;ion in the (aribbean. Data i v(aiicle optrat- of 150rmm (6") and a in imum t le.th of 25m (1") , then

ill;g (i?:st; wart' iobtained from at ilnv'!;ti.ifatioll i Ito by 1976 iricidences of trie potholoe por liiiiar metre
vohilo )pralirtiiJ cli;t. bein under'itaken by THRI, ill of road were comonplace, and iil many ca;es the

the E:aste rn Caribbean ill from an oar lier study(l). whole width of the road Surface had been
The cost-'ffoctivenes;as of the ope ration is calcuila- broken up, forcinq traffic to drive oi the bouilder
ted by coitpiring the cost of the improvements with base. 'ie method of cons;truction adopted when the
the savings fit vehicl, operating costs resulting from roads were originally bituminised was basically
the improved riding quality of the road surfaces. grouted macadam. A loose layer of 25tm (I") stones

was laid over a boulder base, blinded with 13mlm (1 ,,)
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stones and then penetrated with bitumen and fill with a premixed bituminous macadam. 'This was
finished off with a layer of 6mm (4') to dust. the method most extensively used in St Vincent. In
Whilst this method of construction provides a order to make maximum use of labour the premix was
reasonably waterproof finish initially, it has the mixed by hand and this was found to be more effective
disadvantage that once water gains access through and cheaper than machine mixing. The cost of
the finished surface it easily penetrates the hand mixed material is about $93 per cu. metre
porous 25mm (I") layer down to the base, lifting ($70 per cu. yard) as compared with $113 per cu.
off large areas of surfacing. metre ($85 per cu. yard) for material made by a

Between 1968 and 1976 the St Vincent Govern- Spotmix machine:and $142 per cu. metre ($107 per
mant, using grants from the UK Ministry of cu. yard) for material bought commercially. It
Overseas Development, reconstructed 8 kilometres was found that 10 to 50 cu. metres of premix were
(5 miles) of the Leeward (West Coast) Highway and required per kilometre (20 to 100 cu. yards per mile)
16 kilometres (10 miles) of the Windward (East depending on the state of the road and its width.
Coast) Highway. In addition in 1978 the recon- The cost of providing and laying this material ranged
struction of a further 19 kilometres (12 miles) of from $1240 to $6200 per kilometre ($2000 to $10,000
the Windward Highway was started using funds pro- per mile).
vided by the European Development Fund. However In order to reduce the costs of patching still
with reconstruction costs of the order of- further a method of grout patching was evolved (Figure
$300,000 per kilometre ($ million per mile) it 3). This consisted of brushing clean the area to be
was clear that because of limitations on funds the repaired, priming with an RC 2 grade bitumen, fill-
remainder of the road network could not be recon- ing the hole with a suitably graded stone (the grad-
structed in this way. Ing being dependent on the size of the hole), grout-

The amount available for maintenance of bitumen ing with RC 2 bitumen and blinding with sand.
roads in the Recurrent Annual Budget is only Although rather crude, this method was quick and
$800,000 or $2500 per kilometre ($4000 per mile) produced a watertight patch. It was also less extra-
approximately and the Roads Maintenance Department vagant on materials since the hole was not squared
found that these funds were sufficient only to off and was therefore of smaller volume than when
repair the worst of the potholes with premixed filled with premix.
bituminous macadam. It was not possible to under-
take a maintenance and surface dressing programme
sufficient to arrest the decline of the road Surface Dressing
surface condition. To alleviate this situation
the UK Ministry of Overseas Development in 1975 It was soon found that roads repaired as des-
approved a grant to establish a Pilot Road Main- cribed above quickly deteriorated again, especially
tenance Unit on St Vincent to train local staff in during the rainy season. Water soon penetrates
maintenance procedures and to develop a cheap, to the road base through crazing in the bitumen sur-
labour-intensive method of rehabilitating the road face, through small potholes which have not been
system in order that its continued maintenance could repaired, and through patches. For example the 8 kilo-
be financed within the recurrent budget allocation. metre (5 mile) long Vigi Highway required the expen-

diture of the following sums for repairing potholes
over a twenty month period:-

The Rehabilitation and Maintenance Programme

Date Cost of repairing
The rehabilitation and maintenance of a typical - 8 kilometres

broken bituminous road surface comprises the
following activities: Nov.75 $10,000

Mar.76 $25,000
i. Clean and improve side and cross drainage. Oct.76 $23,000
2. Repair the potholes, bringing the road pro- April/June 77* $18,000

file as nearly as possible to its original shape.
3. Surface dress or otherwise waterproof the *immediately prior to surface dressing

repaired surface.
4. Maintain the road so repaired by:- Clearly the repair of potholes alone was
(a) Keeping the drains clean, insufficient to arrest the deterioration and it was
(b) Repairing minor potholes as they appear and necessary to waterproof the road surface by some

before they become major unes. inexpensive means. Accordingly a programme of sur-

face sealing was started in November 1976. After
experimenting with vatious forms of surface dressing,

Drainage including spray and chippings and slurry sealing, it
was found that the most effective method was labour-

Since the side drains and road culverts had intensive sandsealing. This had the following advan-
become blocked and overgrown and numerous land- tages:
slides had not been cleared, the initial cleaning
of the side drains was carried out using a grader, 1. It could be readily adapted to labour-
a front end loader, and dump trucks. The cost intensive methods.
of this operation ranged from $1250 to $2500 per 2. It used an easily obtainable and cheap sur-
kilometre ($2000 to $4000 per mile). Thereafter facing material.
it has been possible to maintain the drains in good 3. It provided a dense, waterproof finish.
order at a cost of $950 per kilometro ($1500 4. It caused the minimum disruption to traffic.
per mile) per year.

The method of sandsealing employed is as follows:

Repairing Potholes 1. RC 2 bitumen is poured on the road surface at
a rate of approximately 0.27 litres/sq. metre

The normal method of repairing potholes is to (0.2 gals/sq. yard).
trim off the sides, prime with MCO grade bitumen and
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2. It is then spread with rubber squeejees. way, hence three units will be capable of covering
3. The bitumen is thn covered with a layer all the bituminous roads in the country at a cost

of sand 25 to 30mm thick. of $108,000 per year when the 240 kilometres
4. The sand is then lightly rolled. (150 miles) included in the rehabilitation

programme has been sealed.
These steps are shown in Figures 4, 5 and 6 and a
completed road in Figure 7. At normal daytime
temperatures in St Vincent (over 700 F) the RC 2 Cost of the Rehabilitation and Maintenance Programme
does not need heating and can therefore be poured
straight from the drums. The average rehabilitation costs are given

The cost for a kilometre of 3.7 metre (12 ft) below but in practice they vary from road to road
wide road is: ar; can be more clearly seen in Table 1.

RC 2 Bit,*men 6000 litres @$0.42 per $2500 1. Re-establishing earth $1900 per kilometre
litre side-drains ($3000 per mile)

Sand 100 cu-metres @$7.50 per $ 750
cu-metre 2. Patching potholes $4300 per kilometre

Roller 6 days @135 per $ 210 ($7000 per mile)
day

Labour 177 man days @$7 per day $1240 3. Sandsealing $5000 per kilometre
Small tools -tc $ 300 for 3.7 metre road

($8000 per mile for
Total $5000 a 12 ft. wide road)

$6200 per kilometre
or approximately $1.35 per sq. metre ($1.10 per for a 4.6 metre road
sq.yd). ($10,000 per mile

for a 15 ft wide
road)

Regular Maintenance
Maintenance costs after rehabilitation are:-

Side Drainage. A- mentioned above the
recurrent maintenance cost for keeping clear side 1. Drainage $950 per kilometre
drains and culverts is approximately $950 per ($1500 per mile)
kilometre per year, which equates to one man per
1.6 kilcmetre (1 mile) per year plus a few hundred 2. Surface patching after Average $300 per
dollars extra for emergencies. In some instances rehabilitation kilometre
the method adopted fcr this maintenance is to give ($500 per mile)
one labourer the responsibility for keeping clear
one kilometre of roacl., but usually casual gangs are 1st year Nil
emtloyed to clear specific lengths. In either 2nd year $ 60 - $ 190 per km ) Depending
case the importance of keeping the side drains ($100 - $ 300 per mile) on the
clear to stop water from getting into the road base 3rd year $190 - $ 620 per km ) traffic
c,Annot be over-emphasised. ($300 - $1000 per mile) volume

Surface 4aintenance. I'he object of the rehabili- Future maintenance costs are a matter of con-
tation and surface dressiing programme is to bring jecture but the indications are that total
down the costs of regular surface maintenancri to recurrent costs for maintenance when the programme
manageabie proportions arid in this the programme has is completed will be:
succeeded. The first stretch of 8 kilometres (5
miles) to be sandsealed on the Leeward Highway Drainage 320 kilometres @ $ 950 = $300,000
has not requireC satching since it was sealed in (200 miles @ $1,500)
the period November 1976 to May 1977 The more
heavily trafficked Vigi Highway was- sundsealed in Surface 3 patching @ $36,000 =$108,000
early 1977 and to date (May 1970) ras only required patching units
minor pothole patchinc on on., occasion at a total cost
of "16o. $408,000

A mobile patching gange of 8 men has been formed
equipped with minor tools such as hand rammurs and This is well within the annual m~intenance
a flat-bed truck for transport. This gang patrols budget and leaves $400,000 for additional surface
the sealed roads in a 3-month cycle, patching dressing, widening and improvements.
with premix or grouting any small failures as they The life of the sandseal cannot be predicted
occur. with any certainty _; the first strEtch was only

The cost of this gang per day is as follows: completed in November 197C. :*:.ever, observation

indicates that on lightly trafficked roads a lifeMater'ilds $150 of 5 to 10 years can be expected.
Labour $ 80
Vehj cl $ 45
Tois etc $ 5 The Effect ,of the Improvements on Sarface Roughness

$180 The roughness of the roads included in this
programme was measured using a vehicle mounted

Assumiw:i a ,orkinq year of 200 days the cost of Bump Integrator Unit. Roulghness measurements were
one gang ,,r year is $ 6,UUO. A gang can maintain 100 taken before, during arid after th. iPiabilitatlon
kilcvetr,-, 70 r Jl) , rel,,bil'tated road in this operations. Typical results, tv..th,,r with
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rehabilitation and surfacing costs, are given 1. 1600cc saloon car (European type)

in Table 1.
On the worst roads nn tile island roughness of

nearly 10,000mm/km were recorded, whilst those............. before
.'ecenitly completely recoustructed gave readings as component before after ratio afte 1.65

low as 2500nmm/knl. It was found possible in the
relhbilit.ation prograime to reduce roadi; froms fuel 0.06 0.06

700045/ km down to 1500mm/km by patching, and to oil 0.01 0.01

dchieve i further reduction to 40001mm/kin by sand- parts 0.09 0.04 reduction $0.11 per km

!;va I en, labour 0.04 0.02 in cost ($0.18 per

tyres 0.08 0.04 mile)

lPer vt ion of the Vehicle Operation Costs total [ 0.28 0.17

Mothldology 2. 2000cc 1 tonne van

T1h methodi used to calculate the vehicle

operating costs for this evaluation is the same component before after ratio before = 1.65
aS that us ed in the TRRL Kenya study(l) where tile after

various components of totlI vehicle operatirg fuel 0.07 0.07
cost!; were considered sep;,rately on a quantity oil 0.01 0.01
rather thau i cost basis: the cost at any particu- parts 0.12 0.06 reduction $0.13 per km
Ilar time bein obtained by applyinq the relevant labour 0.04 0.02 in cost ($0.21 per
unit co st:; in operition at that tlme. tyres 0.09 0.04 mile)

The componets of total vehicle operatinq
cost used in compilinq the figures calculated for total 0.33 0.20
this study wet,, -is follows:-

3. 5000cc 7 tonne truck
1 . lel consuliptio:.

2. Oil consumption.

3. Spare parts. F before
.4. Mairiten;,snce labour. component before after ratio after 1.42

5 l. yre- consumpt i on.
fuel 0.11 0.11

As th, gtomet ry of the road system in St oil 0.02 0.02

Vincent is the main factor controlling the speed parts 0.11 0.07 reduction = $0.13. per km

of vehicles; rither than the condition of the road labour 0.04 ).03 in cost ($0.21 per

surfice and distaces travelled are short, very tyres 0.16 0.08 mile)

l it le change i journey t imes between various I

point-; on the island has occurred since the total 0.44 0.31

road issprovolent:S . Th, *tv,rage arinsal useage of
vehicles Ilha; also charled little and therefore The unit prices used in deriving thes. figures are:

the va lutie of time and overheids has been virtually
ui c:lhasged, althu h in the case of the latter there
may har beo ril i slight reds. e ti un due to tile f al I Car - Van Truck
in vehicle i:ainteinalce reqiienents.- _

Vehicle cost i20,00 525,JUO $45,000
V dhicle 'ypes EvaLuated Fuel (litre) $0.49 $0.49 $0.40

Oil (litre) $0.67 $0.67 $0.67
Tiii Lyi,,on of vehicl,- were consiured to be Labour (hour) $6 $6 $6

stifiicient for tlh. purlos)e .if this study to Tyres $72 $112 $260
repre'sent the c 4eraill vehicle population travell-
ing on the roads of St ViIcent. They are:

1. A "Eurupe,n; typ," salous cir with a At these prevailing units prices the direct
i600cc petrol esvrjise, thre," yjrs old and having savings in operating costs per vehicle kilometre
covered 32,000 kilometres (20,000 miles) . realised by upgrading the road surfaces so that the

2. A I -rge van with a 2000cc petrol engine surface roughness is reduced from 7000mm/'km to
arnd cirryi.g capacity of 1 tonne, three years 4000mm/kis is $0.11 for a car, $0.13 for a
old and h; iing covered .18,000 kilosetres 1 tonne van and $0.13 for a 7 tonne truck.
(30,000 siles) . Tile relationships used to calculate the quanti-

3. A 7 tonne carrying capacity truck with ties of fuel, oil, sparc parts and tyre consumption
a 5000cc ,igsine, three years old and having and to estimate the number of maintenance labour
covered 64,000( kilssicetres (40,000 miles). hours, are given in the TRRL Kenya Study report(li)

and the Transportation Research Board, Special Report
Vehicl e Operatl ins F;gtt for each Vehicle Type 160(3).

The fell owing tables give the cost per kilo-
metre, net of tax, for the componentu of vehicle The Cost Effectiveness of the Road Improvements
operating cost iscluded in the analysis beoh before

andI after the improveents to the road surfaces In order to assssPs tile cost salvingjs likely to
at the unit costs prev'ihng in 1378. result from the improvements mide to the roads, it

is necessary to takc into accourt both the cost

of the initial rehabilitation ins the likely future
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costs of maintaining the roads, find a cheap way of improving the roads of St
The average cost of rehabilitating one kilometre Vincent. Full scale reconst'uction was too expen-

of road is ,11,200 (/18,000 per mile) made up as sive to be applied to the majority of the 320
follows: kilometres (200 mites) of surfaced roads in need

of rehabilitation.
improving droinage $ 1900 per kilometr The methods described will enable all the sur-
filling potholes $ 4300 per kilometre faced roads to be improved and maintained within
sand selLing $ 5000 pr kilometre the present annual maintenance budget, leaving

some resources for improvements to the gradient,total $11,200 per kilometrL width and aligniment of the roads each year. The
savings in vlhile operating costs due to theThis is a once and for all .!xp,?nditure provided inmprovement in the condition of the road surface

theft the anual imia intenance prorTNmIe described equal the cost of the improvements to all the roads
below is adh,.red to. 'The costs o this prograime included in the scheme within two years, and from
ire: then art tie net annual vehicle operating cost

savings will substantially exceed the annual cost
c.learinq drtins $ 950 per kilometre of maintaining the roads.
patchingj potholc: $ ,it0 per ki ometre The labour-intensive method of sealing whichre-seal ing $5000 per k letere has been adopted permits a very flexible approach

to the management of road maintenance, it being
Thea first two operttiort * e carried out each possible to switch a maintcnartce gang from one

year, but roselin' is only undertaken whetn area to another at a few hours' notice.
neces;;ary, depetid inq on the level of traffic on The maintenance technique adopted has greatly
ech partijcular road. Although none of the reha- reduced the cost of operating vehicles it St Vincent
hilitated roads have yet reached the stage where and at the same time has increased the amount of
further resal ing is necessary the condition of work which carn be carried out on the roads withintho:e which have been trafficked for two years the fixed budget available to the Roads Department.
since being upgraded sitigests that further resealing
will not het necessary for at least another year
for the most heavily trafficked roads. Three Acknowledgements
years la; thtreftore been taken as the frequency
with whici the mos.t. hltvi ly trafficked roaIds carry- This study was carried out jointly by the

itJ it least 1000 vehicos e; day will rquire re- Overseas Unit of the Transport and Road Researd
setlin nd fuer, five, :;ix and sove years has Laboratory, United Kingdom (Ilead of Unit, J Nbeon f;!0u1 i for toad.; carrying 600-1000, Bulman), and the British Developtrent Division in the
'00-03l, 100--200 ,d l(,!;r; thin 100 v,-hicles a Caribbean. The paper is published by permission of

day retiqlct iv,:ly. the Director, Trtsport and Road Research Labora-
A; oratoil :ibove the :sajvings in vehicle operat- tory. The assistance of the Chief Engineer and

in co;ts per vehicl( kilometre resulting from the staff of the Roads Department of the Ministry of
up'jrtding if the_. r-i, d,; are $0.11, $0.13 and $0.13 Works in St Vincent is gratefully acknowledged.
for Cdr:;, 1 ight cornmmrcial Anid heavy comtnercial
vthili:h; r,. 'pct ivly. Those give art average
figure of $0. 12 for a I . vehicle on tlhe basis of References
the proj)ortions of the different vehicle types in
St Vincent. 1. If Hide, S W Abaynayaka, I Sayer and R 5 Wyatt.

In the inalysis the cost effectiveness of the The Kenya Road Transport Investment Cet Study:
scheme is oxamined at various levels of traffic, research on vehicle operating c sts. Department
The costs arid benefits are disountted back to the of the Environment, TRRI, Report LR 672.
base- year it; which reconstruction take:s place and Crowthorne, 1975 (Transport arid Road Research
the nimbor of ye ~ra it t ikes to recover the initial Laboratory).
,ecoistruct iour cost is calcul.ateu. 'Fie present
best estimate of the rate of growth of traffic it; 2. J W Hodges, J Rolt and T E Jones. The Kenya
St Virncetri arid the discount rate currently being Road Transport Cost Study: research on
used to iss,2ss road improvement schemes in the LDC's road deterioration. Department of the
of the Eastern Caribbean are both 10 . Although Envi ronnent, TRRI, Report LR 673. Crowthorne
some information existed on the cost of previous 1975 (Transport and Road Reseorch Laboratory).
maintenance on the Vigi lliq/hway, there was
tot sufficient to be able to include this gener- 3. II hlide. Investigation of vehicle operating costs
ally in the analysis. in Kenya. Transportation Research Board.

Table 2 compares the costs and ben fits for eact Special Report 160 nn Low-volume roads
traffic level considered. It can be seen from the pp355-3 7 5

, 1975.
table thiat the cost of rehabilitating any road with
traffic flows of more trari 300 vehicles a day is
reo-avered through saving., i. ,,hicle operating
costs in the first year but it takes pCogressively Crown Copyright 1979: Any views expressed in th-is
longer at lower fl(c (2 years at 200 veh/d, 5 years paper are not necessarily those of the Departme.nt
at 100 veht/(d until at 50 veh/d it takes 12 years. of the Environment or of the Department of

This progrsooion is illustrated more clearly Transport. Extracts from tho text may be reproduced,
in the qrajph l;hown it; Fiqure H. except for commercial purposes, provided the source

is acknowledged. Reproduced by permission of her
Britannic Majesty's Stationery Office.

The ;irtl, I hr-i:i'.n;i.,* ::,"h'b ls of road
rphafr tnt,t is*c .,tna,r,, h-,r ibelt ilt this
pa;-..r w,.r. i,',!..i It ;,. :1 " e n.e l y t
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Table 1

Rehabilitation costs and surface roughness of some individual roads

Rehabilitation costs* per km .:oughness (mm/kin)
Reference Locatioln of Length Vehicles

number road kims Before After After per day
Drainage Patching Sealing patching patching sealing

VigI Highway
1 (Mesopotamia 8 $2500 $6200 $6200 7900 4300 3900 1540

- iArnos Vale)

[,eeward I ighway
(LMayo - Barouial I ie) 6.5 $2000 $2500 $5600 7500 4800 3800 250

3 Mcntreal Road 4 ,1300 $6200 $5000 9300 5800 5400 560

4 Vermont Road 4 $1600 $3000 $5000 7500 4400 4200 140

5 Calder Road 3 $2500 $6200 $5300 9300 4800 4500 180

6 Clare Valley 2.5 $1000 $2000 $5000 7000 4600 4300 110

*Eastern Caribbean dollars. 1978 prices.

Table 2

The time taken to recover rehabilitation costs on low flow roads
(all costs are in EC dollars for 1 km of road)

- A a Number of
Traffic ReaIi- Annual Annual Net annual yastflow tation maintenance VOC savings yrecover to
fVw cost 6cost savings 6  per year(V1/ x10 ( x. ) ($ x 10 )($ 106) rehabilitation

cost

'100 0.0112 0.0023 0.0158 0.0135 0.8

300 0.0112 0.0023 0.0119 0.0096 1.2

200 0.0112 0.0022 0.0079 0.0057 2

150 0.0112 0.0021 0.0060 0.0039 3

100 0.0112 0.0021 0.0040 0.0019 5

50 0.0112 0.0020 0.0020 0.0000 12
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Figure i. MAP of St. Vincent showing the roads Figure 2.
included in the rehabilitation scheme.

KEY
Full scale reconstrlction in progress or completed

Roads included in the rehabiltation scheme
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IMPLEMENTING A PAVEMENT MANAGEMENT SYSTEM IN THE FOREST SERVICE

B. Frank McCullough, The University of Texas at Austin
Freddy L. Roberts, Austin Research Engineers Inc
Adrian Pelzner, U.S. Forest Service

During the last six years, the University of 1. Timber
Texas at Austin and the U.S. Forest Service 2. Watershed
have developed and implemented a Pavement 3. Forage
Management System (PMS) called LVR into two 4. Wildlife
Regions of the Forest Service. This PMS is 5. Recreation
capalle of designing asphalt and aggregate
surfaced roads by considering material, traffic, To carry out its management responsibilitiesenvironmental and economic characteristics, tile Forest Service is building one of the largestThe LVR system has been in use by various and most complex transportation systems in theForests to design both recreational and world. Ta '.: , gives the magnitude of the roadlogging roads. Roads have been desigaed in portion of .h,. :r-,sportation system along withsonic Forests of Oregon, Louisiana, Arkansas, some genet ,i .! .rst information. Road buildingMontana and Georgia. Estimates of the savings and transrcrt,.;,: administration are an importantin both engineering and construcLlon tre and integrL. 'r of the resource management
presently being assembled and evaluation of process in the Forest Service.
the system by the user engineers are being
solicited. To date a number of programming
errors have been discovered and corrected. Table 1. Kilometers and investment of the Forest
However, even with these typical implementation Service transportation system.
problems, most of the user engineers are
satisfied with the design process. In several
of the Forests, the roads that have been Approximatedesigned will be monitored bi-yearly to deter- Investmentmine if the roads are performing as predicted Category Kilometersl/ (Dollars)by LVR. Of particular significance are the
comments from the user engineers who indicate
that the program greatly increases their Existing Road System 353,600 3,572,000,000
analytical capabilities and ability to obtain Planned Additionalr;nod life cycle estimatej for a larger number Kilometers 185,600 6,960,000,000
of candidate designs than would otherwise be Approximate Kilometers
possible. After detailed evaluation of the Constructed or Recon-
implementation in these two Regions, the Forest structed Annually 16,000 379,000,0002/Service will make a dertslon on service-wide Maintenance 353,600 61,000,0002/
implementation.

1/ 1 km = 0.6 mile
2/ FY 1978

Introduction

The basic mission of the Forest Service is to The surfacing for such an extensive road systemcarry out Federal responsibility for the wise use represents a sizeablu investment. For the 16,000of forest and related watershed lands. These lands km (10,000 miles) of roads to be constructed orcomprise one-third of the land area of the United reconstructed in 1979, the cost of surfacing willStates. The Forest Service has direct mana ement be approximately $75,000,000. Costs of thisresponsibility for approximately 757,000 kV (187 magnitude require constant analysis and scrutiny.million acres). The lands are managed for five Engincers must assure themselves that the invest-different and sometimes conflicting purposes: ment in surfacing is being spent wisely and effi-
ciently. However the search for cost effectiveness
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and efficiency is severely hampered by the lack of purposes, (3) optimizing resource management

specific surfacing design procedures for low efforts, (4) providing a tool for evaluating the

volume roads. effectiveness of specific pavement designs, and

For the most part present day pavement design (5) unifying design efforts within the Forest

technology was developed from and for roads carrying Service. Problem definition was achieved by

much higher volumes of traffic. Major research detailing the special constraints and consider-

programs on pavement design were conceived, spon- ations characteristic of low-volume forest road

sored, and formulated to solve problems relating designs as compared with the design of "higher

to high type pavements. Design theories and test type" roads.

roads paid scant attention to aggregate surfaced Following detailed identification of the

or bituminous surface treated roads. Yet these problem, work was begun to formulate a conceptual

type roads make up the vast majority of the system for designing and managing the surfacing of

Forest Service transportation system. Forest Service roads. Wherever possible pavement

In the early 1970's the Forest Service adopted management subsystems for low-volume roads were

a modified version of the AAS1tTO Interim Guide as defined. Where definition of a subsystem was not

the basis for determining structural design thick- possible because of the need for further research,

ness for aggregate surfacing. The modification relevant questions and ideas were formulated for

was based on a combination of (I) the AASHTO consideration in the eventual development of the

structural design equations (1), and (2) tile subsystems definition.
thickness design charts developed by the U.S. Army An essential part of the initial evaluation of

Corps of Engineers for unsurfaced roads and air- subsystems was the interaction and exchange of

fields (2). For bituminous surfaced roads the information between the University of Texas research

Forest Service design procedure is essentially the staff and Forest Service personnel that took place

same as the iASIITO Interim Guide. during a five day "brainsLorming session." Many
Although a surfacing design procedure was ideas and discussions were presented at this

adopted into Forest Service management procedures, meeting including those on (1) the decision making
it was readily apparent the procedures did not process within the Forest Service, (2) decision
adequately treat nor consider many variables, criteria, (3) terminology, (4) system input
constraints, and uncertainities. Furthermore, variables, (5) pavement performance, (6) pavement

because road design in the Forest Service is failure, and (7) special constraints and consid-

decentralized, the surfacing design process was erations for Forest Service roads (3).
often greatly influenced by the prevailing prac- In order to determine the relative significance
tices that existed at many different geographic of the variables discussed at this session, a

locations. Surfacing design was not being done rating and ranking of the pertinenL ideas and their
Jn a uniform, consistent manner, importance to the proposed pavement management

A critical review of the aforementioned factors system were completed by the conference attendees.
led to the conclusion that a significant problem The results of this "importance rating" were then

existed in surfacing design in the Forest Service. analyzed and the information obtained was used in
The factors can be summarized as follows: developing a conceptual pavement management system

for Forest Service Roads (3 and 4).

i. Approximately $75,000,000 million dollars
was being spent annually for surfacing on Forest
Service roads. Conceptual System

2. Existing structural design procedures were
inadequate and not responsive to low volume road The combination of structural design models,
situations. output representation, and evaluation criteria

3. Decentralized operatioes wqre resulting in with the previously defined major components of

inconsistent, non-uniform and widely varying a pavement ±s-nagenient oyster, for low-volumc Forest

procedures for structural design. Service roads resulted in the conceptual system as
shown in Figure 1.

Forest Service managers assessed this situation As can be seen in the diagram, the first step
and recognized the need for an idepth compre- in the systems design process is the collection of

hensive review to determine whether surfacing all necessary input data. Once this is completed
design could be strengthened and substantially a summation of the predicted Lraffic and loads
improved throughout the service. The first step that will travel over the proposed road during the
in this comprehensive review was to initiate a analysis period is calculated using the traffic

study to define the problem and the ramifications model with pertinent input data. A structural
of that problem. This study took the form of an strength for a design of given materials and layer
analysis to determine if a systems appro-ch was thickness values are calculated using one of the
appropriate for the design and analysis of Forest two strength models. This information is then

Service roads. used in a performance model to determine (1) the
wear-out function of the structure in terms of
either distress or a present serviceability index,

Problem Identification an( Pcfinition and (2) the performance of the structure in relation
to a cost function in serving traffic needs.

The first Ltfp was Lo further identify and When the measurable distress on a road reaches

explore the problem by acquiring detailed back- a level corresponding to a maximum acceptable cost

ground information and Investigating the present level as determined by the decision criteria, some
state-of-the-art for surfacing design in the Forest form of maintenance will be required to return the
Service as well as other low volume pavement design structure to an acceptable distress level. The
concepts. An assessment of the Forest Service structure is then re-evaluated according to the

needs for a pavement management system showed type of maintenance designated, and the extended
that emphasis was placed on (1) optimizing the life of the pavement is determined. This re-
total pavement investment, (2) providing pavement rvaluaticu process is indicated by the dotted line
performance prediction methods for planning from the serviceability-age history to the strength
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Figure 1. Conceptual pavement management system.
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models in Figure 1. This process of extending the a single computer program, identified as LVR, that
life of the pavement through maintenance activities can be used to design asphalt concrete, surface
is continued for the predesignated design life of treated, and aggregate surfaced rolus. However,
the road structure. since the program will only design for a single

The total design and management evaluation road surface type at a time, in order to compare
process can be carried out for many different an aggregate surfaced road with a bituminous
design and maintenance strategies, each goes surfaced road, it is necessary either (1) to make
through an optimization process and then is a run for an aggregate surface, modify the input
evaluated, compared, and arrayed for the subse- data slightly and rerun the program for a bitumi-
quent decision. nous surface, or (2) to stack both sets of input

data and obtain separate outputs for bituminous
surfaced and for aggregate surfaced designs in

LVR Program Capabilities one run of the program.
A brief description of the capabilities of the

The pavement management system that was program follows, however details of the program and
developed for the U.S. Forest Service consists of the various options are described in Reference 5.



280

Bituminous Surfaced Roads in the same manner for aggregate surfaced as for
'bituminous surfaced roads.

The bituminous surfaced road design portion of The second component of the triple failure
the program uses the AASIlTO structural design criteria is related to rutting. Failure in this
equation for flexible pavements (1, 6, and 7). This case occurs at the time when a 5.08 cm (2-inch)
equation, which is currently being used by the U.S. rut develops in the wheelpath. This criterion was
Forest Service (8), is based on the concept of the developed and reported (2) by the U.S. Army Corps
Present Serviceability Index (PSI) of a pavement, of Engineers and is discussed in more detail in

Using the bituminous surfaced road model, the Reference 5.
user can design and compare single and multi- The third and final component of the triple
layered paveient structures of either asphal. failure criteria is based on failure due to
concrete or bituminous surfaced treated surfaces, excessive aggregate loss, which results when the

thickness of the top layer is reduced to a user
specified minimally acceptable level. The amount

Aggregate Surfaced Roads of aggregate loss as a function of time is ither
predicted by the Lund (9) aggregate loss mcdel or

Like the bituminous surfaced road design specified directly; the cholce is based on user
previously described, the aggregate surfaced design preference. The aggregate loss models are dis-
uses the current U.S. Forest Service method which cussed in more detail ILI Reference 5.
Is based on a combination of the AASIITO structural The resulting failure time is then the minimum
design equation for flexible pavements (1, 6, and of the times calculated from:
7), and the U.S. Army Corps of Engineers Thickness
Design Charts (2). TIis method has been further 1. The rutting model as used by the U.S.
modified to account for aggregate loss in the Forest Service which involves computing the
aggregate surface 1iyer due to traffic action, failure time due to rutting as the maximum of

Failure of a candidate structure is defined as either
any of three events representing the time at which a. The failure time predicted by way of
(1) the PSI reaches the mininmum acceptable level, the ruLLing model briefly discussed above or
or (2) a 5.08 cm (2-inch) wheel path rut develops, b. The failure time predicted by the
or (3) thL reduced thickness of the surface layer AASIITO performance model.
due to aggregate loss reaches a minimum acceptable 2. The time at which excessive aggregate
value as specified by the user. This triple failure surfacing loss has occurred.
criteria is discussed later.

Using the aggregate surface design model, the The rutting model, like the AASIITO performance
user can design and compare single and multi- model, was originally Intended to be used to
layered structures of either of two strategies of compute the design thickness needed to carry a
aggregate surfaced road. One strategy is the use certain number of 18-kip (80 kN) equivalent single
of only aggregate surfacing during the design axle loads under given circumstances. Given the
period; whereas the second strategy provides for a thicknesses of the layers, the layer coefficients,
post construction bituminous surface treatment at a and other necessary information, however, both
later time during the analysis period, models can be used to compute the number of 18-kip

(80 kN) equivalent single axle loads which will
have been accumulated when failure occurs. The

Failure Criteria number of these loads, then, can be converted to
failure time by using a non-linear traffic model.

The principal surfacing material of Forest An illustrative application of the triple failure
Service roads is aggregate. Bituminous surface criteria is shown in Figure 2.
treatments and asphalt concrete are used to a
lesser extent. These surfacing imaterials fail in
vastly different ways. Because of this problem, Implementation Procedure
separate sets of failure criteria are used by the
program for bituminous aid aggregate surfaced The procedure for implementing LVR into Forest
roads. Service usage is visually described by the flow

chart in Figure 1. The basic philosophy in this
procedure was to (I) begin the trial usage at an

Bituminous Surfaced Roads Failure Criterion early stage for "hands on" experience, (2) utilize
experience of the Forest Service users as a guide

The performance of bituminous surfaced roads is for program revisions, and (3) conduct model
based on the results of the AASHTO Road Test as analyses at the same time in order to improve the
presented in the 1972 Edition of the AASIITO Interim program.
Guides for Design of Pavements (1) and in NCHRP To initiate the implementation, the first
Reports 128 (6) and 139 (7). In these reports, training session was held with Region 6 users in
failure of a bituminous surfaced road is defined as Portland, Oregon on December 20 and 21, 1976.
the time at which the Present Serviceability Index During trial usage the program was examined to
of a pavement roaches the minimally acceptable determine if everything was working properly.
value, Pt. This concept is demonstrated pictorially Interaction between Forest Service users and
In the top portion of Figure 2. University of Texas project staff was very impor-

tant in working out "bugs", developing the confi-
dence of the users, and in answering various

Aggregate Surfaced Roads Failure Criteria procedural questions. This interaction provided
the information needed for revisions in the program.

Unlike a bituminous surfaced road with its After the trial usage was tinder way, the
single failure c:riterion, the performance of ;in project staff began to make a more detailed
aggregate surfaced road is based on a triple analyqis of the progralm. Information from the
failur, criteria. The first component of the trial usage was helpful In selecting areas of
triple criteria is the PSI concept which is applied needed study. It soon became apparent that the
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Figure 2. Failure criteria for bituminous and aggregate surfaced roads (4).
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rutting and aggregate loss models would have to be Service users. Two of these sessions were held instudied in more detail. A sensitivity analysis on Portland, Oregon (Region 6), one in Atlanta,
the program played a major role in examining LVR Georgia (Region 8), and one in Missoula, Montanainput variables. The sensitivity analysis was used (Regions 1, 2, 3, 4 and 9). A total of 70 Forestto make program revisions and to analyze the Service "students" attended the sessions.significance of input variables. Usually, tihe first day of thle session IncludedOther activities during the implementation project background, a discussion of the systemsperiod involved conducting training sessions in approach, discussions of the models included inseveral other Forest Service Rpgions, developing a the program and a detailed discussion of the LVRuser's manual, and providing a detailed documen- User's Manual. The second day usually included
tation of thle LVR program. discussion and coding of an example problem, which

was prepared and executed by the participants, and
scheduled time for selected individual problems ofLVR Training Sessions interest.

At some of the sessions, rhe students hadA total of four training sessions were given by difficulties setting up input files at the Forestthe project staff to introduce LVR to new Forest Service Computer Center, located in Fort Collins,
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Figure 3. LVR implementation flow chart. Deflection Design Procedure. At the request
of Region 6, a deflection design procedure being
used in that Region was incorporated into LVR.
The model. was developed by Region 6 using regres-TRAININC SESSION FOR sion analysis techniques. The model is set up to

FOREST SERVICE USERS predict the time of pavement failure in a manner

similar to that of the AASIITO model previously
incorporated into the program. The deflection
model uses pavement deflection data as obtained
from a Dynaflect, and, as presently structured, is

VR TRIAL. TMPLEMENTArION I for use only with bituminous pavements.

Structural Model for Aggregate Roads. As a
result of a request from the Ouachita National
Forest, a change was made In the AASIITO structural
model as it applies to aggregate surfaced roads.

USER QUESTIONS The change involved tile layer checking scheme thatAND PROBLEMS insures the surface layer is adequately thick to
support the loads for thle soil support value of
the underlying granular layer on the subgrade.
S-nce the surface layer for an aggregate road does
not perform the same function, structurally, as
the surface layer of an asphalt road, this check

MOIDEL DEVELPMF.NTS; PROCRA1N was deemed inappropriate and is now bypassed when
AND USER'S MANUAL REVISIONS designing aggregate surfaced roads.

Non-Traffic Deterioration Parameters. During

the early sensitivity analysis, certain effects
LIVR SENSITIVITY caused by non-traffic deterioration parameters

ANALYSIS were noted and documented. It was deLermined that
when the program Indicates that there are no
feasible designs for a given set of Input data, it
may be because the swelling clay parameters P2P
(minimum level of PSI due to non-traffic deterio-
ration) and BONE (rate of deterioration) force the

FINAL 11ODEL ANALYSIS serviceability index to drop to the uaacceptable
level of P2 too quickly. If P2P is less than P2,
it may be impussible to remedy this by relaxing
any of the constraints related to cost, traffic,
or construction. To inform the user of this

1 situation when it occurs, the following message
DOCUMENTATION AND I was incorporated in the program: "Non-traffic

FINAL REPORT deterioration parameters are too restrictive for
all possible designs. Decrease time to first
overlay or reconsider valucs for P2, P2P, and
Bone."

Colorado. As a result of this problem, many of the
participants indicated a desire for more "hands on"
time with the computer in order to make runs using Changes in Program Code. Minor modifications
data brought from their respective Forests. At were made, usually the result of queries or "bugs,'
each training session an evaluation was conducted found in the execution of the program. Examples
to get feed back on the adequacy of teaching aids, where changes were made include the cumulative
handout materials and presentation techniques. The traffic wodel, the cumulative aggregate loss
results of this evaluation showed that the methods, function, and the rehabilitation strategy for
materials and techniques were very satisfactory. aggregate surfaced roads. As these problems were
In general, the project staff felt that the training exposed, the program code was checked to determine
sessions went very well, tile participants were very if the models were executing correctly. Corrections
cooperative and eager to learn about to use tile new were made and the program was rerun to verify that
program. Some participants suggested future it was operating properly.
,,v'slons be offered to refresh experienced users
and introduce new ones.

Documentation

LVR Model Modifications A User's Manual :as prepared during the develop-
nt phase of this project. The manual was continu-An important benefit of the implementation ously updated as changes occurred in thce program

procedure was the feedback of Forest Service user or siggestions were made to improve the input
expericnce with LVR. This feedback often pointed instructions. To aid in understanding the LVR
out modifications that were necessary to correct or program, and to make "anges in the program easier,
improve the program. Listed below is a summary of a three level documentation of LVR was also
some of the changes that were made in the program developed for the Forest Service.
as a resuti of this feedback. A detailed computer-generated flow chart,

along with a complete cross-referenced listing on
the Fortran code, is provided primarily for the
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computer analyst or engineer who wants to know represents a cross-section of planners, engineers,
either exactly how the program operates or desires and managers currently working in many different
to make a model change for updating the program. parts of the country. With this amount of exposure,
The second level of tile documentation Is for the it was felt that LVR would be tested against most,
engineer who wants to have a knowledge of where the if not all, possible applications of ForestService
different models are located within tile program, usage.
but does not want to go through the very detailed To ascertain the type of usage that LVR had
flow chart. This includes a brief descrip:ion of received and any additional needs for model
each subroutine and a list of key models along with revision and development, the project staff con-
appropriate references on model development. For dueLed a questionnaire survey with some of the
the engineer/administrator who is interested only users in all Regions where LVR had been introduced.
in tile general logic of how the program works, a Depending on the Region, this survey was generally
conceptual flow chart was developed with brief sent out after one year of trial implementation.
explanations of the subroutines. These different The following is a general summary of tile comments
levels of documentation should provide appropriate from the questionnaire.
coverage of the program for each of the anticipated
types of users of the documentation.

LVR Usage

Trial Implemnentation The general response from Forest Service
personnel around the country was the belief that

The trial implementation of the IVR program was LVR was a good program and that more frequent use
designed to give Forest Service engineers, planners, was expected in the future. However, the program
and managers an opportunity to use and evaluate the had received less than the planned amount of use.
program over a period of time. Trial implementation Some users had problems with data processing, some
would also test the program, reveal problems, and did not have the time or resources to experiment
provide useful experience under Forest Service with the program, while others did not as yet haveapplications in various parts el the country. authorization to use LVR. In sorme cases, trained

Implementation was initiated in Regions 6 and personnel had been transfered to other duties
8. Training sessions were leld in December of 1976 since the training session and were no longer
for Region 6 and March of 1977 for Region 8. These designing pavements. Three or four users simply
two regions provided a range of Forest Service road did not like the program, but they were a small
types. Because of high timber resources in Region minority. Most gave tihe overall program high
6 the transportation system consists of mostly log marks and said they planned to use it -ore in the
hauling roads. The design condition in Region 6 future.
usually Involves heavy axle loads and relatively
high traffic Volumes. In Region 8, on tile other
hand, there is a relatively low volume of log Problems with Models
haulilg traffic, but high recreational use of the
Forest Service transportation system. Also, The reply from most users concerning bituminous
because of high timber resource values, Region 6 surfacing design was very favorable. ost had
tended to have more money avallable for roadway satisfactory results and few problems in executing
construction and maintenance than Region 8. It was tire program. For aggregate surfaced roads, how-
felt that Reg.ions 6 and 8 would provide a wide ever, many users had unsatisfactory experiences.
range of conditions for implementing the LVP Problems ranged from unreasonable designs to
program. excess computer execution t.,me. Many questioned

During the implementation period, there was the accuracy of the aggregate loss and rut depth
increased interest from other regions to use ILVR. models which had also been of concern to the
Because of tins interest, trial implementation of project staff and future actions are being consid-
LVR was expanded to include certain other regions. ered by the Forest Service to correct this problem.
It was felt that this additional Implementation One common item mentioned by many users was
would benefit tire study by increasing tie expert- the intention to use deflection design methods
ence base of the trial implementation, and at tile more in tire future. With the number of new aggre-
same time benefit tire Forest Service by introducing gate surfaced roads to be built, and an Interest
more users to the new system. The project staff in determining overlay strategies for exioting
conducted a training session in October of 1977 in bituminous roads, It was suggested that tire
Region I (lisoaula, Montana) which included engi- deflection model be expanded and improved.
neers from Regions 1, 2, 3, 4, and 9. Subsequent Suggestions from Forest Service personnel
follow up discussions with these regions Indicated concerning changes and additional capabilities of
that tire program was being implemented in a number tire models were very useful. The suggestions
eF forests in these respective regions, ranged from providing input for dust abatement

During tire implementation period tire project cost to interaction with the Forest Service
staff served as consultants to users who had computer based Road Design System (RDS). These
questions or problems with tire program. Tins suggestions are being considered for present and
interaction served two purposes. First, it assisted future development.
tile user in his understanding and operation of the
program, and secondly, it was a valuable feedback
source for analyzing problems and making changes to Management's Opinion
tire program.

To secure tire opinion of Forest Service manage-
ment, tire questionnaire study included represen-

Results of Implementation tatives of every Regional Office that participated
in the trial Implementation. In general, the

During the trial implementation of LVR, over 70 response was very favorable towards the program,
Forest Service personnel from 30 forests and 7 and as at tire forest level, these users planned to
Regions were introduced to tire program. This make more use of LVR in tire future.
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One familiar concern was having adequate and to assist in management and financial planning
personnel and resources to spend the extra time are important characteristics of LVR which will be
often necessary when implementing new methods. particularly beneficial to the Forest Service
Another concern involved the ability of the Regional users.
Office to maintain In-house staff capable of
training new users and handling user problems.

One very important comment involved the mainte- Summary
nance of the program itself. It was stated that
considerable attention will be required to keep The procedure by which this pavement management
the models up to date, and if this is not done on system was developed has been long and arduous.
a continuing basis, the program may become obsolete However, the regularity and thorough.,ess of Lhe
in 3 to 5 years. This comment is also applicable Interaction between Forest Service personnel and
to any design method, the researchers have provided significant infor-

OrVeai, tile Regional Office personnel showed mation for use in development of tLLo program and
a strong interest in continuing the use of LVR In user's manual. The end result is that tile LVR
the future. They were very aware of the importance program provides the Forest Service with a powerful
of up-to-date information and model maintenance in surfacing design and roadway management tool.
the future performance of the program. Its eventual service wide implementation will

result in significant additional time to enable
the engineer to make prelect selection decisions

Expansion of lIplementation using tile best available objective information.
The engineer should have more time to carefully

As a result of this trial implementation of evaluate the subjective factors affecting the
IVR, the Forest Service now has the program opera- acceptability of a design rather than spending
tional in selected areas across the country. available time making routine design calculations.
Because the short period of implementation has It should be emphasized that the program is
limited tile usage of the program, the Forest operational at the Fort Collins, Colorado Computer
Service plans to expand its implementation of the Center and is receiving limited use in most of the
pavement management system. With more partici- Forest Service. Currently, certain improvements
pation, an increased data base could be used to are under development and others, that are in
g enerate more meaningful and beneficial results, response to implementation feedback, are being
Throughout the questionnaire survey the users planned. Design of several projects has been
remarked about the importance of new pavement completed and some jobs are already under coustruc-
information. "ihis was particularly true in two tion. It is expected that a significant number of
areas: aggregate road design and vehicle operating additional design projects will be completed using
cost. Some stressed the importance of a standard LVR during the next few years as service wide
road ratling system. (thers remarked about the implementation is realized.
unknown relationship between gravel loss, blading One other important feature of this work is
frequency, environment, material type, and traffic, that the program is modular in form and can be
Other users wanted information on vehicle operating updated as new developments occur. This modular
conts, particularly when making economic comparisons feature permits incorporation of new models into
between aggregate and bituminous surfaced roads, the program as they are developed. The strategy
With ILVR now operatlonal for the Forest Service, for development of new models comes from user
it could be a focal point for gathering and feedback and sensitivity analyses.
analyzing new Information during an expanded In this research, we have successfully accom-
implementation period. plished the completion of a conceptual study, the

development of models necessary to complete the
system program, and the completion of a trial

Forest Service Use of LVR implementation phase. Yet, the most difficult
part of this work has net been completed: the

LiVR is a natural asset to the forest engineer accomplishment of service wide implementation of
who is interested in maximizing the benefits of LVR which involves changing an established proce-
road surfacing while working within. constraints of dure in a very large engineering organization.
materials and cost. LVR allows the use of many Such a procedural change is always a time consuming
kinds of constraints and decision criteria. This and difficult process and is tile part of Improving
leads to various optimization techniques that can design procedures where failure most often occurs.
pick out favorable alternatives and simplify the The researchers have finished their work and the
final decision process, sponsor representative' who are most familiar with

Because of the large transportation system tile work have evaluated and accepted the product.
under Forest Service jurisdiction, LVR tmay also be Now, tile engineer who has no vested interest in
an important tool for management and financial the work is confronted with a different procedure
planning. The pavement management system allows without the advantage of personal knowledge of the
the predicted performance characteristics of tile background of tile work nor its capabilities, lie
surfacing to be used to predict future financial now becomes the critical eleme-nt in the imple-
needs and manpower requirements. In many cases mentation process. How he responds to the imple-
expenditures are based on immediate needs, and mentation attempts will be ilfluc;mced by his
there is little opportunity to establish long- perception of the value of the system to his own
range plans. As a result there may be no funds workload, and time availability of specialized
for upgrading when a pavement deteriorates below a training to teach him how to use the procedure and
certain level. In other years, funds may be answer his questions on trial solutions. Such
available, even though a pavement ay net require coordination and training support work will be
upgrading. The capability of optimizing the critical in evaluating the probability for success-
expenditure of available funds is obviously an ful service wide implementation.
important one. The ability to consider many
constraints and variables during design, to optLi-
mize available funds and materials for construction,
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HIGHWAY SAFETY REQUIREMENTS FOR LOW-VOLUME RURAL ROADS

John C. lention, Transportation Consulting Engineer

This paper summarizes research that was under- highways, their application to the reconstruction
taken to reevaluate the safety needs on low- of existing LVR roads Is continually being ques-
volume rural roads. Based on a series of tioned in a time when local highway agencies mustfunctional analyses relating safety performance spend a majority of their limited funds for highway
to specific design and operational elements, a maintenance.
set of revised guidelines was developed. The In designing and operating highways for safety,revised guidelines apply to total roadway I.VR roads have one Intrinsic edge over higher-width, horizontal curvature, roadside design, volume highways bhcause of a considerably lower pro-
speed signs, curve warning signs, centerline bability of vehicle-to-vehicle collisions. Tile
markings, and no-passing stripes. These guide- basic requirements for thc minimization of single-
lines are proposed to supplement the existing vehicle consequences, however, are similar for allnational policies, with each revised guideline roads. In this area, maximum safety requires wide
either replacing or clarifying the existing roadways and shoulders, clear and flat roadsides,national guideline. The widtspread application gentle alignment, and high quality traffic controls
of the revised gtiidelines should provide for and informational signing.
more consistent design and traffic control of When considering safety on LVR roads, local
low-volume rural roads consona, with a ration- highway agencies have been faced with a dilemma.
al balance between highway investment, highway On one hand, the ag,;ency would like to provide thesafety, and traffic service, same high-type design and operational features as

on the primary h'ghway system. On the other hand,
the cost of providing this degree of safety often
conflicts with The agency's philosophy of economic'ow-volume rural roads, those carrying 400 expediency. Because of this dilemma, LVR roadsvelu les per day or less, are tite backbone of the have historically been designed and operated at

U. S. rural ecouomV. State "farm-to-market" roads, minimal cost with minimal overt attention to safety.county roads and township roads provide the acces- Now, the basic scenario of the highway programsibillty requiret] by agricultural commerce. Also, is changing from the massive road building campaignforest roads aiid park roads are necessary for the of the 1950s and 60s toward a concerted effort tooperation, mi I titen,ine, and accessibil ity of rehabilitate existing highways. As this new empha-
national forests aind parks. sis mounts, the tendency is for federal matchingAlthough low-vlutime rural (IA'R) roads only funds to require that highways, regardless of theircarry about 8 per, .,it of the total Ip. S. highway "unetiottal classification, be redesigned to meet alltravel , their Conomic importance in the national current staudards. And, current standards tendhighway p repr;n is recognized because they consti- more to reflect the needs of primary highways and,tute 2 ilt of every 3 kilometers of ptblic high- therefore, could require extensive and costly re-way. hecause they are the largest single class of construction of existing LVR roads. Highway
ilglwaV, obj ecti ye guidel Iines for their design and agencies express increasing concern on this trend
tpe ration ark im upe rativi to -itieve ut reasonale because it would for'e them to spend unreasonably
hal anh' bet wee OSt ;11d1 safety effec t I veness . ] arge amounts of money for the rehalilitation ofTihe bulk of the p resnt lvIR road system has been I.VR roads. The alternative, which is more likely,
itbilt usitg desI go ;and operational pract ices that however, is for the highway agencies to avoid thesehave evolved from siubjcittive e xperience and judg- apparently unjustified costs by not implementing
ment rather tihan from ait objective evaluation of any LVR road improvements at all.
quantifiatble perf.)rmone. Wat this discussion points to is the need forNatlional guidelines for the designi of LVR roads objective design and traffic control guidelines
are conltailtied in the 1971 AASI(I pullication "(eo- that will strike a rational balance between maximummetric Design Guide for I.ocal Roads anti Streets." safety and mitimum cost for IVR roads. With theseFor traffic control devices, the basic guidelines guidelines, highway agencies could determine whereare presented in the "Manual of Uniform Traffic and when to improve LVR roads within the framework
Control Devices." But, because these national of highway rehabilitation for the entire highway
guidelines reflect more the safety needs of primary system.
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Table 1. Geieral Accident Statistics.

Percent Local
Local Rural Roads Total Roads of Total

Kilometersa 3,555,857 6,141,343 58.0
Million vehicle kilometers/

year 136,248 2,140,268 6.4
Average ADT 105 955 9.1
Fatal accidents/year 4,299 39,993 - 11.0
Injury accidents/year 156,528 1,861,131 8.4
Fatal accidents/million
vehicle kilometers 3.16 1.87 169.0

Fatal and injury acci ents/
million vehicle kilometers 1.18 0.89 132.0

Fatal and injury accidents/
kilometer year 0.0452 0.311 14.6

aone kilometer = 0.62 miles

The objectives of this research were to: as a percentage of total accidents range from 52.9percenL at 400 vpd to 71.4 percent at 50 vpd.

1. Evaluate existing geometric design and
traffic control guidelines, requirements and cri- Figure 1. Estimated safety performance of existing
terla with regard to their applicability and rele- LVR roads.
vancy to the safety of roads carrying low traffic
volumes (under 400 vehicles per day) at normal and
reduced speeds.

2. Identify design and traffic control ele-
ments for which modifications of guidelines should
be considered and recommend interim safety guide-
lines for low-volume rural roads. .200

3. Develop a systematic approach for collect-
ing additional information related to safety re-
quirements for low-volume rural roads. ,-
Current Safety Performance of Low-
Volume Rural Roads. .

In analyzing the safety requirements for LVR
roads, it is first important to dimension their Xes
current safety performance. UU

Table 1 shows national statistics for "Local-
Rural" roads, which are basically county and town- LU _ e
ship roads with an average ADT of 105 vpd. Al- 10
though these roads constitute 58 percent of the )
total U.S. public road system, they experience
only 11 percent of the fatal accidents and 8.4 per- LU
cent of the injury accidents. These statistics
indicate that the average frequency of fatal plus U

Uinjury accidents is one every 22.1 kilometers
(13.7 miles) per year on these LVR roads.

These national statistics, together with some
other empirical data found in the literature were
used to gengrate the best-fit curves of total acci-
dents, injury plus fatal accidents, and single-
vehicle accidents shown in Figure 1. The total
accident rates range from 0.061 accidents/km/year
(0.098.accidents/mile/year) at 500 vpd to 0.228
accidents/km/year (0.367 accidents/mile/year) at 0 100 200 300 400
400 vpd., In other words, the average road carry-
ing 50 vpd will have one accident per year for AVERAGE DAILY TRAFFIC(vpd)
every 16.4 kilometers (10.2 miles), and the aver-
age road carrying 400 vpd will-have one accident
per year for every 4.3 kilometers (2.7 miles).

The generated rates for injury plus fatal acci- Another dimension of safety performance is the
dents are 47 percent of the total accident rates, proportion of total hazard contributed by various
The generated rates for singie-vehicle accident accident types. Defining hazard as the annual num-

- -
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ber of fatal and injury accidents per kilometer, this change, minimum design speeds ranging from
and weighting the different-kinds.-of accidents by ~ 32';2-kph)(20 mph) to 80.5 kjoh (50impjh) are speci-their average severity (percent of fatal plus fied depending on the ADT and type of terrain oninjury accidents), single-vehicle accidents were the LVR road. Lower ADT's and more severe terrainfound to have the majority contribution to LVR justify lower minimumdesign speeds, and higher
road hazard, The percent of the total fatal and ADT's 'and more level terrain justify higher minimuminjury accidents contributed by siigle-vehicle design speeds. These design speed specificationsaccidents ranges from 61.1 percent for roadways allow a balance between the objectives of,safety,
with 400 vpd to 77.8 percent for roadways with 50 service, and economy consistent with roadway func-
vpd. tion and expected operating speeds.

Another way of looking at the current safety The design elements identified as pertinent to'performance of LVR roads is to evaluate the impact LVR roads and the general evaluation of suitabilityof accident costs. Using National Highway Traffic of their AASHTO guidelines to the safety perform-Safety Administration costs by accident severity ance of LVR roads are as follows:
class and applying the percent of accidents by
severity class determined for Figure 1, the aver-
age cost of an accident on LVR roads was estimated 1. Suitable Safety Requirements for LVR Roads/at $9,500. Applying this average cost to the Requirements Based On General Analysis-of Trade-generated accident rates yields an average cost of offs Between Safety, Service, and Economy.
accidents per kilometer of LVR road ranging from . Highway Grade
$413 ($6 65/mile) for a road carrying 50 vpd to . Cross Slope
$2,217 ($3,570/mile) for a road carrying 400 vpd. . Shoulder Cross Slope

These accident rates and costs begin to draw a . Structure Widthpicture of LVR roads that indicates the difficulty 2. Suitable Safety Requirements for LVR Roads/
of making safety improvements that have any recog- Requirements Based On Objective Functional Analysisnizable impact on the overall safety performance of Safety Performance Using Design Speed as Basic
of LVR roads. Given a goal of a 25 percent reduc- Criterion.
tion in accidents, an average of only $190 per . Stopping Sight Distance
year could be justified per kilometer of LVR road Passing Sight Distance
if a cost-benefit balance is to be achieved. What . Corner Sight Distance
this suggests is that, even with the safety- . Horizontal Curvature
conservative (high) unit values used for the cost . Vertical Curvature
of accidents, only relatively low-cost kinds of 3. Questionable Requirements for LVR Roads/improvements can be justified on most LVR roads. Requirements Not Based On Analysis of Trade-offs

Between Safety, Service and Economy.
Total Road Width (traveled way plus shoulders)Interrogation of National Policies . Shoulder Width

Roadside Design (guardrail, curbs, side
slopes, clear zone, etc.)The Interrogation of national policies on geo-

metric design and traffic control elements was con-
ducted early In the project period to identify the The elements in the third category are discuss-standards, criteria, and guidelines currently app- ed further in the next section of this paper. Forlicable to LVR roads and to evaluate their func- the most part, these design requirements call fortional suitability to the safety performance of dimensions that are much greater than those neededLVR roads, for acceptable safety at a reasonable cost.

The 1971 Manual on Uniform Traffic Control
Devices (NUTCD) is the national policy on traffic
control devices. If the MUTCD is interpreted lit- Development of Revised Requirements
orally, the only traffic control devices that are
man.datory on LVR roads are crossbucks at railroad
grade crossings. All other devices have general- The development of revised safety requirementsized warrants or otherwise discretionary applica- was undertaken for the eight traffic control andtion. in evaluating the application of the MUTCD geometric design elements that were identified asto LVR roads, five traffic control devices appear- having questionable national standards or guide-ed to require further clarification regarding lines as they apply to LVR roads. The elementstheir safety requirements on LVR roads. These evaluated were speed signs, curve warning signs,devices, which are discussed further in the next stop signs, centerline markings, no-passing stripes,section of this chapter are: speed signs, stop roadway width, shoulder width, and roadside safety
signs, curve warning signs, centerline markings, design.
and no-passing stripes. Although most of the Revised safety requirements were developed forother regulatory and warning devices might apply most of these elements based on functional analyses,under certain circumstances on LVR roads, this probability of conflict analyses, and cost-effect-application must remain discretionary because of iveness analyses. The analyses were conducted us-their unclear relationship to safety performance. Ing available data where possible and safety-con-The national policies on the geometric design servative assumptions where data were not available
of LVR roads are contained in two AASHTO publica- The term "safety-conservative" refers to assump-tions, "A Policy on the Geometric Design of Rural tions that overtly favor safety in the analysis.Highways, 1965" (AASHTO Bluebook) and "Geometric By so doing, if errors are made in deciding appro-Design Guide for Local Roads and Streets, 1970." priate requirenaits.for design and operational ele-The AASHTO Local Road Guide mainly summarizes the ments, the'errors will favor safety at the expenseparts of the 1965 AASHTO Bluebook pertaining to of highway investment, rcther than the opposite.LVR roads. The following discussion summarizes these dev-

The major differences in the Local Road Guide elopments.
relate to the specification of design speeds. In
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Speed Signs vehicle.
The' expected' conflict -rates were -calculated us-

ing values for the frequency of emergency and lei-For most highways, drivers tend to judge their sure stops reported in the literature and by assum-appropriate safe speed according to the geometric ing Poisson arrivals for both following and on-design, traffic characteristics, and roadside dev- coming vehicles. The expected conflict rates rangeelopment of the highway. This would suggest for LVR from one every 27 years per kilometer of 50 vpdroads, that because of minimum roadside friction and roadway to 19 per year per kilometer of 400 vpdrelatively infrequent encounters with other vehicles roadway. An order of magnitude comparison showsthat geometric design elements are the primary det- that a road carrying 3,000 vpd is expected to haveerminants of vehicle speeds. Without the other con- about 2,200 of these conflicts per kilometer pertrols, however, drivers might tend to overdrive LVR year. This would suggest that the hazard associat-roads except where directly influenced by physical ed with stopped vehicles on LVR roads is relativelyconstraints such as horizontal curvature. For this insignflcant.reason, speed limit signs keyed to the design speed The conflict rate for the higher volume LVRof the highway appear to be an important adjunct to roads might be considered as justifying shouldersthe sate operation of LVR roads, to accommodate stopped vehicles. But, as discussedIn keeping with the proposed premise of a direct earlier, the next section of this report alreadycorrespondence between design speeds and operating shows justification for shoulders for the higherspeeds, all LVR roads should have regulatory speed (more critical) design speeds, which generally cor-limit signs displaying their design speed. Signs respond with the higher ADT categories. Therefore,should be placed at frequent enough Intervals so no separate justification for shoulders based onthat drivers will see them for almost all expected shadowing stopped vehicles is recommended for LVRtrips. Also, the speed limit should have zoned roads.
values that change as often as needed to maintaincorrespondence with localized general design speeds.

This practice will provide a consistent display Total Road Widthand guide to drivers indicating the maximum operat-Ing speed for LVR roads. For drivers who are good Total road width is defined here as the width ofjudges of geometric design conditions for setting t a l a d w d s If re a le 7their maximum operating speed, the speed limit signs traveled way plus shoulders, if present. Table 7
will reinforce their judgement. For drivers who of the AASHTO "Geometric Design Guide for Localnormlly einfrdre the judgement. Fo es w t Roads and Streets," indicates a previous lack ofnormally overdrive the geometrics, the speed limit fntoa nlssrgrigra it.T asigns will provide a persistent reminder of why they functonal analysis regarding road width. To saycontinually experience discomfort. that the road width requirement for 50 vpd at 32.2kph (20 mph) is the same as for 400 vpd at 80.5 kph

(50 mph) seem inconsistent both with relative safetyShoulder Need 
and with economic efficiency. What is apparentlyneeded is a safety analysis that would relate roadwidth to design speed. Also, if road width wasAn evaluation of several studies in the litera- related to design speed like the current require-ture indicates conflicting results regarding the ments for horizontal and vertical alignment, thegeneral safety effectiveness of highway shoulders, driver would be able to more readily relate hisThen too, further analyses of some of the studies, maximum safe speed to what he sees.which show that accident rates decrease with increas- Two traffic conditions are readily apparent ining shoulder width, indicates that the studies lack- analyzing safety requirements for total roadwayed statistical control for traffic volume. There- width. These are (1) the clearances needed whenfore, what was really found was the relationship two opposing vehicles pass, and (2) the lateralthat shows decreasing accident rates with increasing width needed to make a tracking correction withouttraffic volumes. 
encroaching on the roadside.The primary function of shoulders are to provide The clearance requirement is the summation ofadditional width for tracking corrections, head-on two vehicle widths, two outside clearances, and oneclearances, emergency stops, and leisure stops, inside clearance. At very low speeds, the totalThe analysis of the tracking and head-on clearance roadway width need only be slightly more than therequirements, treated separately in the next section width of two vehicles. As speeds increase, theof this report, indicates that shoulders are needed e ra n m a tr ro r i s to t e theto satisfy reasonable tracking error recovery at requiring greater road widths to accommodate the

design speeds above 72.5 kph (45 mph). safe passing of opposing vehicles.designses pabe t 72.5 kph used mp. e - The tracking requirement is a function of theIAPoisson probability analysis was used to eval- Initial lateral position of the vehicle, the speed
uate the need for shoulders to accommodate emergency of the vehicle, the perceptionreaction time of theand leisure stops. The relative hazard of a highway o v the ki e t nce t he a veent , on thewith no shoulders can be estimated by evaluating the driver, the skid resistance of the pavement, and theadditional conflicts created by vehicles stopped on angle of the tracking correction needed. As speedsthe traveled way rather than on a shoulder. Vehicles increase, the ability to avoid a roadside encroach-stopped on the traveled way present a hazard, first, ment is very sensitive to speed, requiring greaterto following vehicles and, second, to opposing road widths to accommodate safe vehicle tracking.vehicles when following vehicles pull into the left- Roadway width requirements for safe trackinglane to pass the stopped vehicle. The hazard to were computed for various design speeds such thatfollowing vehicles, per se, is judged as insignifi- the tracking correction recovery at all encroachmentcant if adequate stopping sight distance has been angles was equivalent to that provided by a 11-meterprovided. With adequate stopping sight distance, (36-foot) roadway wldth (two 3,66-meter lanes and lthe following vehicle driver should have more than 1,83-meter shoulders) at 96.6 kph (60 mph). Lateralenough time and distance to either Stop or pull into clearances to opposing vehicles were related to de-the left-lane. The critical situation, therefore, sign speed and traffic volume such that the totalinvolves the head-on conflicts created by a stopped roadway width accommodated reasonable frequencies of
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Table 2. Minimum Road Width Requirements

Total Road Width Requirements (Meters) a b

Lower % Busses & Trucks Higher % Busses & Trucks
(as specified below) (as specified below)

Design < 28% for 0- 50 ADT > 28% for 0- 50 AOT
Speed < 12% for 51-100 ADT > 12% for 51-100 ADT< 7% for 101-200 ADT > 7% for 101-200 ADT
(kph)c NA for 201-400 ADT All% for 201-400 ADT

Infrequent Trips by Frequent Trips by Infrequent Trips by Frequent Trips by
Farm Machineryd Farm Machineryd Farm Machinery Farm Machinery

32.2 kph 5.5m 6.7m 6.1m 7.3m

40.2 6.1 7.3 6.7 7.9

48.3 6.1 7.3 6.7 7.9

56.3 6.7 7,3 7,3 7.9

64.4 6.7 7.9 7.3 8.5

72.4 7.9 7.9 7.9 8.5

80.5 9.2 9.2 9.2 9.2

alm = 3.28 ft.
Widths above 7.3 meters (24 ft.) include appropriate shoulder widths.Cl kpli = 0. j21 mph.
The determination of "frequent" and "Infrequent" are at the discretion of the designer.

head-on meetings of busses and/or large trucks. vehicle tracking was most sensitive to degree of
Table 2 presents the proposed revisions for curve.

total roadway width on IAR roads. Where values ex- The modification to the general design of high-ceed 7.3-meters (24-feet), shoulders should be pro- way curves on LVR roads relates to curves with de-vided as part of the total width. When comparing sign speeds that are lower than the general highwaywith the sum of pavement width plus shoulder width design speed. Although this practice is not gen-proposed in the AASIITO Local Road Guide, the re- erally recommended, it may be the only practicalvised values are smaller for the lower design speeds alternative in mountainous terrain, for example.and larger for the higher design speeds. Jhen too, many older existing highways have a high-
Four values of total r)adway width are given way curve with a design speed lower than the gen-for each design speed in Table 2. These four Values eral highway design speed. These are tile curves

derive from four diff-rent combinations of design that are usually marked with curve warning signsvehicle widilhs used in the head-on clearance deter- and advisory speed plates.
mination. With the design speed established, sel- The same kind of tracking analysis describedecting the appropriate road width value depends, above demonstrates, for the total roadway widths
first, on the percent thit busses and large trucks propc.;ed in Table 2, that certain highway curvesare of the highway ADT, and, second, whether the with design speeds below the general highwaymovement of large farm machinery is frequent enough design spe,-d can satisfactoril, accommodate recov-
to justify a wider roadway. The deciding values cry from tracking errors by vehicles traveling atfor the percentage, of busses and large trucks are the highway design speed. Table 3 presents thisdifferent for each ADT range as shown at the top of correspondence as an allowable but not generallythe table. In considering whether to design for recommended practice. A highway curve with this
the movement of lar;,e farm machinery, the defini- allowable tolerance should always be marked with
tions of "frequent" and "infrequent" are left to curve warning signs and with advisory speed plates
the discretion of the designer. displaying the design speed of the highway curve.

Curve lesign and Warning Signs Stop Signs

A vehicle tracking model similar to that used The accident reduction effectiveness of install-to evaluate total road width on tangent was used ing two-way stop signs was predicted using (1) afor horizontal curves. The initial idea was to Poisson probability of conflict analysis to esti-evaluate the adequacy of these previously developed mate the annual number of right-angle accidents forwidths for vehicle tracking on horizontal curves, various combinations of intersecting traffic vol-
What was found was that, rather than width, umes on LVR roads; and (2) an estimate of the per-
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Table 3. Minimum Design Speeds for Horizontal curves To visualize the nature of the problem, a Pois-that deviate from the general design speed of the son probability analysis was used to predict thehighway but display curve warning signs and ad- expected number of head-on meetings for variousvisory speed plates. LVR road traffic volumes. This yields the follow-
ing expected rates.

Minimum Design Speed of Expected Number of Head-onHighway Design Speed (kph)a  Deviant Curve (kph) ADT Meetings Per Kilometer Per Day

50 0.932.2 32.2 100 3.9
200 15.648.3 40.2 300 34.8
400 62.164.4 48.3

With these rates, many trips are taken on LVR roads80.5 56.3 without meeting an opposing vehicle.
The neea for centerline markings was also eval-uated on a benefit-cost basis using the accidentI kph= 0.621 mph rates and costs generated previously and assuming

a 5% reduction in total accidents as reported in
NCHRP Report 162. Using a centerline cost of $124/centage of accidents reduced for two-way stop con- kil ($200/mile), a 1.5-year life marking, and thetrol taken from NCIIRP Report 162. Table 4 shows $9,500 average cost of accidents, the benefit-costthe predicted accident reduction for two-way stop balance was found at an ADT of 300 vpd. Therefore,control for various traffic volume combinations, centerline markings are warranted on paved LVR
roads when the ADT equals or exceeds 300 vpd.

Table 4. Expected annual accident reduction of
two-way stop control at LVR road intersections. No Passing Stripes

Road A Road B ADT No empirical data are available on the safetyAIT 50 100 200 400 effectiveness of no-passing stripes. The primary
function of no-passing stripes is to prevent pass-50 .0029 .0058 .0117 .0234 ing maneuvers where limited sight distance would
make passing unduly hazardous.100 .0058 .0117 .0234 .0468 To visualize the nature of the problem, a Pois-
son probability analysis was used to predict the200 .0117 .0234 .0468 .0936 expected number of head-on conflicts created by
passing maneuvers. This yields the following ex-400 .0234 0.468 .0936 .1872 pected rates for various LVR road traffic volumes:

Expected Annual Number of Passing
ADT Conflicts Per Kilometer

Us i"ng t hse e ffec t ivttess mtea surs , t ti ave rie
accident cost of $9,500, an est imatO of tho anotial- 50 0.01ized cost of stop sign installation, aind tlhv 100 0.11incrtastid opurating cost Of $0.0(21 pel vVoit'[t stop 200 0.89reported by Anderson 't. al., till' bntefit-Cost of 300 2.99two-w;V stop sign Installhat ion was 'viluizatl. on 400 6.87
IVR roads. Thl hnta€rit-cost .ialyvsi d id i'a tes
tha t OiW increa! cd costs ar greater than th. sa f.- If we compute similar conflict rates for highertv benefit 'VenI for a I I( itidict itoll ill riiht- rtff it volume.s, the expected number for 2000 vpdinglti ace idt lL. TherO fore, stop ;i art not for example is 9(10 per kilometer per year, or wellgenerally justificid at tit inters.c tion of two iVR ivr I 00 t tries that for 400 vpd.roads. 

l:is,.t on th safety-conservative conflict rates(Ict alse this anal'sis was (iad in alvto .'itat,.d and thlt, order of magnitude comparisonexpec ted vaijlies, it shoul bl' ricilo nI .'d Ililti wiihl' hlter vol ume roadways, no-passing stripes doprl'Sn'llt disiretit ilr 'V warraiti. for stop colt iin li![ .ppear to 1iw justified onl LVR roads. This isthe .NIA'fhD ar ap:ropri,itt, fol l.R roads. Sptclal ,..irt icularly true heause as demonstrated in aproblems Wi tit .;Ight re.strict ions or with the ass- study byl Jones, drivers tend to decide to pass moreignment of rigl't-of-way, partiolar v whtn a I.R oil filie iva llablIty of ;adequate passing sight dis-road intersects a hligher-vo lomt through hi ighwiay, tantce than1 on the presetcte or absence of no-passingshould warrant consideration of stop control on stripes.LIVR roads. A bentfit-cost analysis similar to that used
for centerline markings was also conducted for no-
passing str.pes. This analysis Indicates that theCentt.rline Markings balance hetween striping cost and accide-nt benefits
is at traffic volumes much higher than 400 vpd.

No empirical data are available to show the
safety effectiveness of centerline stripes on two- Roadside Design
lane highways. The primary function of the center-
line stripe is to guide drivers In judging the pro-per clearance interval to opposing vehicles. The AASHTO Local Road Guide presents general
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guidelines for roadside design for safety. It's also measure ho.rly volumes to verify the efficacysuggestions of 3.1-6.1 meter (10-15 foot) roadside of the average hourly volumes and 18-hour traffic-
clear zones and 4:1 or flatter side slopes are re- flow periods assumed.
lated to de:;irable safety performance and should Two basic kinds of studies are recommended tobe retained. These suggested values, however, are verify, modify, or add further depth to the dev-recognized as idealistlic objectives in a "more is elopments of this research. One study would col-better" continuum a:: applied to existing I.VR roads lect accident data on LVR roads to draw a clearer
with i imited rights-of-way. picture of tile current safety performance of LVR

A more realistic'. approach to roadside safety roads. The other study wold collect on-site data
de:;ign on IVR roads depends on achieving a balance of traffic characteri s tics on LVR roads for thebetween the cost and safety effectiveness of the purpose of verifying tile revised safety require-dtesign treatmlent. For this purpose, these guide- ments. A brief discussion of these studies is
lines recommend: (I) tile ust of the roadside haz- given below.
ard model presented ill a report by Glennon to com-
pare- tie relative hazard reduction of various road-side sal ty trca tmnts; (2) tile use of a multiplier Accident Studies
of ? to modify the referUnced model for highway
curves: (3) the list of the accident cost vales by
severity type presented in NClIRP Reprot 162 to corn- Accident studies co,ild be conducted at one of
putt tile benehfits of tile various hazard reductions; three levels of detail. Tile first level would com-ind (4) tlie application of local values for the pile accident data on LVR roads in general. Thecost of roadside safety treatments to compute the second level would otteipt to further classifybtIIcf it-cOst halance for the various roadside these data by several traffic volume categories fortreatmt uts. I.VR roads. And, tile third level would add to tileAl tIhough tilt, application of thiis procedure to second level by relating tile accident data to someIR roads (usin typics l cost ranges for varicus general quality measure (e.g., high, medium, ortreatments) indicItes that individual roadside low-type design) of individual roads. In proceed-safety tredtmen uts yield very small safety contcl bu- ing from each level to the next higher level, theLions, some low-cost improvements do appear to be difficulty and effort Involved in collecting data
cost-effective especially on highway curves. For becomes more demanding and the feasibility ofexail, ol highway curves, tree removal and break- study becomes more uncertain because of limitations
away signposts, utlity poles, and mailboxes appear on existing data sources.
to be cost-effectlive for all IR road traffic vol- For the first level of study, accident datauTsesi and all reasonable uilt costs of treatment. could be obtained from those states such asOn lliIghway talgents, these samt iImprovements do not Missouri and North Carolina that have both manyappear as cost-efftctive except for the higher (say, kilometers of LVR roads on the state highway sys-greater than 200) vpd) I.VR road traffic volumes. tem and accident records for those roads. Al though;uardrail pl acemelt on step slopes, tile remov- the states may not be able to completely isolateaIl Of tuunecessary guardrail oin flat slopes, and the I,VR roads (400 vpd or less), some other classifica-f )t ttu ilng of stee'Vp but low embakntnts also appear tion may provide ,1 sample that Is mostly LVR roads.to ie cost-effecttvl on highway curves for the high- The kinds of data desired for the first level
er IR road traffic vol uMes. All other kinds of of study include accident type, severity, and loca-roadside sa fety treiltmnt ts including placing guard- tion. These kinds of data would provide generalrail at fixed objects and moving fixed objects lat- statistics on the proportions of the various acci-
erally do not appear to be cost-effect ive, dent types and would allow relative comparisons

such as: (1) single versus multiple-velhicle acci-
dents; (2) intersection versus mainline accidents;RyIelned Research and (3) accidents on curves versus accidents on
tangents. Adequate statistical reliability for
this level of study would require a sample of aboutThe intent of Task 3 of this research was to 16,000 kilometer-years of accident data.reconmend follow-on data collection activities lead- Although the second level of study would adding to multi-variate analysis relating highway de- considerable depth to tile first level, its feas-sign and traffic control elements to highway accl- ibllity is not clear. Collecting traffic volumedlits on IR roads. Reviow of several researches, data for LVR roads is not a routine task in mosthowever, demollstrates tile futility of these kinds jurisdictions. Therefore, some method such as us-of studies, even for primary highways. And, of ing personal estimates by local highway agency per-course, several of tie probability analyses of tlils sonnel might have to be developed. If feasible,report clearly demonstrate that the frequencies of this level would allow classifying the comparative

various critical evenits on LVR roads are very much data of the first level into discrete traffic vol-
smal ler than on primary lighiways. Because of these ume categories for I.VR roads.
factors, dependency on discrete empirical studies file third level of study, of course, is bothto isolace any fuinctional relationships would not tile most desirable and the most difficult to accom-0111y be cost-prohibitive but potentially friitless., p1 ish. The goal here is to further classify tileAlthtough the mult i-variato analyses described data of the second level to generally relate safetyahiove do not appe'ar feasible, some other kinds of performance to some ineasure of design quality.studies imlight be, lel pfiul to either verify or modify Although most state Iiighway agencies usually developthe revised safety requirements developed in this sufficiency ratings for their highway system, these
project. For example, several of the developments ratings do not usually extend to LVR roads. There-used the safeLy-conservative assumption (either fore, some form of either personal estimates by
expressed or implied) that LVR roads have a 50-50 local highway agency personnel or on-site inspec-directional traffic split during all periods of the tion by the project staff might be necessary.day. A study of continuous traffic counts on LVR One aspect of data collection that might easeroad., with different ADT's would not only show just the burden and make the second and possibly thehow conservative the 50-50 assumption is, but would third level of study more feasible, especially if
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secondary data sources are not available, is if Report, February 1977.
several years of accident data are available. This 4. Agent, Kenneth R., and Deen, Robert C. "Rela-would limit the number of kilometers of roadway for tionships Between Roadway Geometrics and Acci-which some form of primary data would be necessary. dents." Transportation Research Record, No. 541

Another potential form of accident study would 1975.
involve, say, 10 to 20 LVR road sections in a com- 5. Babkov, V. F. "Road Design and Traffic Safetyplete case-study analysis. Although this form of Report from USSR." Traffic Engineering Control,
study would not be as statistically tractable as September, 1968.the three-level study described above, it could pro- 6. Baker, William T. "Evaluating the Traffic Con-vide some valuable insights on the safety perform- flicts Technique." Federal Highway Administra-
ance of LVR roads. tion, 1971.

7. Bali, S., Potts, R,, Fee, J. A., Taylor, J. K.,
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ments for Rural Two-Lane Highways." Federal
Highway Administration, Report No. FHWA-RD-78-This study could be designed to measure several 55, April 1978.

traffic characteristics to verify the adequacy of 8. Billion, C. E. and Stohner, W. R. "A Detailedseveral assumptions used the development of the Study of Accidents as Related to Highway Re-
revised safety requirements in this report. High- search board, 1957.way sites could be Instrumented with sensors and a 9. Billion, C. E., "Shoulder Occupancy on Ruralmulti-channel recorder to simultaneously measure Highway." Highway Research Bulletin, 1958.speed, speed profile, lateral placement, hourly vol- 10. Cleveland, Donald E. and Kitamura, Ryuichi.urme, directional spit, vehicle type, etc. "Macroscopic Modeling of Two-Lane Rural Road-

For complete statistical tractability, about side Accidents." Presented at the 57th320 days of data collection would be necessary. Annual Meeting of the Transportation Research
This would include, for example, an average of 4 Board, January 1978.
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A DURABLE REFLECTIVE SIGN SYSTEM FOR LOW-VOLUME ROADS

Tom Nettleton, U.S. Forest Service

Some reflective signs on National Forest land departments and laboratories from Arizona, Washington,
are subjected to extreme temperatures and snow Oregon, California, and New Mexico.
burial. Field units noted the reflective
sheeting peeling from these signs after only Special thanks to Forest Service Regional,
one winter. In 1972 the Forest Service Missoula Forest, and District personnel of the Southwestern,
Equipment Development Center (MEDC) began California, and Pacific Northwest Regions for
testing outdoor signs of various substrates, providing test sites and installing and monitoring
reflective sheeting, application techniques, test signs, regardless of weather.
and clear coatings. The goal was to find the
right combination of materials and manufacturing
processes to produce a reflective sign that Field Evaluation
would remain maintenance-free for 7 years. The
3M Co. agreed to take part in the testing. Reflective signs have been installed on National
After five winters of outdoor exposure, several Forest land to conform with the Manual on Uniform
combinations of substrate, reflective sheeting, Traffic Control Devices and the Highway Safety Act
application techniques, edge seal, and clear of 1966. When installation began on a broad scale,
coatings were rated free of structural failure field units noted the reflective sheeting peeling
that would require maintenance. It was recommended along the edges after as little as one winter. This
that outdoor reflective signs for Forest Service deterioration appeared to be more common at higher
use be manufactured as follows: (1) Engineering- elevations, but also occurred at lower sites when
grade sheeting and letters with heat-activated signs were subjected to extreme temperature change,
adhesive (HA) on aluminum substrate--cycled snow burial, ultraviolet rays, or all three.
twice through the heat vacuum applicator and Investigation by the Forest Service Missoula
clear coated. (2) Engineering-grade sheeting Equipment Development Center (MEDC) revealed that
(IA) and pressure-sensitive (PS) or HA letters snow burial, extreme temperature change, and ultra-
on high-density overlay (HDO) plywood substrate-- violet rays combine to destroy reflective signing
cycled twice through the heat vacuum applicator, in three basic ways:
When PS letters are used, the sheeting is
cycled through the heat vacuum applicator once 1. Peeling of the legend (message) from the
before applying the message and once after, background sheeting.
(3) High-intensity sheeting (PS) with heat- 2. Peeling of the reflective sheeting from the
activated letters on HDO plywood substrate-- substrate (base material).
cycled once through the heat vacuum applicator. 3. Separating (delaminating) of the layers
Signs are equally durable with silk-screened that make up the reflective sheeting and legend.
letters. The top edges of all signs are protected The first evidence of this type of failure is
with Scotchcal brand transparent film. crazing of the reflective material--minute cracks

that cause peeling or delamination if cracks become
large enough.

Acknowledgments It was important to find a solution to the

deterioration for two reasons:
The author wishes to thank the following for

their cooperation and participation in the testing 1. Reflectorized signs were adopted to increase
of reflective sign materials: 3M Co., Mitsubishi/Seibu traffic safety, because they communicate clearly to
International, Avery International, Ojo Caliente a driver day or night; peeling and delamination
Craftsmen, Inc., National Institute of Transportation destroy the reflectorized sheeting, making the sign
Engineers, American Plywood Association, Benjamin less effective.
Moore Co., Par Marketing, Finnish Plywood Association 2. Reflectorized signs are expensive --about
USA, Federal Highway Administration, Bureau of Land $8.50 a square foot on the average--and maintenance
Management, General Services Administration, San or replacement due to premature failures is extremely
Bernardino County, California, and traffic engineering costly.
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MEDC began a project in 1972 to outdoor test adhesive; hiqh-intensity green with pressure-
signs manufactured of various combinations of sensitive adhesive. Letters were high-intensity
substrates, reflective sheeting materials, application silver with neat-activated adhesive; engineering-
techniques, and clear coatings. The goal was to grade silver with pressure-sensitive adhesive; and
find the right combination of materials and manu- Control-Tac engineering-grado silver. Some letters
facturing techniques to give Forest Service units a were silk screened on the reflective sheeting.
rugged reflective sign that would remain in service To simulate the legend (message), the letters
7 years without maintenance. "E," "0," and "N" were selected because they repre-

The Forest Service was not the only agency sented the geometrical shapes found in the alpha-
experiencing problems with reriectorized signs, bet.
The Federal Highway Administration, Bureau of Land It was agreed that test signs would be produced
Management, National Park Service, Federal Prison by an impartial independent contractor. 3M would
Industries, Inc., and various transportation negotiate a contract with the sign manufacturer,
departments at the State and county level were provide all materials, and pay manufacturing costs.
concerned and asked to participate as observers in It was important that the sign contractor be willing
the outdoor tests. The American Plywood Association to have 3M and MEDC representatives monitor the
was also interested in the tests and asked to entire manufacturing process and provide technical
participate. advice. Ojo Caliente Craftsmen Cooperative, Ojo

The 3M Co., manufacturer of much reflective Caliente, N. Mex., was selected to produce the
sheeting in Forest Service signs, agreed to take an signs. This firm had worked closely with the
active part in the testing; and an agreement was Fore',L Service on other sign testing projects.
entered into regarding the responsibilities of both Evaluation of Test Signs. Tile Forest Servite
the Forest Service and 3M. In 1976 two other major and 3M agreed on this system for evaluating test
reflective sheeting manufacturers, Avery International signs:
and Mitsubishi/ Seibu International, entered into
similar cooperative agreements to test samples of 1. E--Excellent to good durability with :.
their reflective materials, structural failures that would require maintenance

In 1977 a cooperative agreement was also completed (fig. 1).
with Finnish Plywood Association USA to evaluate 2. L--Legible; sign message legible but mainte-
the durability of tile products of tile three sheeting nance would be required to prevent deterioration
manufacturers on Finnish birch plywood overlayed and for esthetic purposes (fig. 2).
with phenolic resin. Reflexite Corp. will enter 3. NL--Not Legible; message unreadable, requiring
testing in the summer of 1979. immediate replacement or complete repair (fig. 3).

This paper is divided into two parts. Part I
describes the testing of 3M Co. products over the Figure 1. Test sign shows no structural failure
past five winters and makes specific recommendations that would require maintenance.
for manufacturing signs with 3M products. Part II
discusses Avery and Mitsubishi/Seilu materials,
which have undergone outdoor testing for 2 years.

Part 1--3M Co.

Test O- tiv,

The objocti.', is to testl, and evaluate as many
different ma.:er; il:; orhinv:ions as practical with
accepted manufacturing processes, to provide informa-
tion needed to produce a durable siqn that will
remain in service for 7 years without maintenance.

Test Plan

In the fall of 1972, 3M Co. representatives and
MEDC personnel met to design a cooperative test
plan. At this meeting, guidelines for selecting Figure 2. Test sign message is legible but
sign materials, manufacturing piocesses, and testing maintenance would be required for esthetic
methods were agreed upon. Test sites also were purposes and to prevent further deterioration.
selected hased on snowfall, extreno temperature
change, and exposure to ultraviolet rays. Sites
choseon were Horewell lake, N. Mex.--elevation, 3048
m (1,OCO ft); Donner Summit, Calif.-elevatiop,
'131 m (7,000 ft); Mount Adams, Wash.--elevat.ao,

14102 M (4,600 ft).7

Test Sign Materials and Manufacturing. 3M and
MEDC selected 50 different combinations of background
sheeting, application techniques, top edge treatments,
and clear coatings for initial testing. Aluminum
and ]DO (high-density overlay) plywood, the two
basic sign substrates, were used for test signs.

The 3M Co. reflective background sheeting was
engineering-grade brown with heat-activated adhesive;
high-intensity green with heat-activated adhesive;
engineering-grade brown with pressure-sensitive
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Figure 3. Test sign message is becoming unreadable and evaluated; any difference of opinion between 3M
and sign requires immediate replacement or repair. and MEDC personnel would be settled at the test

site, with MEDC reserving the right to make the
final recommendation for repoting purposes. Signs
that failed and would provide no further information

. &would be removed from the test by MEDC.
Minimum critera for a sign combination to be

considered successful were agreed upon: five of
the six signs in the combination (two installed at
each test site) would have to be rated "E" and the
remaining one rated at least "L."

Outdoor Weathering Tests

Some 300 test signs were manufactured in October
1972, using the 50 different materials combinations

.. . ... and application techniques (tables 1-3). One
hundred signs each were installed at the California
and Washingtoi test sites in December 1972. Severe
weather delayed the installation of the last 100

These definitions of sign failure also were signs at the Hopewell Lake, N. Mex., site until
agreed to: April 1973.

All test signs measured 20 by 35 cm (8 by 14
1. Peelincg--Results when sheeting peels from in). They were installed 46 to 61 cm (18 to 24 in)

the substrate; in the case of sign legend (message), above ground on wood posts then transferred later
when letters peel from background sheeting, to steel U-channel posts set in rows (fig. 4).

2. Delamination--Separation within the reflective Signs faced south for maxiaum ultraviolet exposure
sheetin,j, in summer.

3. Crazing--Fine cracks within the reflective In the fall1 of 1974 seven new sign combinations
sheeting. If cracks become large enough to break of HDO and MDO (medium density overlay) plywood and
surface coating, peeling or delamination results. ABS (acrylonitrile butadiene styrene) plastic

substrates were manufactured and installed at each
Evaluations were to be performed as early as test site (table 4). The MDO plywood and ABS

possible each spring by technical representatives substrates were selected to provide the Forest
from 3M and MEDC. Each sample would be photographed Service with weathering data on additional substrates

Table I.-- Reflective signs of 3M Co. materials on aluminum substrate, placed at test sites, 1972-73.

Edge treatnent Clear coatings
Cerners #700 #801 0700 0800 Ifeat application

Sign Reflective materials and edges Film 0700 #800 legend legend complete complete Normal Double
No.a a square S c c application cyclesI.cc;end Sheetingcj s 639 clear c clear" onlyC onlyc signc sign c

IFl 227(. 2279 x X
112 227C 2279 x x x x
IF3 327C 2279 x x x
IF4 327C 3279 x x x
IF5 927C 3279 x x x
1F6 927C 3279 x x x
I,7 Silk screen 3870 x x
IFH 3870 2877 x x x
IF9 2870 2877 x X X x
IF10 2870 3877 x X x
1I il Silx screen 3870 X x x
1P12 3670 3877 x x x X
1F13 2270 2279 X x X
1F14 2270 3270 x x x x
iFI5 3870 3877 x x
1i'16 3870 3877 x x x x

NOTE: • Numbers refer to 3M Co. product numbers.
lBackground sheeting placed one-half inch below top edge of sign on Nos. 13, 14, 15, 16.

"The following reflective materials were used for lettors and sheeting:

2270 = heat-activated, engineering-grade silver; 3279 pressure-sensitive, engineering-grade brown;
2279 = heat-activated, engineering-grade brown; 3870 pressure-sensitive, hiqh-intensity silver;
28.70 = heat-activated, high-intensity silver; 3877 = pressure-sensitive, high-intensity green;
2877 = heat-activated, high-intensity green; 9270 = Control-Tac engineering-grade silver.
3270 = prc,;sure-sensitive, engineering-grade, silver;

b Sc:)tchcal brand transparent film (#639) placed along top edge of sign for added protection against
delaninatiDn; on siqns iF14 and IF16, film placed on all edges.

c Sc:,tchlite brand process color, 0700 series used as clears and ec'ge scalers for engineering-grade sheeting;
#800 series used as clears and edge sealers for high-intensity sheeting.
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Table 2.--Reflective signs of 3M Co. (high-intensity sheeting) on HDO plywood substrate, placed at test sites,
1972-73.

Reflective materials Edge treatment Clear coatings Heat
Corners Corners #800 #830 #831 ApplicationSign a and edges and edges Fileb #4150c legend complete completeNo. Legend Sheeting a square rounded #639 Clear Paint only sign sign Normal

2FI 3870 2877 x 
x2F2 3870 2877 x x x x2F3 Silk screen 2877 x X X2F4 2870 2877 x x x2F5 Silk screen 2877 x X2F6 2870 2877 x x x X2F7 2870 2877 x X X2F8 3870 3877 x X

2F9 3870 3877 x x
2F10 3870 3877 x x x2FI1 2870 3877 x X2F12 2870 3877 x x X2F13 2870 3877 x x X2F14 2870 3877 x x x x2F15 2870 3877 x x x2F16 3870 2877 x x x x

NOTE: • Numbers refer to 3M Co. product numbers.
2F15 - All edges and back received one coat of brown long oil primar and one coat of Benjamin MooreCo.'s polysilicone enamel (brown) before sheeting and second coat of enamel after sheeting.
2F16 - All edges and back received one coat of short oil primr and one coat of Benjamin Moore Co.'spolysilicone enamel (brown) before sheeting and second coat of enamel after sheeting.

a2870 heat-activated, high-intensity silver; CScotchlite brand process color,2877 = heat-activated, high-intensity green; #4150 series clears used as edge treat-3870 = pressure-sensitive, high-intensity silver; ment for high-intensity sheeting.
3877 = pressure-sensitive, high-intensity green.

bScotchcal brand transparent film (#639) placed alcng
top edge of signs for added protection against delamination.

Table 3.--Reflective signs of 3M Co. materials (engineering-grade sheeting) on HDO plywood substrate, placed
at test sites, 1972-73.

Edge treatment Clear coatingsCorners Corners #700 #700 Heat applicationSiqn Reflective materials and edges and edges Film #700 legend complete Normal DoubleNo. Legend d Sheeting a square rounded 6 39b clear Paintedc only sign application. cycle

3F1 2270 2279 X x3F2 2270 2279 x x X3F3 2270 2279 x x x3F4 3270 2279 x x x3F5 3270 2279 X x X2FG 3270 2279 x x x3F7 9270 2279 x x x x3F8 9270 2279 x x3F9 9270 2279 x X x3FI0 2270 3279 xX 
X3Fil 2270 3279 x x x x3F12 2270 3279 x x X3F13 3270 3279 x x X3F14 3270 3279 x x

3F15 3270 3279 x
3F16 9270 3279 x xx
3F17 9270 3279 x x3F18 9270 3279 x x

NOTE: N..bers refer to 3M Co. product numbers

a2270 = heat-activated, engineering-grade silver; bScotchcal brand transp-,rent film (#639) placed2279 = heat-activated, engineering-grade brown; along top edge of signs for added protection3270 = pressure-sensitive, engineering-grade silver; against delamination.
3279 = pressure-sensitive, ergineering-grade brown;

c 3F 9270 = Control-Tac engineering-grade silver.3Fl - Fuller Co. long oil base prime, 1 coat (4 + 1/2 mil), then 4 coats Fuller oil base paint applied to edges and
back of finished sign.

3F5 = Same as 3F1 except Benjamin Moore Co. short oil prime.
3F9 = Same as 3F1 except primer and 2 coats of paint before sheeting application; 2 coats after.3FI0 = Fuller Co. long oil base prime (I coat) and Benjamin Moore Co. polysilicone enamel (brown) (4-1/2 + 1/2 mil);

4 coats applied to edges and back of finished sign.3F14 = Renjamin Moore Co. short oil base prime (I coat) and polysilicone enamel (brown) (4-1/2 + 1/2 mil);
4 coats applied to edges and back of finished sign.3F18 = Benjamin Moore Co. short oil base prime (1 coat) and Fuller oil base paint (2 coats) before sheeting application;
2 coats after sheeting appli.ation.
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3F2 had Scotchcal brand transparent film (#639) Figure 7. Background sheeting generally peeled

on the top edge; the legend had been clear coated. more severely from aluminum than plywood.

3F3 hal been clear coated on the top edge. Analysis
of other combinations indicated that the film was
more effecttve than the clear coat in protecting il

the top ege of a sign. Tt was found that placing
a coat of clear over heat-activated letters was

unn,-ceos ;ary. 3F10 had the top edge Simply painted,
blt this was found to he unsatisfactory in many
oth'r combinatiols.

r''t. manufacturing variables--background sheeting,

application techniies, edge seals, top edge treatment,

clear coati o--uF-ed in each of the four coicLbinations
we-,, compared to identical variables in failed
s itls ;. Ii no case had these manufactu,. ing variables

bh-en the cau-e of a sign failure..
F'iv, years. of outdoor testing also revealed

th,, i; 
-  

in dings:

I. leolinq of background sheeting was nenerally
more ye on aluminum than on plywood (fig. 7). 6

.vo, raino occurred on high-intensity sheeting

wh.r, car 'oat ing had lbten applied.
2. ' h : 31 film taped across the t~op edge of

;come test signs for adlded protction against peeling

was letrioratinq; it showed the most wear at
Hopwll Take, :h,r, ultraviolet exposure was greatest. Of the seven new sign combinations installed in

hut the. film continued to preserve the bond between the fall of 1974 (n,hle 4), we found that legends

tIt,, lhi-t i nq and the sul5;trit(!. (It proved to have on the ABS plastic substrate had suffered moderate
a lus, fil Ii , of .4 to 5 yeers--3 years when exposed to severe delamination at the Hopewell Lake site;

to lar, aosunts cf ultraviolet rays.) the MOO plywood combinations (except one sample)

3. P'lacir;ci the top edge of the, sheoting down were rated excellent after 3 years' exposure. The

1.27 cm (3/2 ir.) from the top on aluminum substrate one failure appears to be more a result of the

(id not pr,,vent ptotling or delamination of the higher ultraviolet ray exposure at this test site.
shtilcl. of eiqht 7iqns made this we' for each The plywood signs with aluminum over the top edge

t-st ;ite, at ,',cunt Adams, six were rated "L" and have not peeled at the top to date.

two were removed; at ::oIowell Lake, four were rated The samples with verathane over one letter have
"JE" and four "L"; three were rated "E" and five "L" not failed in peeling, delamination, or crazing,
at Donnor buriit. but the letter is turning yellow after 3 years.

4. Silk screened legend's weathered well. Samples installed in 1977 and 1978 do not have

There wi-rc no failures, enough exposure to evaluate durability.

Table 4.--heflective signs of 3M Co. materials, placed at test sites, 1974.

Reflective Materials Substrates Edge Treatments
Sign ABS MDO HDO Corners & Corners & Flat Aluminum Round Aluminum Paint
No. Legued " Sheeting a Plastic Plywood Plywood Edges Square Edges Round Over Top Over Top

4fI'l 3270 X
412 2270 x
41*3 3270 2Z79 x X X
414 3270 2279 x x X
4F5 3271 2279 x X X
4F6 3270 2270 x X X X
4F7 3270 2279 X X X X

Note: Numbers refer to 3M Co. product mumbers.

4,3 - Short oil base primer; Fuller oil base paint (4- + mil.) on edges and back; one letter coated with
Verathane.

4F4 - All edges and back received five coats (4 mils.) of Benjamin Moore Co.'s.
polysilicone enamel (brown) before reflective materials applied.

4F5 - Same as 4F4 except enamel added after reflective materials applied.

4F6 - Short oil base primer, Fuller oil base paint (4 + mil.).

4F7 - Same as 4F6 except for difference of alluminum top edge.

Two samples of 4FI, 4F2, 4F3, 4F6, and 4F7 were put at each test site; three samples of 4F4 and 4F5 were put
at each site.

a 2270 = heat-activated, engineering-grade silver;

2279 = eat-activated, 2ngineering-grade brown;
3270 = pressure-sensitive, engineering-grade silver.
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Discussion 10. Plywood edges should be rounded and painted
to insure that moisture does not get into the sign

Test findings indicate that the service life of so that checking and cracking of veneers can be
reflective signs can be extended, using specific avoided. Benjamin Moore polysilicone paint without
combinations of materials and manu-facturing processes. primer will protect edges from moisture for more

Based on 5 years of experience, the test procedure than 5 years.
adopted appears to be effective in isolating premature
failures. Its primary value is in testing products
under real-use conditions, which cannot be simulated Recommendations
in the laboratory with today's technology.

In addition to rating each sign, careful exami- The recommendations that follow are based on 5
nation was made of other features and notes were years of outdoor testing. Manufacturing and mainte-
taken to document findings. Failures were examined nance costs were considered during testing and are
in an attempt to correlate them with the unique reflected in the recommendations. For example,
materials combinations and manufacturing process. black HDO, which is impervious to moisture is

One observation was that the life of plywood recommended, reducing maintenance costs; the optional
veneers are extended by using plywood substrates use of group 1 B grade veneers on both sides of the
with rounded edges and painting them with polysilicon, substrate, instead of exterior-marine grade, to
paint; the paint does not protect the top edge of lower cost; and the elimination of a special primer
reflectve sheeting, however, for the edge paint.

Another observation was that few of the edge
sealn prevented moisture from entering the plywood 1. It is recommended that outdoor reflective
for the 5-year observation period. Paint over a signs for Forest Service use be manufactured with
short oil base primer peeled in 2 years; over a these combinations of materials and processes (they
long oil base primer, in 5 years. Three clears were are recommended equally, and their order of presenta-
used to seal the plywood edge: #700, #800, and tion has nu significance):
#4150. Plywood veneers treated with these were
checking and cracking within 2 years. Reflective Sign of Aluminum

From these observations, and from observing
signs produced according to Southwestern Region Substrate: No. 6061-T6 plate stock conforming
specifications, it can be shown that four coats of to ASTM Standard B209.
Benjamin Moore polysilicone paint without any Background Sheeting: 3M Co.'s engineering-
primer will protect plywood edges from moisture for grade brown with heat-activated adhesives (#2279).
more than 5 years. The edges must also be rounded Legend: 3M Co.'s engineering-grade silver with
to help reduce the stresses in the paint film. heat-activated adhesive (#2270) or silk screened.

Manufacturing Process: (1) Double cycle throughheat vacuum applicator. (2) Coat the legend with 3M
Conclusions Co.'s Scotchlite brand process color (#700) clear

(follow instructions on container). Clear coating
1. Specific combinations of substrates, reflec- not required for silk-screen legend.

tive sheeting, top edge treatments, applications Top Edge Treatment: Apply 3M Co.'s Scotchcal
techniques, and clear coatings are available to transparent film (#639) over top edge of sign. For
substantially increase the service life of reflective adequate protpction, 7.6-cm-wide (3 in) film is
signs. Four sign combinations met the desired recommended. For ease of handling and cleanliness,
criteria and should have a service life comparable it should be applied in 61-cm-long (24 in) strip.
to test goals. On larger signs, begin taping from each outside

2. Bonding the sheeting 1.3 cm (1/2 in) below edge and tape toward center of sign. Film should
the top of aluminum sheeting does not improve overlap at the center cf zign 5 cr' more cm (2 in).
longevity. The purpose of the film is to provide complete

3. MDO plywood looks like a promising substrate protection to the top edge of the sign to help
material, but additional exposure is needed before prevent the sheeting from peeling from the substrate.
it should be adopted for use.

4. Improvemonts are needed before ABS plastics
can be adoptea fr use. Reflective Sigre iih.o (High-Density) Overlay Plywood

5. An aluminum extrusion placed over the top and High-Intensity :heeting
edge of a sign appears to increase longevity. It
is extremely costly and was made a part of the Substrate: HDO front and back. All Douglas-
testing only to gain data on a method of sign fir, exterior-marine grade, conforming to product
protection that might be resorted to in the most standard PSI-74; or all Douglas-fir exterior plywood,
extreme outdoor conditions when all other sign PSI-74, group 1, with B grade veneers on both
combinations had failed. sides. HDO must be a 60-60 nonoiled resin impregnated

6. The Scotchcal brand sprint film (#639) is fiber, black in color. Each panel should be edge-
durable and can be used effectively but an ultraviolet branded, marine-grade HDO EXT PSI-74 or HDO B-B G 1
inhibitor is needed to extend service life to 7 EXT PS 1-74, 5-ply, 1.3 cm (1/2 in); or 7-ply, 1.9
years. cm (3/4 in). (Thickness will vary depending on

7. Silk screened letters are durable. They sign size, as defined in the Forest Service procurement
can be considered an alternative to letters of and maniifacturing specification.)
reflective sheeting. Sheeting manufacturers' Background Sheeting: 3M Co.'s high-intensity
recommendations must be followed when applying the green with pressure-sensitive adhesive (#3877).
ink. Legend: 3M Co.'s high-intensity silver with

8. If a verathane coating over letters is heat-activated adhesive (#2870) or silk screened.
durable, an ultraviolet inhibitor will need to be Manufacturing Process: (1) Cut plywood blank.
added to the verathane. (2) Round or bevel edges to a radius of .24 cm

9. Although the bond between paint and sheeting (3/32 in); round corners. (3) Finish-sand all
is not adequate, the top edge bond Is protected edges and the panel face (HDO). (4) Clean all
with #639 film. surfaces with a tack rag. (5) Before sheeting,
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apply two coats of Benjamin Moore Co.'s #120-60 Part II--Avery International & Mitsubishi/Seibu
polysilicone enamel as a primer to all edges. (6) International
Apply sheeting to substrate. (7) Apply two more
coats of enamel after sheeting has been applied to Since the Forest Service and 3M Co. began their
substrate. (8) Apply legend and cycle once through cooperative testing the reflective sign materials 5
heat vacuum applicator. Do not apply clears. years ago, other companies have entered the reflecti%

sheeting field. For this reason, the Forest Service
Top Edge Treatment: Apply 3M Co.'s Scotchcal invited these manufacturers to suppl reflective

transparent film (#639) over top edge of sign. For materials for testing as 3M wasdoing. Two companies,
adequate protection of 1.9 cm (3/4 in) plywood, 7.6 Avery International and Mitsubishi/Seibu Inter-
cm-wide (3 in) film is recommended. For ease of national, concluded cooperative agreements in 1976
handling and cleanliness, apply in 61 centimeter- with the Forest Service.
long (24 in) strips. On larger signs, begin taping A test plan identical to the one agreed to by
from each outside edge and tape toward center of 3M was adopted, and separate test plots for the
sign. Film should overlap at the center of the signs of both companies were set up at the existing
sign at least 5 cm (2 in). The purpose of the film test sites in California, New Mxico, and Washington.
is to provide complete protection to the top edge Plots were physically separateO from each other and
of the sign to help prevent the sheeting from the 3M Co. plots but provided the same exposure to
peeling from the substrate, the elements.

Signs of Avery and Mitsubishi/Seibu materials
were manufactured and installed at the test sites

Reflective Sign of 1DO Plywood and Engineering- in November 1976. Signs of aluinum and plywoodGrade Sheeting measured 20 by 35 cm (8 by 14 in); those of ABSplastic, 30.5 by 30.5 cm (12 by 12 in). Signs were
Substrate: {DO front and back. All Douglas- installed 46 to 61 cm (18 to 24 in) above ground on

fir, exterior-marine grade, conforming to product steel U-channel posts set in rows. Signs faced
standard PSI-74; or all Douglas-fir exterior plywood, south for maximum exposure to ultraviolet rays.
PSI-74, group 1, with B grade veneers on both Signs were evaluated for the first time in Junesides. 1{DO must be a 60-60 nonoiled resin impregnated 1977. A discussion of each company's signs and an
fiber, black in color. Each panel should be edge- evaluation of them after one winter's exposure
branded, marine-grade 1DO EXT PSI-74 or HDO B-B G 1 follows. Because thif; testing has been underway
EXT PS 1-74, 5-ply, 1.3 cm (1/2 in); or 7-ply, 1.9 for only a short time, no conclusions or recommendati(
cm (3/4 in). (Thickness will vary depending on are included in Part II of this paper.
sign size, as defined in the Forest Service procure-
ment and maniufacturing specification.)

BackgrLund Sheeting: 3M Co.'s engineering-
grade brown with heat-activated adhesives (#2279). Avery International

Legend: 3M Co.'s engineering-grade silver with Some 28 different sign combinations were produced
heat-activated adhesives (2270); or 3M Co.'s by Ojo Caliente Craftsmen Cooperutive, under MEDC
engineering-grade silver with pressure-sensitive and Avery supervision, with substrates of 110 andandheveyveup(visi7n0);torubsilk-screened.an
adhe2sives (02270); or silk-screened. MDO plywood, aluminum, and ABS plastic. Heat-anufacturing Process: (1) Cut plywood blank. activated and pressure-sensitive engineering-grade
(2) Round or bevel edges to a radius of .24 cm whit9 and green reflective sheeting was used.(3/32 inl); round corners. (3) Finish-sand alledges and the panel face (1100). (4) Clean all Avery does not now manufacture a brown sheeting.)edgs ad te ane fae IID) .(4 Clan llThe letters "E," "O," and "N" were selected tosurfaces with a tack rag. (5) Before sheeting, simulate the legend. Letters were either reflective
apply two coats of Benjamin Moore Co.'s #120-60 silethe lgen Let e ith e eepolysilicene enamel as a primer to all edges. (6 sheeting or silk screened on the signs. Some edges
plysheenamel as atrmer(7Ay to o all ordes. () were square, others were rounded. Scotchcal filmApply sheeting to substrate. (7) Apply two more (#639) was used as a top edge treatment, and polysili.
coats of enamel to edges after sheeting has been cone paint and various clears were used to seal the
applied to substrate. (8) Apply legend. If using edges. Some of the DO plywood signs were treated
heat-activated letters, cycle sign twice through with Scotchlite brand process color #700 series
the heat vacuum applicator. Do not apply clears. with otheit bran poe r 70 sies
If using pressure-sensitive letters, cycle sheeting clears; others were not to verify if the adhesives
through heat vacuum applicator once before applying were durable without added protection.egnanoneatr Dontapycer.In all, 168 test samples were installed at thelegend and once after. Do not apply clears. three sites in November 1976.

Top Edge Treatment: Apply 3M Co.'s Scotchcal The sisi e r 1976.The first evaluation took place in June 1977.transparent film (#639) over top edge of sign. For After one winter of outdoor exposure, sheeting had
adequate protection of 1.9 cm (3/4 in plywood, 7.6-
cm-wide (3 in) film is recommended. For ease of peele sehandling and cleanliness, apply in 61-cm-long (24 te.In the fall of 1977 three combinations of
in) strips. On larger signs, begin taping from prototype sheeting and letters were installed at
each outside edge and tape toward center of sign. the three test sites.
Film should overlap at the center of the sign at By the spring of 1978 all combinations installed
least 2 inches. The purpose of the film is to at both the Mount Adams test site and the Donner
provide complote protection to the top edge of tho Summit test site demonstrated some degree of failure
sign to help prevent the sheeting from peeling from (fig. B). However, at the Hopewell Lake site, onlythe substrate. ( i .8 . H w v r t t eH p wl a e s t , o la few of the combinations exhibited any failure.

As a result, Avery removed signs except those
installed in 1977 from all sites.

In response to these failures, the company
developed new materials, modified original formulation
including adding ultraviolet ray inhibitors, and
adding tapes to the top edge of signs. Forty new
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sign combinations were manufactured and installed Figure 8. Signs of Avery International materials
in October 1978 (fig. 9). In addition, six combinations after 2 years of outdoor exposure.
using Finnish Plywood substrate were also manufactured
and installed at the same time.

Mitsubishi/Seibu International

MEDC and Mitsubishi/Seibu International representa-
tives selected 42 sign combinations for testing.
These were manufactured by Ojo Caliente Craftsmen
Cooperative under the supervision of MEDC and
company personnel. Substrates included HDO and MDO
plywood, aluminum, and ALS plastic. Beat-activated
and pressure-sensitive, engineering-grade brown and
silver reflective sheeting underwent testing. "E,"
0," and "N" were chosen to simulate the legend; in
addition to the precut letters of reflective sheeting,." .- "
some letters were silk screened. The edges of most
plywood s hn, were painted with four coats of
Benjamin Mone Co.'s polysilicone brown enamel; the
edges of thr, signs were left unpainted and treated
with a clear edge seal. In addition, the top edges Figure 9. New Avery International sign combinations
of two plywood sign combinatons were taped with installed in October 1978.
Scotchcal transparent film (#639). Some signs were
treated with clear coting; others were not to
verify if adhesives were durable without the added
pretections.

Some 252 test samples were installed at the
three sites in November 1976 (84 signs per site)
(fig. 10). The first evaluation took place in June
1977. After one winter of outdoor exposure, we
found that some of the sheeting was peeling from
the ABS substrate. In the evaluation in 1978
i)eling continued on the ABS plastic.

In the fall of 1977 Mitsubishi/Seibu requested
the manufacture and installation of three more sign
combinations (18 test signs). These signs were
installed at Hopewell Lake and Donner Summit in
October 1977 and at Mount Adams in Spring 1978.
Combinations using Finnish plywood weru installed
in 1978.

Figure 0. Signs of Mitsubishi/Seibu International materials after 2 years of outdoor exposure.." .
EO1

VZ!



304

A PRELIMINARY EVALUATION OF PAVED AND UNPAVED ROAD PERFORMANCE IN BRAZIL

Alex T. Visser, Austin Research Engineers
Cesar Augusto V. de Queiroz, Brazilian Road Research Institute
Barry Moser and Leonard Moser, Texas Research and Development Foundation

The study of unpaved and paved road performance was weathering. With the exception of the Kenya Study
a principal part of the "Research of the Interrela- (4), relatively little recent research has been con-
tionships of Road Construction, Maintenance and ducted on the performance of unpaved roads, which
User Costs" conducted in Brazil during the period constitute the major proportion of the road network
1975 to 1979. The paper outlines the experimental in developing countries. Thzs a major aspect of the
design methodology and measurement techniques for study in Brazil was to study unpaved,as well as
the pavement and maintenance studies. Preliminary paved,road performance and behavior. Elements of
results of the performance of unpaved and paved pavement performance and behavior which are address-
roads, monitored on 30 unpaved sections and 65 ed in this preliminary evaluation of the results are
paved sections in Brazil, are discussed. Equations roughness, rut depth, giavel loss and loose material
predicting roughness, rut depth and gravel loss, on unpaved roads and roughness, rut depth, and crack
are presented for unpaved roads. These performance ing and patLhing on paved roads.
parameters a:-e a function of average daily traffic,
horizontal alignment, vertical geometry, wearing
course materiai type, maintenance and wet or dry Design of Experiments
season. Preliminary findings of analyses of rough-
ness and rut depth on paved roads are also discuss- The experimental design matrix for the study of
ed. unpaved roads includes four factors. These were

average daily traffic, vertical alignment and hori-
zontal curvature at two levels, and surface type at
three levels, as is shown in Figure 2. The surface

The complexity of tile road network/traffic load type materials studied were laterite, quartzite and
dynamic system has caused engineers and planners to use sections without a surfacing, whose material was de-
piecewise solutions to this overall systems problem, fined as contaiuing more than 35 percent material
Part of the problem was the lack of information on the passing the O.074nmm sieve. Besides the 29 sections
costs of the components of highway transportation, i.e., in the main factorial, a further 19 sections were
the costs of highway construction and highway mainte- studied at intermediate levels to permit curvature
nance and user costs. This is a problem which has con- relationships to be developed in regression anal-
fronted governments of developed and developing coun- yses.
tries alike, as well as major financing agencies such All the sections were used to investigate their
as the World Bank. Tile current research project in performance under minimal maintenance, i.e., the
Brazil was planned to respond to these needs and is Resident Engineers were requested to withhold blad-
sponsored by the Brazilian Government with aid from the ing as long as was feasible. In addition to this
United Nations Development Program. evaluation, 10 sections in close proximity to Brasi-

The minimization of total transportation costs may lia for which more than one year's data had been
be achieved by the type of model shown in Figure 1 (1). collected under the minimal maintenance conditions,
In the overall model pavement performance plays an in- were selected to study the influence of maintenance.
tegral and important role because it influences all the Each section was divided into two subsections; one
cost components of the highway model, subsection was bladed every two weeks and the other

In the past many paved road performance relation- subsection every six weeks. Thus, in effect three
ships were developed in the United States (2), Canada maintenance policies were investigated.
(3) and Europe. These relationships are applicable to Based on previous studies (4), (5) six factors
countries with well developed transportation systems, were selectee for study on paved roads - surfacing
with temperature climates and pavement materials which type, base type, average daily traffic (ADT), state
are derived from alluvial or glacial deposits. Consi- of rehabilitation, age of the original surfacing or
derable uncertainty exists in translating these rela- overlay with asphaltic concrete and vertical align-
tionships directly to developing countries, particular- ment. The paved road experimental design matrix,
ly those in the tropics, where pavements are construct- contains the six factors at two levels. Figure 3
ed with materials which have been influenced by tropical shows the matrix and the section numbers in the
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Figure 1. Flow chart for highway
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cells which were filled. In addition to the main fac- to read rut depth with an accuracy of 1 mm. On pay
torial, which contains 44 sections, a further 22 sec- ed roads rut depths were measured at four to six
tions were selected at intermediate levals of the fac- month intervals. On the unpaved roads, in the mini
tors to investigate curvature relationships in the re- mal maintenance program, rut depth was measured at
gression, two to three week intervals, and every two to three

High and "nil" levels of maintenance were studied days on the high-frequency maintenance sections.
on paved test sections. Each section was divided into
two; on the one subsection only filling of potholes was Gravel Loss
permitted and it was called the "nil-maintenance" sub-
sect ion. A high lev-I of maintenance on tile other sub- Regravelling is the most expensive single mainte
section required cracks to be slurry sealed, bad base nnce operation on unpaved roads, and it may be con-
deformations excavated and replaced and potholes exca- pared to overlaying a paved road in importance. Pre
vated to a regular format and filled with an asphaltic diction of gravel loss was thus an important objec-
mix. tive of this study. The methodology adopted was

similar to that developed in Kenya (4). A grid of
points I m apart across tile road's wTdth, and 5 m

Measurement Techniques of Dependent Variables Studied apart along the length of the road, was levelled at
three monthly intervals relative to fixed bench-

Rourihness marks. Consequently tile change in height of the
grid points relative to the benchmarks was calculat-

Two instrumentation systems were used to measure ed over time, which, when averaged, represents a
roughness in Brazil - the Maysmeter and the G.M. Profi- change in level of the road surface, which is the
lonter. The Maysineter is a simple, low-cost instru- thickness of gravel lost. Since the benchmarks were

nient designed for installation into a p issenger vehi- fixed in tile subgrade, they accommodated settlement
ic, capable of producing an acceptab', measure of of the section.

roughness while traversing a road section at a normal
vehicle operating speed. The Profilometer is a sophis- Loose Material on Unpaved Roads
ticated and expensrve device that accurately measures
the profile of the road surface over which it passes. In the Kenya study (9) the presence of loose ma-
The principal function of the Profilometer, was to pro- terial on unpaved roads was found to have an influ-
vide a basis for calibrating the Maysmeters. The PrL- ence on fuel consumption. Additionally, loose mate-
filometer contains a custom built computer which simu- rial could be a predictor Lf gravel loss. Loose ma-
lates the passage of a quarter of a car, consisting of terial, in millimeters, was determined by dividing
a body mass, tire, shock absorber and spring system, tile volume of loose material collected hy tile area
and it summates the movements of the body relative to over which it is collected. A steel farrame, 1 m by
axle as it passes over tile measured road profile. This 0,25 m, was used to delineate tire area. Looseness
output from the Quarter-Car-Simulator (QCS) is termed measurements were taken across the road per 1 m
the quarter-car index (QI) and has units of counts/km. width at two transverse sectionv, within each subsec
A very smooth, newly constructed asphaltic concrete tion. A wire brush was used to sweep the material
would have a Qi value of less than 30, whereas a very together, which was. then poured into a measuring
rough unpaved road would have a QI greater than 200. cylinder. Moisture contents of the loose material

Calibrating tit' MaVsmeters is essential since nu- at each transverse section was determined in tile la-
merical values of roughiess generated by the Maysmeter boratory. These measurements were taken about every
are very sensitive to the vehicle, as well as to tire two to four weeks.
condition of tires, shock absorbers anJ springs. A
set of 20 paved road sections which cover a range of Cracking and Patching
roughness, were used to calibrate tile Maysmeter accord-
ing to the methodology developed in Texas (6). This A technique (8) was developed to survey the corn-
ensured that results obtained with any of tire Maysme- plete section and to plot tile defects and cracks on
ters in use on the Project, at arly time, were compati- a rmap of the section. In this way progression of
bit'. This compatible roirghness output, through a cor- the deterioration can be followed. An AASHO type
relation with QI, is designated by Qh* in counts/kin. classification of the cracks was adopted as shown in

Roughness results with tire Maysmeter were collected Table 1, but the classification'was increased to in-
by traversing each pavement study section three times, clude class four cracks which represent cracks in an
in each direction. On paved roads tire test speed was advanced state of deterioration. Condition surveys,
standardized at 80 kir/i, whereas on unpaved roads tire which consisted of delineating and mapping eaci area
speed had to be selected consistent with tire road con- of each crack class were carried out at about four
ditions. The hi est of three possible speeds, 80 or to six month intervals. Tre results of tile condi-
50 or 20 km/u, that would not cause damage to tire equip tion survey were also used to trigger maintenance.
merit, was selected. Since the Maysmeter-Ql relation-
ship is sensitive to speed, the results obtained at al- Table 1. Definition of classes of cracks
ternanive speeds were standardized to 80 km/h in accor-
dance to relationships presented in (7). Measurement Class of crack Description
frequency was about four to six months on paved roads, ..
two to three weeks on unpaved roads used in tile minimal Class 1 Very fine cracks with a
maintenance program, and every two to three days on the width of less than 1 rim
high frequency maintenance sections.

Class 2 Cracks with a width of I m

Rut Depth to 3 mm

Class 3 Cracks with a width greater
An AASIIO type rut depth gauge with a base length of than 3 mm

1.22 m (4 ft), which :s only supported at the two ex-
tremes, was used on paved roads. On unpaved roads, be Class 4 Any width of crack which
cause of accentuated influence of localized depres-
sions on the readings, r cross-bar was fitted to act oration) of the edges
as a base to tire A-frame. Tire apparatus is graduated
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Measurement Techniques of Covariates Studied a2 = (29.14CBR-0.1977CBR 2+O.OOO,5CBR3 )xlo_4
for base coursesBesides the dependent variables, which are those

variables for which prediction expressions are desired, a3 = 0.01+0.065 IogtoCBRand the factors of the design matrix, which are inde- for sub-base layers or selected subgradependent variables with readily determinable values, with an in-situ CBR greater than 40.there are covariates, which are independent variableswhose values are not readily controlled, and which The structural number SN was calculated by sum-could have an influence on the dependent variables. ming the products of structural coefficient (a.)The covariate data collected on unpaved roads included and layer thickness (ti) e.g.
material characteristi,-s, number of days since last SN =at.blading, blading period number since start of observa- =ItLions and season. In the study area there are two dis The structural number was corrected to allow fortinct seasons, the dry season and the wet or rainy the structural support of the subgrade as follows:season. Generally the dry season is from beginning 

2April to the end of September when hardly any rain SN = SN+3.51 logl CBR-0.85(logl CBR)2-1.43falls, and the wet season extends from beginning Octo-
ber to the end of April when almost all of the annual Deflection
rainfall of about 1600 mm falls. On paved roads thecovariates Were cumIIlative equivalent axles, pavement Deflections, which could be used as a surrogatestructural number and pavement deflection, of strength, or as a measure of lariability of cons-

truction of the section, were obtained with the Ben-Cumulative Equivalent Axles kelman Beam and with a Dynaf.ect. The measurements
were usually made at 10 points in each wheelpath inTraffic counts as well as axle weights were requir each direction on each subsection. The Benkelmaned to develop cumulative equivalent axles. Historical Beam rebound deflection was measured under a stand-traffic classification counts were obtained at each ard 40 kN dual wheel load using 2:1 ratio beams.sect ion. Where unavai lable, this data was collected Muasurements with both instruments were obtainedduring the Project's duration. Exponential curves, every six to nine months.using least square techniques, were fitted to tIhe his-torical vehicle classification counts to facilitate Presentation and D~iscussion of Results

later computations.Axle weights were measured with a weigh-in-motion Table 2 shows the mean, standard deviation and(WIM) system and portable s~ales. The AASHO axle equi range for the independent and dependent variablesvalency factors for a structural number of 2.0, were used in the unpaved and paved road analysis. Theused for single and tandem axles. Results presented statistics for gravel loss on unpaved roads are notin (10) were used for tie equivalency factors of shown, since these are a rate, and cracking rangestriple axles, i.e., three axles in a group. Thus on from uncracked to the complete area cracked. Sinceeach section the average number of equivalent axles large changes in the cracked condition occur summaryper vehicle for each vehicle class was calculated in statistics have little meaning.both directions. In tle calculation of the averagenumber of equivalent axles ner vehicle, it was assumed Analysis of Unpaved Road Resultsthat axle weights for each vehicle class on the sec-tion had not changed since the road was constructed. Ve Roughness on Unpaved Roads. Roughness datarification of replicate results collected two years from 30 unpaved sections which had lateritic andapart showed that the axle weight distribution was quartzitic gravel wearing courses were analyzed.constant, except when mining or heavy industries were Two regression equations were developed. The firstnewly located in the region served by the road. Coin- predicts roughness as a function of time within abining the traffic flow relationship for a specific blading period given the roughness after blading.vehicles class with the average num'er of equivalent The second predicts the roughness after blading.axles per vehicle penitted the calculation of cumula- The following equation was developed for predicttive equivalent axles to correspond to the time when a ing roughaess (QI*) given the roughness after blad--roughness measurement or condition survey was carried ing.
out.

log e(Ql*) = logeF + D(0.00461 + 0.00477T +Pavement Structural Number
0.00094G + 0.0000052ADT + 0.9832/R -At each section three test pits were opened. Lay-er thicknesses, in-situ CBR and in-situ density were 0.005777S - 0.0000055T.ADT + 0.003792T.S -measured and sa;mples taken for the standard laboratorytests on soil samples. The resilient modulii were 0.0000424T.F - 0.1871G/R - 0.00000535G.F -measured by means of the indirect tensile test on theasphaltic concrete samples (11). Structural coeffici- 0.0081F/R) (1)eats of each layer were related to strength measure-

ments through relationships presented in the litera- Whereture (4 and 12) and which were adapted to local condi- D = number of days since last bindingtions. The structural coefficients (ai ) per inch used F = roughness after blading (the first obsrvedare as follows: F og n s f e l di g(ief r t o s r eroughness after blading was used to developa1 = 0.10 for surface treatment equation 1)aI = 0.B for asphaltic concretes T = type of gravel wearing course:a, -= 0.18 fo slaterite: 
T = 0al = 0.4 6(1-e -0' 000084MR30) for asphaltic concretes quartzite:T = Iwith a thickness greater than 3 cm G = absolute value of grade, in percent

Where R0 the resilient modulus at 300C in ADT= average daily traffic in both directionsWhe/r 2  
R = radius of curve, in mkgf/cm2 S = season, dry season S = 0; wet season S = 1
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Tile mean square error of the model is 0.031. Alog e(rut depth) = D (0.00481 + 0.00001ADT -

The mean roughness measurements per observation 0.6663/1- 0.02496S - O.O0001ADT.T +
date of section 303 over a one year period are shown in
Figure 4 together with the roughness prediction obtain- O.002749T.L + 0.01289S.T - 4.9024S/R +

ed from equation 1. In each case the first observed
roughness after blading was used as input for F. 0.004371S.G) (4)

Roughness measurements were seldom taken immediate-
ly before or after blading. Therefore, equation 1 was Where
used to predict the roughness immediately before and
after blading from the first observation after blading D = number of days since last blading

and the last observation before blading respectively. ADT= average daily traffic in both directions
The predicted values were used to develop the follow- R = radius of curve, in m
ing model for roughness after blading. G = absolute value of grade, in percent

S - seasot.; dry season: S=O; wet season: S=
F = 31.0 + 18.7T - 1.84G + 0.0392ADT + 14.3S + T = type of gravel wearing course;

laterite: T=0; quartzite: T=I
554.7G/R + 2330.6S/R + 0.2726L (2) L = lane; downhill lane: L=O; uphill lane: L=1

The mean square error of the equation is 0.125.
Where

= roughness before blading Equation 4 was then used to calculate the rut
depth values at time zero for each observation, in

Tile mean residual and the mean square error of the following way:

equation 2 vary for different levels of L. For L less
than or equal to 140 the mean resid?al, iii:, equals loge (rut depth for D) log (rut depth at
-11.7 and the mean square error, 0 , equals 901.3.
For 1. greater than 140, li: equals F9.9 and o equals D) - Meg (rut depth at D)

1971.6. c
A series of roughness curves over time for four The following equation was calculated for the

typical combinations of significant factors are shown mean rut depth, in millimeters, for D0:

in Figure 5. Tire roughness after blading at the -,tart Mean log (rut depth for D=0) = 1.447 +

of the e::ercise was assumed to be 80. Equation I is e
then used to generate the roughness values until the
first blading. The value fur F used in the next blad- 0.726T + O049ADT + 114.3/R - O.1198WP +

iog period was then calculated in tie following way: 1.021S - 106.3T/R - 0.5920T.S -

F = F' + (I +  ) (3) 0.2093ADT/R.+ 0.O0081ADT.S - 0.0893S.G (5)

Where Whore
F' = the first roughness predicted from equation 2

=mean residual =fWP = wheelpath; external wheelpath: WP0;

from equation 2 9.9 otherwise internal wheelpath: WP=e

Z = normal (0,I) value The mean square error of the equation is 0.244.

= standard error = 24.5 if L < 140 Equations 4 and 5 must be used together to pre-
of equation 2 44.4 otherwise dict the rut depth at any time since last blading.

This procedure was then repeated for each blading Figure 6 shows the data points and the rut depth

period. A distribution was used for tile calculation of calculated from equations 4 and 5 for section 303,

F since its value enters into equation 1 in a non-lin- which was selected because it had typical ranges of

ear manner. days since blading in both seasons.
Eatone. ITable 3 shows the results which were generatedEquation I predicts that thle increase in roughness from equations 4 and 5 for the entire range of the

with time within a blading period during the wet sea-

son is less than during the dry season. Under certain significant factors. The rut depth of the internal

combinations of the significant factors during the wet wheelpath is not shown, but it is 8.8 percent less

season the road may in fact become smoother with time. than that of tile external wheelpath. The results

Thi3 is caused by drivers avoiding puddles and thus for tie wet season, presented in Table 3, are of a

following a path through the section which meanders, similar order of magnitude as the results obtained

but avoids depressions. Roughness measurements were in Kenya (4), whereas the results in tle dry season

taken in the most prominent wheelpaths where tile rough are lower than found in Kenya.

ness was lower than tie route through the depressions. In tie dry season ruts develop very slowly, and

Road width and traffic volume could influence this re- from the magnitude of the rut depth shown in Table

lationship, but even on tile most heavily trafficked 3, rut depth will probably not act as a trigger for

sections the road was sufficiently wide to permit mean maintenance. In the wet season substantial ruts de

dering. r velop, and thus could trigger maintenance activi-
ties. Under certain conditions the rut depth in
the wet season decreases. This is probably due to

Rut Depth on Unpaved Roads. For tile development of the fact that drivers try to avoid water ponds and

tile models for the prediction of rut depth on unpaved then tend to move their vehicles to drier ground.

road sections 30 test sections with laterite or quart- Consequently the wheeltrack position changes over

zite wearing course gravel were used. time. Since rut depths were measured in the most

The data were analyzed in two stages. In the first prominent wheeltracks diminishing rut depths over

stage the time effects on the change in ruL depth, in time were recorded.

millimeters, were considered and tile following equation
was developed: Gravel Loss. The prediction model for gravel
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Table 2. Summary statistics related to variables studied

UNPAVED ROADS PAVED ROADS
Independent Variables Mean D,5td. aiu, MnmxDenn aaee i Maximum Minmum ndependent Variables Mean Dev ati.n Ma M
Average daily traffic (vpd) 236 167 608 1Dertical alignment (1) 2.7 2.7 8.2 0.0 Age at Jan. 1979orizontal curvature Tangent R-180f Sectlond as constructed 7.9 4.4 20.5 2.5mber of days between bldings 95 55 342 7 Overlaid 5.3 .1 12.5 0.5umulative traffic between 24010 22120 143600 720 Vertical alignment (6 3.36 2.5 7.66 0,lading. umulative Equiv. 80 kN axles L.36x10 3.27x10 20.10 6 0.003.106

(Jan. 1979)endent Variables :orrected structural numbei 5.0 0.9 7.5 3.4
oughness {* counts/ke) 130 63 554 35 enkelman beam deflection (nm) 0.70 0.30 2.10 0.28ut depth (m) is 11 55 2 pendent Variables

oughness (01- counts/kin) 37 15 99 15ut depth (m) 3 1.6 11 0

Table 3. Generated values of rut depth (in mn) in the external wheelpath on unpaved roads

LATERITE0 U LATERITE QUARTZITE

" 20 600 20 600

0 2000 4000 0 30000 60000 0 2000 4000 0 30000 60000

Tangent 4 7 12 10 18 31 9 15 24 22 26 32

250 7 9 11 10 15 23 9 11 14 13 14 16j Tangent 4 7 12 10 18 31 9 19 41 22 30 43

250 m 4 9 12 10 15 23 9 15 24 13 17 20

. Tangent 4 7 12 10 18 31 9 15 24 22 26 32250 m 7 9 11 1i 0 15 23 9 11 14 13 14 16
14Tangent 4 7 12 10 18 31 9 19 41 22 30 43

250 m 7 9 11 10 15 23 9 15 24 13 17 20
Tangent 7 14 28 51 8 55 32 79

250 m 11 2 26 16 8 6 20 16
Z Tangent 7 14 28 51 8 72 32 90

250 m 11 2 26 16 8 20 19

Tangent 11 2 43 27 13 10 49 41
~250m 18 0 41 8 13 1 31 8

Tangent 11 2 43 27 13 13 49 47

250 m 18 0 41 8 13 1 31 10

Table 4. Generated values of change in gravel level in millimeters

'250 days bladln gs adns blad ngs 250 days bladlngs blad n s blad ngs

Tnet -0.4 -6.0 -17.9 -35.7 -0.4 -16.1 -48.4 -96.8

Cre -0.4 -7.7 -23.0 -46.0 -0.4 -17.8 -53.5 -107.0

STangent -0.4 -1.3 -3.9 -7.7 -0.4 -11.5 -34.4 -68.7
Curve -0.4 -3.0 -9.0 -18.0 -0.4 -13.2 -39.5 -79.0

STangent -0.4 -6.0 -17.9 -35.7 -0.4 -61 -8. 9.
250

,r25 -0.4 -14.2 -42.6 -85.2 -0.4 -14.4 -79.1 -118.2

Tangent -0.4 -1.3 -3.9 -7.7 -0.4 -11.5 -34.4 -68.7
2 u 04 2. -57.2 -0.4 -9.71 =-.1 -118.2
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Figure 5. Roughness curves over time generated from the Figure 6. Rut depth versus time since last blading
roughness prediction model for unpaved roads for section 303
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loss was developed from data collected on 30 sections Mean change in gravel height - B (0.0088ADT -
with laterite or quartzite wearing course gravel. The
periods betwjeen bladings on these sections ranged from 213.8/R - 0.4670G - 816.6T/R) -
14 to 250 days over an 18 month observation period.
The equation can be applied to sections that receive 0.00143D (7)
maintenance in the form of blading, or that are left
without blading. Equation 7 predicts the mean change in gravel

The foliowing is the prediction model for the change height after B bladings, or if no bladings are ap-
in gravel height, in millimeters: plied, after D days. This equation was used to ge-

nerate changes in gravel height for 2,6 and 12 bladChange In gravel height = B (-0.0046ADT - 213.8/R - ings, and over a 250 day period when no maintenance-
was applied, as shown in Table 4 for the ranges of0.4()70G- 816.6T/R - 0.0043ADT.R - significant factors.

The mean gravel loss is dependent on the number
O.O082ADT.R3 ) + D (0.0580 - 0.0461RR2 0.13221 3 ) of bladings rather than time or cumulative traffic

(6) as is generally reported in the literature. Conse-Where quently a direct comparison to published results is
B = number of bladings not possible. The results in Table 4, up to six

ADT= average daily traffic in both directions bladings, are of a similar order of magnitude as
R = radius of curve in m found in Kenya (4), assuming that the bladings oc-
G = absolute value of grade in percent curred within a one year period. Lund (13) supports
T = wearing course material type, laterite: T=O the finding that maintenance is correlated with gra-

quartzite: T=l vel loss. His observations were that the quality of
D = time in days since last blading or start of maintenance probably plays an important role on gra-

observation period vel loss. This was an aspect which was not studiedD = 0 if the section has been bladed, i.e., in the present Project, and the relationships pre-
if f > 0 sented are deemed to consider average maintenance

D > 0 if the section has not been bladed, standards as were generally applied in the study re-
i.e., if B = 0 gion.

R2= transverse location variable
= 1 if location is 2 m from the road edge Loose Material. A preliminary analysis of the

R2= 0 othcrwise data collected shows that the thickness of loose ma-
R 3= transverse location variable terial within 2 m from each road edge is considera-

R 3= 1 if location is 3 m from the road edge bly larger than the thickness over the rest of the
R3= 0 otherwise road width. The results obtained at different cross-

The mean square error of Lhe model is 361.6. sections locations within a section are not signifi-
cantly different, and consequently the test procedu

Measurements taken in the external three rows of re was standardized to take measurements at two
each subsection-lane, starting I m from the road edge, cross-sections per subsection. The time effect on
were used to analyze the influence of transverse loca- the thickness of loose material was found to be
tion on gravel loss. R2 = R3 = 0 corresponds to the strong, and could be caused by the influence of
most external row, row one, located 1 m from the road moisture content of the loose mazerial. Further
edge. Row two s 2 m and row thre- is 3 m from the work is continuing to develop predictive equations
road edge. for loose material.

Equation 6 can be used for the prediction of gravel
loss for two different situations. If the road is blad
ed then B is set to the number of bladings and D is set Analysis of Paved Road Results
to zero. The predicted change in gravel height repre-
sents the total gravel loss caused by blading, weather- The design of experiments for the paved road
ing and traffic. Although the model is a function of analysis was structured to permit two types of anal-
the number of' bladings, it can be used in terms of a ysis, viz of the time effect and of traffic, geome-
unit time by considering the number of bladings per unit tric and pavement characteristics. In the analysis
time. If th:- road is not bladed then B is set to zero of time effects the change in the dependent vari-
and the model becomes a function of time in days. able, e.g. roughness, rut depth or cracking and
Therefore, the first part of the equation should be ap- patching, is studied for each section during the ob-
plied in periods when the section is bladed and the se- servation period. An analysis of traffic, geometric
cond part used before blading has started or after it and pavement characteristics permits an evaluation
has terminated, of these factors shown in Figure 3, together with

Equation 6 demonstrates that without blading there directional and maintenance effects, on the depen-
is a movemen: of gravel from the middle of the road to- dent variables.
wards the ex:ernal row with time. It is important to note that the paved road

A plot showing the gravel loss model for row two for analysis is still in the preliminary stages, but
tie eombinat::on of factors exhibited by section 257, that there are interesting initial observations and
together with the data points of section 257, is shown also some problems.
in Figure 7. Since gravel loss is a rate, the model
was centred tlhrough the mean number of bladings and
tie mean arbitrary gravel level. 'Thiis section received Roughness on Paved Roads. Preliminary analyses
three bladings during the observation period, and the of the time effects showed that:
observations were taken between bladings.

Tile primary objective of predicting gravel loss is I. The steeper the grade, the greater the in-
to program regravelling. The mean change in gravel crease in roughness with time. The change in rough-
height over a section was derived from equation 6 by ness over time was not significantly different for
combining the three rows. the uphill and downhill directions on any grade.

2. The increase in roughness over time on a
section constructed with a crushed stone base is



312

greater than for a section constructed with a gravel The prediction equation for rut depth on unpaved
base. In some cases the material classified as crushed roads also consists of two models; one predicts the
stone was of a poorer qualit, than would be expected development of rut depth over time and the other pre
with crushed stone, and this could influence the finding. dicts the rut depth after blading. In addition to

3. Changes in roughness with time on the two mainte the significant factors found for roughness, lane
nance subsections were not significantly different, and wheelpath effects were found to be significant.

The change in gravel height was found to dependin the analysis of the main factors the mean rough- on the number of bladings, average daily traffic,
ness over time on the two subsections of each section horizontal alignment and material type. The present
were not significantly different. Certain problers ed model for roughness shows that it is necessary to
have become apparent through the cross section analysis. blade the road to maintain a desired rovthitness le-
For a corrected structural number of 4 to 5 the range vel, and the gravel loss model indicates 'hat by
of roughness is alumst independent of age, as may be blading, gravel is lost. This finding requires that
seen froi Figure 8. In some cases an old road has the optimization techniques be used to program mainte-
same roughness as a new road. This situation remains nance.
similar when age is substituted by equivalent axles as The paved road analysis was still very prelimi-
is shown in Figure 9 because of the high correlation nary and some preliminary observations, as well as
between age and cumulative equivalent axles, problems related to analysis of the main factors

Sections which have carried large numbers of equi- were presented. Several analysis techniques are
valent axles are often smoother than sections which being evaluated to overcome the problems related to
have carried a low number of equivalent axle repetitions, cross sectLion analysis.
because thicker pavements were designed for heavily traf
ficked roads. This situation presents problems in sepa-
rating the structural number and cumulative equivalent References
axles effects.

Analysis techniques which are expected to overcome 1. F. Moavenzadeh et al. Highway Design Standards
these problems associated with cross section analysis Study, Phase 1: the Model. International Bank
are presently being applied to develop performance me- for Reconstruction and Development, Staff Work-
dels. ing Paper 96, Jan. 1971.

2. American Association of State Highway and Trans-
portation Officials. ASHTO Interim Guide for

Rut Depth on Paved Roads. Initial analyses of tile Design of Pavement Structures 1972, Washington,
time effects indicated that: D.C., 1974.

3. Roads and Transportation Association of Canada.
I. The increase in rut depth with time on old pave- Pavement Management Committee. Pavement Manage-

ments is faster than on newly constructed or newly over- ment Guide. Ottawa, Canada, 1977.
laid sections. 4. J. W. lodges, J. Rolt and T. E. Jones. The Ke-

2. On sections less than four years old, the in- nya Road Transport Costs Study: Research on Road
crease in rut depth is greater for sections with a gra- Deterioration. TRRL Lab. Rep. 673. Transport
vel base th.in for sect ions with a crushed stone base. and Road Research l.aboratory, Crowthorne, 1975.

3. on sections less than four years old the in- 5. Highway Research Board. The ASSIO Road Test:
crease in rut depth is greater for sections with an as- Report 5 - Pavement Research. HRB Special
phaltic concrete surfacing than a surface treatment. Report 61-E, 1962.

6. R. S. Walker, and W. R. Hudson. A Correlation
In the analysis of the main factors similar confound Study of the Mays Road Meter with the Surface

ing effects were found as elaborated above for roughness. Dynamics Profilometer. Res. Rep. No. 156-1,
Center for Highway Research, The University of
Texas at Austin, 1973.Cracking and Patching. Preliminary evaluation of 7. A. T. Visser and B. C. Butler, Jr. Use of the

the percentage area of tite test section which exhibits TRRL Calibration Course to Standardize Roughness
class 1 to 4 cracking shows that the total area which Measurements. Tech. Memo No. 002/78. PICR,
is cracked is considerably larger for as-constructed GEIPOT, Brasilia, April 1978.
roads with an asphaltic concrete strfacing than for sec- 8. A. T. Visser et al. A Methodology for Pavement
tions with a surface treatment or sections which were Condition Surveys on the Paved Sections of the
overlaid. Further analysis of this dependent variable Pavement Performance and Maintenance Study.
is continuing. Tech. Memo No. 005/77. PICR, GEIPOT, Brasilia,

March 1977.

Conelusios 9. II. Hide et al. Tie Kenya Road Transport Cost
Study: Research on Vehicle Operating Costs.
TRRL Rep. LR672. Crowthuorne, 1975.

After a two year study period preliminary results of !O. Re . L. on 1975.

the performance of unpaved and paved study sections on 10. i1. J. Treybig and 11. L. von Quintus. Equivalen-
tn-service roads in the central and southeast regions cy Factor Analysis and Prediction for Triple
of Birazil were presented. Axles. Report No. BR-2/I. Austin Research En-of Bazi wee prsenedgineers, Austin, Texas, July 1976.

The development of roughness on urpaved study sec- i r. C. A. V. de Queiroz and A. T. Visser. Uma Inves
tions over time within a blading period was related to 11. C. A. V. de Queiroz an Ae ves
the average daily traffic, vertical geometry, horizontal t igaao dos Mgdulos de Resilincia de Revestime
alignment, wet or dry season, lateritic or quartzitic tos Betuminosos Brasileiros. 14th Meeting ofwearing course tile Brazilian Pavement Association, Joao Pessoa,wern oregrave l and the rougitness after blading Sept. 1978.
(E'quation 1). A further model (Equation 2) was develop- Set198equaion 1).dAcfstl er ( aing as develo- 12. Highway Research Board. Evaluation of AASHO In-
od whict Predicts the roughness after bading as a func- terim Guides for Design of Pavement Structures.

tion of rougitness before blading, vertical geometry, CRRe.18 WahntDC,192horizontal alignment and wet or dry season. Generation NCHRP Rep. 128. Washington, D.C., 1972.
of road roughness over time can then be a accomplished 13. J. W. Lund. Surfacing Loss Study. Forest Servi
by using equations 1 and 2 with a normal distribution ce Rep. FS-73-031. U.S. Dept. of Agriculture,
of the residuals of equation 2. Jan. 1973.



313

TIlE EFFECT OF ROAD DESIGN AND MAINTENANCE ON VEHICLE OPERATING COSTS-
FIELD RESEARCH IN BRAZIL

Richard J. Wyatt, Robert Harrison and Barry K. Moser, Texas Research and
Development Foundation

Luiz A. P. de Quadros, Empresa Brasileira de Planejamento de Transportes

The design and methodology of the survey of vehicle model estimates costs of road maintenance and vehi-operating costs on rural and inter-urban roads in a cle operation.
large area of central, w:estern and southern Brazil
is described. Data were collected fret, 117 opera-
tors for 1326 vehicles by a team of 20 researchers. Survey Design and Scope
Road roughness and geometric characteristics were
measured on 423 routes nearly 40000 km in length In planning the survey it was realized that suc-using two specially instrumented cars. The method cessful analysis would depend on how effectively theof analysis is explained and some preliminary rela- design and data collection could cover the extremestionships are presented and discussed. Special at- of operating conditions in Brazil, in terms of sur-tention is being given to depreciation and vehicle face roughness and vertical and horizontal geometry.maintenance costs. An example is used to show that The need was for a sample from all major vehicleon typical unpaved roads in Brazil increases in fuel types, stratified by the important decision vari-consumption are small in relation to the overall ables - road geometry and surface type. A veryincrease in costs, when compared to paved roads. simple pre-stratification was used (Figure 1) to aidAnalysis is in its early stages and will continue selection of operators of buses, trucks and automo-until November 1979. biles, for two main reasons. First, it was not pos-

sible to pre-stratify road characteristics with any
great degree of precision, and secondly, since very
few vehicles operated on only one route it was neces-Since October 1975 research has been underway in sary to consider vehicles using several routes of aBrazil to determine the relationships between the cost broadly homogeneous character. The search for suit-of highway construction, maintenance and utilization, able vehicle operators was therefore concentrated inprimarily for low volume roads. The project is sponsor- regions as widely different as possible with respected by the government of Brazil and the United Nations to trpography, and in areas with the most unpavedDevelopment Program, and is managed by the Ministry of roads.Transport through its affiliate GEIPOT (Brazilian Trans- Apart from buses, for which published data wereport Plannin6 Corporation). The project is based at the available, little was known about the vehicle oper-headquarters of GEIPOT in Brasilia the Federal Capital, ators and their itineraries in the various regions,and will continue until November 1979. often remote from Brasilia.This paper describes the vehicle operating cost sur- It was genarally fairly easy to locate operatorsvey and gives the results of some preliminary analyses, with good cost records for vehicles on paved roads.It is emphasized that the results are from early analy- Ilowever suitable operators on unpaved roads wereses of selected data. Field data collection has not yet much harder to find. There were fewer fleets in ar-been completed and final analysis of all data has not eas of largely unpaved roads, and fleet sizes werebegun. The results should be considered with this in generally smaller. The need for homogeneous routesmind. limited the areas available. Thus, areas of rolling
terrain were avoided as far as possible while flat-
ter or hillier areas were thoroughly searched.Research Objectives It was necessary to search much wider and far-
ther than had originally been planned, since manyThe objective is to develop and improve relation- operators, although using roads suitable for the re-ships between construction, maintenance, and road user search, lacked adequate vehicle cost records. Al-costs and combine them in a predictive model which will most one thousand operators, from large fleets toassist in minimizing the total cost of Brazil's highway owner-drivers, were contacted in the initial searchesnetwork. The model calculates the construction cost of and a mail-shot questionnaire was sent to a furthera road and predicts its condition over time for given 1500. Data quality was an important consideration.traffic levels. Having predicted road condition the It was sometimes found necessary to be less restric-



314

curve's effect on a steep grade. In order to quantify lization could be predicted, then differential depre
these kinds of effects algorithms were developed (5) de ciation costs could be calculated from average sale
fining a function for each grade and curve, weighted by prices for vehicles of a given age. Two components
the effect of the previous geometric condition. The were therefore used.
weightc are based on speed changes under various condi-
tions derived from experimental data. Separate calcu- I. Utilization rates by vehicle class
lations are made for each grade and curve from tile raw Prediction equations were developed where
data file, summed and divided by the route total km to monthly or annual km is a function of highway char-
giv tle index (V and 11) values. acteristics and vehicle characteristics.

2. Average market values by vehicle class
Curves were drawn representing the average

Typical Roughness and Geometry Values decline in value for each year over the entire vehi-
cle life. Tile data source was dealers specializing

The mean value of the roughness index (QI*) for all in used vehicles in the Sao Paulo area. Values were
the paved roads in the survey is 39 QI* with a standard checked for consistency with actual sales of vehi-
deviatiun of 8, and for all unpaved roads 140 QI* with a cles from the main survey. In addition, data on
standard d-viation of 33. For geometry, a fairly flat vehicle survival rates was obtained from the nation-
and straight road would have a vertical index (V) of 4.5 al vehicle registration authority. These data are
and horizontal index (H) of 0.04, while a mountainous not central to the methodology outlined above but
road would have V of 8.5 and H of 0.45. are useful for tile Brazilian model when calculating

average lifetime depreciation and interest by vehi-
cle class.

Preliminary Analyses
The components above were combined to predict

Fuel, utilization, and parts data were obtained di-. depreciation cost, per km. Between given ages in a
rectly from the vehicles in the fleets of the companies. vehicle's life, depreciation per km is equal to the
The mean costs per company/cell were analyzed since the change in market value divided by utilization during
variance from company to company within a cell was sig- that period, such that:
nificantly greater than the variance from vehicle to
vehicle within companies. L.abour hours and tire data D = NP 1-DC
were collected directly at the company level. For these c,j c c,j (i)
two items the mean value per company was analyzed as the J AV
dependent variable. 12 c,i

The dependent variable for al! cost items is expres-
sed in units per 1000 ki. In the case of parts and de-
preciation costs where the units are Brazilian cruzei- Where:
ros, (Cr$), the data values are transformed to constant = ..... k
cruzeiros of January 1976 when one U.S. dollar was ap- k = maximum vehicle age in years

proximately Cr$ 10,00. (6) D. = Depreciation cost per km at age j
Wei?,'ted regression analysis was used. For fuel, NP = New vehicle price less tires for

utilization, and parts tile reciprocal of tile sample vari class c
ance of the mean per company/cell was used as theweight. DC .= Value of class c vehicle at age j,
For labor hours data the fleet size was used as the cj as a proportion of new price
weight, and for tyres, the number of tyres analyzed in AV .= Annual utilization in year i for
each fleet, c, class c vehicle

For all cost items, the effects of vehicle charac-
teristics were tested. The correlation between the
highway characteristics and tile vehicle characteristics Interest. Interest should be included in vehi-
was eliminated by adjusting tile mean value of the lat- cle operation cost calculations, normally as equal
ter per company/cell by its mean per cell. Thus the to the opportunity cost of capital. Having chosen
coefficient of each of the highway characteristics re- the rate to be applied, the same components used
flects tie influence of that variable given the vehi- above can be used to calculate interest cost, such
cle characteristics Present in each cell of the facto- that:
r ia I . The effect of tile vehicle characteris tics is j
calculated within the cells of the factorial and there- IC = NP R E DC
fore can be interpreted independently of the highway c,j c ci=0  c, (2)
characterist ics . An interpretation of tile equation for j
utilization is given after the discussion of deprecia- 1 AV.
Lion. i=l '

Where:
Depreciation and Interest IC Interest cost per km at age j for

clj vehicle class c

The main objective was to develop a method of cal- R = Annual interest rate for vehicle
cuLating vehicle depreciation with respect to differing c class c
highway characteristics. Two potential approaches were
examined, one emphas ing market valuationIs, and the
other, vehicle utilization. The market valuation ap- Preliminary Results
proach was finally rejected, because while it was pos-
sible to collect data for many actual sales, the vehi- Utilization
cle histories, in particular routes operated, were un-
known. Of vehicles included in the main survey, less The equation for utilization will be discussed
than 1O7 were sold during the data collection period, to show how the influences of the vehicle character-
al insufficient number for analysis. istics can be interpreted for the other equations

Vehicle utilization (km per month) was analyzed presented below.
using the hypothesis that if differential rates of uti- The following generalized regression model spec-
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Figure 1. Pre-stratification of vehicle operators, as possible with the vehicle operations and company
cost reporting procedures. Besides the benefits that
such routine visits produce in terms of convenienceFlat Rolling Hilly to company managers, who give their time voluntarily,
it is necessary to know something about the quality
of data from such diverse sources. It is essential
to know exactly how the data are assembled by the
operator, and the use to which he puts the informa->tion.

0 o
oThe primary method of data collection is to make

the maximum possible use of the vehicle operator'sown records. When experience has been gained in in-

terpretation of the material the method is consideredUefficient. At the outset, a detailed examination of
4all relevant company records is made by senior mem-bers of the research team in order to establish the

reliability of the data. As noted above, it is then
important that the field researcher makes regular
visits to the company to become completely familiar
with the costing system. Whenever possible, original
records are photocopied for permanent reference. In
the research office, data are compiled on a monthly

0basis and transferred to a keypunch form by the fieldaresearcher 
himself. In this way guidance on inter-

a pretation can be given, and closer supervision exer-cised by senior staff. Having been processed and
edited the data are output to reports designed to
facilitate screening and consistency tests. Errors

Note. Searching was concentrated in the shaded are refered back to the field researcher for correc-cells tion on numbered enquiry forms, while other less ob-

vious inconsistencies are investigated by senior
staff in direct field enquiries. If alterations to
file data are necessary a separate computer reporttive on route characteristics in order to include a is generated so that new values can be checked.fleet operator with reliable and comprehensive cost re- Where the operator's own records are inadequate,cords. as is frequently the case with owner drivers and someThe g2graphic area of the survey now covers One smaller fleets, the operator is given blank formsmillion km , containing 30% and 40% of the total Brazil each month, and guidance on how to fill them out.ian paved and unpaved networks respectively. Data i.- The response rate was generally low, but dependentcollected regularly in 28 cities in the States of Minas to a large extent on the effort given by the fieldGerais, Goias, Mato Grosso, Mato Grosso do Sul and Rio researcher in setting up and maintaining such a sys-Grande do Sul, several locations being well over 1500 tea. In a number of cases contact with the research

km from Brasilia. team has stimulated the operator to develop a moreThe survey encompasse!: 653 buses, 442 trucks and efficient cost control of his own.
231 automobiles, from 62 fleets and 55 owner drivers,
during an average data period of 16 months. The fact-
orial dispersion of vehicles and routes is shown in Route Network
Figure 2. All aspects of vehicle operating costs are
being investigated, but special attention is given to The routes extend throughout Goigs, Minas Gerais,depreciation, and spare parts and maintenance costs. Mato Grosso, Mato Grosso do Sul, and Rio Grande doSeparate controlled experiments have been carried out Sul, with some sections into Esprrito Santo, Rio dein Brazil to investigate fuel consumption and vehicle Janeiro, Sao Paulo and Santa Catarina.speeds (-). So far, 423 routes have been measured totalling

66000 km, however since many routes have common links
the actual road length is 39000 km, of which 18000kmMethodology is unpaved. Paved routes average about 220 km in
length and unpaved 105 km. Traffic volumes averageTwo separate but complementary tasks were involved- 2500 vehicles per day for paved routes and an esti-collection of vehicle cost data, and identification and mated 200 v.p.d. for unpaved routes.

measurement of the vehicle's routes. Coordination of For each route the detailed itinerary was check-
these activities was the main role of survey management. ed with the vehicle operator and transferred to aThe importance of the computer must be noteu. More specially drawn map. Turning points on a route , orthan 50 programs were specially written, and extensive "nodes" were numbered and the location described inuse was made of a package for data retrieval and anal- a computer file. For each route, the file then lists
vs is.

the complete sequence of nodes.

Vehicle Cost Data Roughness and Geometry Measurement. Two 2 500c.c.
r:ation wagons were used, crewed by a driver and anInformation is collected on fuel, engine oil, work- observer. Two passes of each link were normallyshop labor hours, spare parts and materials used, tyres, made, measuring roughness in one direction and roadroutes operated, and number of trips and kilometers on geometry in the other.

eachi route. 
For roughness, a Mays-Ride-Meter (2) was used,The basic approach is that frequent and regular connected to a digital display giving counts everyvisits are made to the vehicle operator's offices and. 322 meters (5 counts or mile) the count being notedworkshop, so that the field researcher is as familiar by the observer on a keypunch form. Regular cali-
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Figure 2. Vehicle and route final stratification.

_ _ _ Flat Rolling Hilly

80 vehicles 349 vehicles 53 vehicles

10 routes 82 routes 2 routes

2 16 vehicles 89 vehicles 163 vehicles

13 routes 67 routes 37 routes

1 6 vehicles 49 vehicles 4 vehicles

u 7 routes 21 routes 5 routes

V)

2 4 vehicles 31 vehicles 9 vehicles
. 2 routes 28 routes 12 routes

138 vehicles 147 vehicles 58 vehicles

28 routes 38 routes 10 routes

2 17 vehicles 60 vehicles 53 vehicles

5 routes 27 routes 26 routes

Note. Horizontal level 1 = low or average curvature,
level 2 - high curvature

bration was of paramount importance, because readings Roughness and Geometry Indices
are sensitive to the condition of the vehicle's springs,
shock absorbers, wheel alignment and tyre,. The vehi- Roughness. After each field trip the calibration
cles were calibrated before and after each field trip on coefficient obtained between the Maysmeter's measure
20 control sections against GMR Profilometer measure- ments on the 20 control sections and those of the
ments. (3) Profilometer is used to convert the raw data to a

Horizontal curvature was measured with a standard roughness index (QI*) scaled by the Profilometer's
aircraft type gyro compass. The start and end of each Quarter Car Simulator (3). A mear, QI* value is then
curve is called by the driver to the observer who notes computed for each route. (4)
the bearings from the gyro compass., and length of the For unpaved roads in particular, roughness at
curve in meters from the distance measuring instrument any point on the road may vary considerably during
(DMl) (2). the period of the survey. A replication measurement

Vertical profile was measured using an electronic program is underway for selected unpaved and paved
linear accelerometer connected to a panel meter, scaled roads to determine the magnitude of this variation
to plus or minus 12% grade. The instrument senses the across the whole route. Preliminary analysis indi-
gravitational acceleration resulting from tilting the cates that although individual points on the road
axis of sensitivity off the level plane parallel to the vary due to bladings and the season, the overall ef-
ground. Drivers were trained to hold the vehicle speed fect on the mean roughness of the route is small and
constant while the reading is noted at approximately the unlikely to affect the estimation of the roughness
mid-point of the grade. As with horizontal curvature, coefficients.
the driver calls the start and end of the grade and the
observer notes the DMI readings. Transition grades ar2 Geometry. It was hypothesized that the relation
noted when the grade change is 1!2% o" more and when the ship between speed and geometry could be used to
length of the grade is sufficient to record a stable quantify, at any point out on the road, the effect
reading from the panel meter. The system has been test- of grades and curves on operating costs. For exam-
ed with known road profiles up to 15 km in length and pIe, the effect of a steep positive grade on a vehi-
although by no means exact, produces a satisfactory ap- cle could be greatly reduced by the momentum gained
proximation to the known profile, from an immediately preceeding negative grade. Al-

so, that the effect of horizontal alignment was con-
ditioned to a large extent by the vertical profile.
For example, the slowing effect of a small radius
curve on a level road is much greater than the same



317

ifies the utilization prediction equations derived from will continue to be the dominant influence when con-preliminary analyses. The exponential model predicts sidering total vehicle operating costs, especially
for five vehicle classes - cars, light, medium and heavy economic costs. (i.e. less taxes and transfer piy-trucks, and buses. 158 company/cell means are from a ments). This is because fuel is a relatively minor
sample of 939 vehicles, item in terms of total operating costs. Table 2

shows economic cost differences for the typical 4Model: year old bus in rolling terrain (V=6.0, 1=0.15) for
KMES=e9 .0 8 73-0 .5801H+CI 0.3532+C4 0.2333- a paved (38 QI*) road and an unpaved (137 QI*) road.

March 1979 prices are used, when I dollar =Cr$23,00.IRR.V 0.0004-AG 0.0558+V'.DPM 0.0098 (3) The interest rate used is 10%. Table 3 gives sup-
porting information. Fuel costs increase by 6% forWhere: the unpaved road, but other costs increase by 60%.

K iES = Average monthly utilization in kilo- For the paved road, vehicle maintenance plus depre-
meters ciation cost almost twice as much as fuel, and for

H = Horizontal geometry index the unpaved road, three times as much.
IRR = Roughness, QI*
V = Vertical geometry index
Cl = I if cars, 0 if other vehicles Summary and Conclusions
C4 = I if medium trucks, 0 if other vehicles
AG = Mean age per company/cell minus mean Useful results have been derived from prelimi-

age per cell nary analyses, however final analysis of the complete
DPM = Mean days operational per month per data sets will continue for some time. The effects

company/cell minus mean days operation- of geometric parameters on operating costs will be
al per cell examined in more detail, and attention will also be

given to vehicle characteristics, for example engineIn the equation the effect of roughness can be exam- size, since it is apparent that to some extent vehi-ined for medium trucks by setting V equal to 8 and II ce operators choose or adapt vehicle specifications
equal to 0.15. For these combinations of V and H the according to road surface type or geometric charac-mean days operational per month on paved routes with teristics. For this reason, comparisons of differ-
roughness 39 QI* was 13.3 and on unpaved routes with ent roads using the same vehicle are unwise. Anal-roughness 140 Qt* the value was 18.2. The mean ages ysis of diesel buses so far shows that road rough-
were 7.0 and 6.6 for the paved and unpaved routes re- ness has the strongest influence on total operating
spectively. Therefore, if these sample means for age costs, but only a small influence on fuel consump-
and days operational are entered into the utilization tion.
equation the AG and DPM terms equal zero and the model
becomes a function of the roughness, horizontal and ver-
tical indices. On the paved route the predicted annual Acknowledgements
utilization is 108,000 km for 7 year old vehicles oper-
ating 13.3 days per month. For the unpaved route annual The authors acknowledge with thanks the workdone
utilization is 77580 km for 6.6 year old vehicles oper- by Hugo E. Orellana, Paulo Roberto Lima, Williamating 18.2 days per month. On paved routes, utilization McGuire and Joffre Swait in data processing and anal
is about 39Z higher, even though vehicles are operated ysis. Gratitude should also be expressed to sever---5 days per month less. al hundred individuals who cannot be named here -

It is possible however to estimate the roughness the vehicle operators. Without their continuing
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Table 1. Preliminary regression equations

Car Fuiel (gasoline) 98 vehicles

COMB=85.34+.081RR+46.53H-.20IIRR*H+.0316ENGP ................................... (4)

Medium and Heavy Truck Fuel (diesel) 120 vehicles, 31 means

COMB=78.35+.909lRR+33.805V-.0879IRR*V+9.206PBI+.O001527IRR*ENGI ................. (5)

Bus Fuel (diesel) 582 vehicles, 66 means

COMB=289.9+.I65IRR-.0062ENG1+3.63AGEI ........................................... (6)

Bus Parts (Cr$) 513 vehicles, 61 means

PSM=30.23+2.5681RR-.0039KMI ...................................................... (7)

Bus Workshop Labor Hours 603 vehicles, 17 companies

HORAS=7.38  .0871RR .............................................................. (8)

Bus Tires 3253 tires, 12 companies

ENT=51.117-.1971RR+II.712RCI .................................................... (9)

Where:

COMB - Fuel in liters per 1000 km
PSM = Parts costs in Cr$ of January 1976, when 1 dollar = Cr$ 10,00

HORAS = Workshop man-hours per 1000 km
ENT = New cross ply tire life in 000's km
IRR = Roughness QI*
H = Horizontal Index
V = Vertical Index

ENGP = Adjusted engine size (cc) covariate, (cars)
ENGI = Engine size (cc) covariate, (trucks and buses)
PBI = Gross vehicle weight (tonnes) covariate, (trucks)
AGE1 = Age (years) covariate, (buses)
KMI = Utilization (000's km/month) covariate, (buses)
RCl = Recapping (No. recaps per new tire) covariate, (bus tires)

Table 2. Economic costs per 1000 km-4 year old bus

Paved Road Unpaved Road
Item Cr$ % Cr$ %

Fuel 888 22.3 939 15.9

Tires 528 13.3 956 16.2

Parts 307 7.7 917 15.6

Workshop 384 9.6 695 11.8
Labor

Driver 923 23.1 1171 19.9

Depreciation 953 23.9 1209 20.5
and Interest

Total 3983 100 5889 100
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Table 3. Bus costq - supporting data

Item Paved Unpaved Financial Cost Taxes

Fuel 296 it/LO00 km 313 It/100 km Cr$ 4,80/liter 60%

Tires 43614 km 24111 km Cr$ 4800(x 6 tires) 25%

Parts Cr$ 384/1000 km Cr$ 1146/1000 km March 1979 prices 25%

Workshop 10.67 hs/l000 kn 19.30 hs/l000 km Cr$ 40,00/hour 10%
Labor

Deprecia- Cr$ 5917/month Cr$ 5917/month Cr$ 89000 in 4th year 25%
tion

Interest Cr$ 3000 Cr$ 3000 Cr$ 45000 in 4th year 25%

Driver Cr$ 8640 Cr$ 8640 Cr$ 9500/month 10%

Km/month 9356 7377
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RELATING VEHICLE OPERATING COSTS TO LOW VOLUME ROAD PARAMETERS IN BRAZIL

Bertell C. Butler, Jr., Texas Research and Development Foundation
Jose Teixeira de Carvalho, Empresa Brasileira de Planejamento de Transportes
William R. Hudson, University of Texas at Austin

Overview of a 12 million dollar Brazil Ministry vernment expects this study to provide the basis
of Transport and United Nations Development Pro for updating and developing improved relationships
gram supported research study aimed at determin between roadway and design maintenance standards
ing relationships between vehicle user costs, and the cost of vehicle operation; the study is
roadway design standards and maintenance poli- also seen as the foundation for establishing objec-
cies for low volume roads. The relationships tive economic criteria for policy decisions direct-
are based on an analysis of data generated in a ed toward minimizing total highway transportation
survey of vehicle users operating on over cost.
60,000 km of homogeneous paved and unpaved The final product of the Brazil study is to be
routes that has produced up to two year of user a computer-based planning model that incorporates
costs data on over 1200 veh cles, together with the relationships developed from the data collected
450,000 observations based on radar speed mea- over the past four-years study period. The models
surements of vehicle behavior in Brazil plus basic function is to determine, for a specified
fuel measurements from nine project test vehi- roadway design and maintenance policy, the total
cles. Finally, data developed from 187 paved transportation costs for a given road project. To-
and unpaved roadway test sections is being used tal tran~pnrrnrinn costs is the sum of all construc
to develop equation to predict road performance. tion, maintenance and road user costs over the life
All of the relationships are being incorporated of the project, which may be 20 years or more.
into a computer based planning model to be used The model is based on the adaptation of an ex-
for evaluating alternative highway transporta- isting model entitled "the Highway Design and Main-
tion strategies. tenance Standards Model (HDM)", which is the result

of a series of studies initiated by the World Bank
in 1969. These studies had as their objective the
development of an analytical model tQ predict the

A 12 million dollar research project aimed at costs of different highway design and maintenance
improving highway transport planning is concluding options for low-volume road projects. The Bank
in Brazil. This jointly sponsored Brazilian Govern first contracted a Research Group at the Massachu-
ment - United Nations Development Program (UNDP) setts Institute of Technology to develop a concep-
project started in July 1975. It is being conducted tual framework for interrelating construction,
by Empresa Brasileira d- l'lanejamento de Transpor- maintenance and vehicle operating costs. N frame-
tes (GEIPOT) and Departamento Nacional de Estradas work schematic for the resulting model is shown in
de Rodageri (INER), as arms of the Brazilian Ministry Figure 1.
of Transport, and by Texas Research and Development Many of the relationships used in the first con
Foundation (TRDF), as tile contractor for the World ceptual model could not be supp.irted by sound empi-
Bank, which is serving as the executing agency for rical data, but this deficiency did indicate areas
tile UNDP. of needed research. Subsequent efforts have involv

The study reflects the Brazilian Government's ed field studies that focus on developing primary
desire to improve planning tools used for allocat- information to be used to improve the empirical re-
ing scarce highway resources, particularly analytic lationships between vehicle operating components
al procedures used to predict the economic conse- and roadway characteristics. The first such effort
quences of alternative highway design standards and in Kenya between 1971 and 1975, was a cooperative
maintenance policies. An important component of venture between the World Bank and the Transporta-
these economic analyses is the determination of ye- tion and Road Research Laboratories (1).
hicle operating costs. The relationship between The Kenya Study (1) succeeded in expanding the
these costs and roadway characteristics, particular understanding of the underlying engineering-econo-
ly for low-stLandard roads, has. not been well defin- mic relationships between vehicle speed, user cost
ed in the scientific literature. Further, the re- and roadway condition. This new information is in-
lationships that are reported in the literature do corporated in the current HDM model which reflects
not necessarily apply to Brazil. The Brazilian Go- the best features of the efforts by both the MIT
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and TRRL. Subsequent efforts are still in progress ternational personnel in a counterpart arrangement
and include both the work carried out in Brazil and as also shown in Figure 4.
reported herein, and a substantial effort in India
which has been underway for the past one and half
years. Geographic Scope

The original plan called for conducting the en-
Research Approach tire study in the State of Minas Gerais. This was

the recommendation of the French Consultant ("Cen-
Figure 2 schematically illustrates the key corn- tre Experimental de Recherches et d'Itudes du Bati-

ponents of rhe planniag model being adopted in the ment et des Travaux Publics") in their preliminary
study. The components being addressed are delineat- planning report for this project to the Brazilian
ed by dashed lines and include predictions of mainte Ministry of Transport in 1973 (2).
nance quantities, roadway condition and vehicle con- GEIPOT is located in the Federal District so
sumption. The actual research is organized into when the study was actually initiated in mid-1975
three study areas, one on pavement performance and the original study area included Goi s and Minas Ge
the other two on vehicle operations. rais and the D.F. area itself as shown in Figure 5.

The pavement and maintenance studies have been Later, to satisfy the inference space established
structured to determine how different pavement de- in the experimental factorials, the States of Mate
signs perform for two extreme levels of maintenance Grosso, Sao Paulo, Rio Grande do Sul and Bahia were
in the Brazil environment. The objective is to pre- added. Consequently, more than half of the paved
diet the condition of a paved or unpaved roadway and unpaved kilometrage in Brazil are included in
surface at any point in time for inclusion in the the project study States.
planning models. Knowing the condition of a road
surface is important because the quality of the
ride, reflected by the interaction between venicles Instrumentation and Equipment
and the roadway surface, has an important impact on
vehicle operating costs. One of the major project undertakings has been

Two different study approaches were taken for de the acquisition, modification and fabrication of
veloping improved vehicle operating costs-roadway various instrumentation and equipment needed to car
characteristic relationships. One approach involved ry out the substantial measurerient program require'd
defining a series of controlled experiments that are for the majority of the project activities. An even
designed to generate data ti be used in formulating more substantial challenge has involved the mainte-
equations to predict Vehicle speed and fuel consump- nance and repair needed to keep this equipment, val
tion. In the second approach, a survey of road ued at over $750,000, operational during the conduct
users was implemented, since no practical experiment of the study. Some of the more substantial equip-
al procedure seemed appropriate for the other vehi- ment purchases included a Dynaflect, a Weigh-in-
tie operation parameters, i.e., tire wear, mainte- Motion System (WIM), a Dynamic Modulus Tester (MR),
nance, oil consumption, and depreciation. a GMR Profilometer, and an Analog-Digital (A/D Con-

Factorial experiments were defined and the le- verter System).
vels set to insure that the inference space over The Dynaflect, together with a Benkelman Beam
which data would be collected covered the range of are being used to measure the deflections on 140
environmental and physical factors that prevail in paved test sections three times per year. The WIM
Brazil. As an example, the design factorial for an was rotated between six locations where it was oper
experiment directed toward predicting speed patterns ated continuously at each site for seven days, 24
by vehicle class is illustrated in Figure 3. This hours per day to develop truck weight data. This
shows that the three factors, surface type, rough- data is being used to establish axle-load informa-
ness, and vertical profile, are to be investigated tion to be use.I in analyzing pavement performarce.
for their effect on vehicle speed. It .c:hews that The Dynamic Modulus equipment is used in tie pro
there are two leveIs of roughness, two levels of sur jectrs soil laboratory to establish the strength
face type, i.e., paved and unpaved, and three levels characteristic of bituminous cores taken from the
of vertical profile. project paved test sections. The GMR Profilometer

By establishing similar factorial experiments is used to standardize road roughness measures while
for all study areas it was possible to discern the the A/D System is being used to transform data to
interaction effects between the various factors digital format for computer processing.
being considered, which not only enhanced the anal- Modified or fabricated to meet project require-
ysis but reduced the actual amount of data needed. ments were seven Mays-Ride-Meters, nine Volumeter

Finally, each of the factors identified for Fuelmeters, three Camera Boxes systems, needed to
study were defined in a manner that allows the study develop incremental distance measurements, three
results in Brazil to be used elsewhere in the world. survey vehicle measurement systems that were devel-
The Brazil results, when combined with previous work oped for rapidly collecting roadway vertical and
in Kenya, in the United States, and work currently horizontal geometry together with roughness, and
underway in India, will permit brcad application of finally a Traffic Flow Data Logger (TFDL). This lat
the concepts to road problems all over the world. ter equipment was designed to automatically generate

spot speed, space mean speed and headway data for
calibration of project traffic-flow models. All of

Organizatior of the Project the project equipment has been completely documented
as to its design, calibration, operation and mainte

The project was organized to support the three nance. This dacumentation is available to anyone
principal study efforts. This is illustrated in Fi- on request.
gure 4 where the Surveys, Experiments and Pavement
studies are highlighted and shown to be receiving
the support of both the administrative and service Elements Requiring Major Attention
groups. Ten of the 160 people assigned directly to
the project are supported by the UNOP. The actual Using economic analyses for the highway project
leadership is shared between the Brazilian and In- planning process has steadily increased over the
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years although mostly for high-volume highway arte- ness measurement.
rials and for streets in urban areas. The underly- A GMR Profilometer served to define the unchang
ing foundation of information needed to permit a ef- ing roughness standard that was used throughout the
fective analysis related to low-volume roads is very study period. This was accomplished by making pe-
deficient, particularly in being able to explain the riodic measurements of each control section withinfluence of varying roadway surface conditions on the GMR Profilometer. These measurements were used
user costs. On unpaved access roads, both the verti to define the roughness of each control section to
cal and horizontal alignment can be very severe. which each Mays-Ride-Meter system was calibrated.
Tle influence of extremes in this geometry on vehi- Use also was made of the GMR Profilometer in trans-
cle operating costs need to be better defined, forming the roughness measurements obtained in Kenya

A broad spectrum of cause and effect relation- (I) and those currently being obtained in India toships between roadway characteristics and vehicle thie scale being used in Brazil. This allowed a di-
operating costs were addressed in the study. Special rect comparison to be made between the relationships
efforts were made to insure that reliable informa- involving roughness for the three different studies.
tion would be developed between roadway surface con- Recommendations for a worldwide roughness standard
ditions and user cost so that the following questions are currently being reviewed and studied. Regard-
coului be answered, less of the form the final standard takes, it will

be possible to transform the Brazil measures to1. flow do varying highway maintenance policies this final standard using the permanent tape records
influence the performance of a given road pavement obtained with the Profilometer.
'des ign?

2. What is the infli iince of roadway performance
on road surface conditions and how does this surface Pavement and Maintenance Studies
condition affect velicle

a) speed, The Pavement and Maintenance Studies had as
b) fuel consumption, cheir ultimate objective establishing equations to
c) tire wear, predict the performance of any roadway in terms of
d) maintenance and repair, its roughness. Such equations in the hands of deci-
e) oil consumption? sion makers is an invaluable tool, one that permits

3. flow do roadway characteristics and surface them to examine alternative design standards, cons-
conditions influence vehicle utilization and service truction strategies, and maintenance policies and
life? for each combination predict the resulting roadway

riding quality at any point in time.Road surface condition for practical reasons The equations developed to predict the perfoman
means road roughness because it is the roads riding cc of both paved and unpaved road are based on in--
quality that affects tLhe vehicle and, therefore, ye- formation generated from a series of test sections.hidle operating costs. This is a critical variable The paved sections were selected to satisfy a 64-
t, decision processes btecause poor roadway performan cell design factorial where two levels were designat
cc manifests itself in a rough ride to the roadway ed for each of six factors as shown in Figure 7.
user. Poor riding quality is translated into in- Eventually, 128 different paved test sections
creased vehi lel operating costs, so decisions relat- were established. Each section was split into two
ing to surface dVsign standards "nd levels of road- 32 0-meter segments where two extreme levels of main-way maintenance eventually impoct directly on vehi- tenance were sought. For the low or nil level of
CIc operating cost. Figure 6 shows the 40 major va- maintenance only pothole patching was permitted and
riables being addres:evd in the study. Roughness is this for safety reasons. For the high level of mainshown to be effected by 17 and to directly affect tenance sections, the predominant maintenance respon
seven othlers or over 60Z of the interactions being se was to slurry seal the surface at the first sign
Studied. llie,e is also a recognized need in the of cracking. In the case of severe distress, com-
world to have a s to;dardilzed roughness measure that plete replacement in kind of base and surface were
can be used in iomparing roadway performance and the implemented.
resulting roadway condition on vehicle operating There were 48 unpaved test sections and these
,sts in different countries. Consequently, dili- were also split into two segments. The principalgent efforts were made during the study to standard- maintenance response was roadway grading and this

ize the roughness measures obtained, was varied from two weeks to five months so that
fth principal roughness measurement instrument data on roadway performance for various grading fre-

has been the Mays-Ride-Meter. This equipment, modi- quencies could be established.
lied to permit direct digital output, was installed A substantial measurement program was establish-
in seven vehitcles. These seven roughness measure- ed to develop data on the performance of each of the
ments systems have been operating continually test sections. For the paved sections this involves
throughout the study pvriod and between them have a detailed surface condition survey every four
been driven over 70,000 km in the process of devel- months on each section. Further, periodic road
oping 50,000 km of roughness measurelents on paved roughness and deflection measurements are obtained
and unpaved roadways in Brazil. on each section. The roughness measuring system wasThe reliability of tie measurements obtained described earlier. The deflection measurements are
with tile Maysmeter has been rigorously controlled, being made with both a Dynaflect and with a Bnkel-
Each system is checked at the beginning and end of man Beam. The initial material cha:acterization
a day's work to insure the measurements it is gener- test on each section were subcontracted to a soils
ating are under control. Anytime a change in the consultant and consisted of measurements for field
response of a Mays-Ride-Meter system is observed it density, field CBR, field moisture, and layer thick-
is completely recalibrated. This involves running ness. From samples of each layer, laboratory test-
the system over 20 control sections covering a spec- ing has established material grading, Atterberg li-
trum of roughness conditions. 'Tile runs are made mits, and laboratory CBR and density.
over all 20 sections on five different days, and the
average roughness numbers are used to define a cali-
bration curve which is used to transform the Mays-
Ride-Meter system measurements to a standard rough-
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Road User Costs Survey to create and calibrate TAFA. The speed experiments
involved monitoring the behavior of traffic at 176Over 200 vehicle users having fleets of either control locations established along the roadway.passenger cars, buses or trucks varying from 1 to The sections were selected to cover as wide an infe1000 vehicles are participating in the survey of ve- rence space as possible so that the data being analhicle operating costs. The cost components being yzed included a wide spectrum of grades and rough-addressed in the survey include fuel, oil, tires, ness on both paved and unpaved roadway sections. Atmaintenance parts, labor and depreciation. The rou- each location, the road characteristic and the en-tes over which each vehicle operates are essentially vironment during the period of observations werehomogeneous in character. Quantitative measures of identified through measurements of:

the roadway characteristics have been obtained for
each route using the survey vehicles described ear- 1. Road characteristics including:
lier; included are horizontal and vertical geometry a) grade
measurements on each route together with continuous b) horizontal alignment
roughness measurements at .2-mile intervals. c) pavement width

This is the largest survey ever undertaken to de d) surface type
velop relationships between roadway characteristics e) surface roughness
and vehicle operating costs. New and meaningful re- f) surface rutting
lationships have been established for all of vehicle g) gravel looseness (unpaved)
operating cost elements. Depreciation is one of the h) surface material moisture (unpaved)most important because almost no empirical data 2. Environmental characteristics including:
exist which can he used to substantiate a real-world- a) rainfall
based procedure for defining differential deprecia- b) dust level
tion rates on roads having different characteristics. c) altitude

The rate at which the capital investment in vehi d) wind velocity and direction
ties is depreciated is normally tied closely to the e) cloud coverlife time mileage of a vehicle which in turn is a f) traffic volume and composition
function of the vehicle's years of service and annual
mileage. In general, road improvements are expected Nine vehicles were purchased and instrumentedto reduce the physical wear on vehicles and increase for the fuel studies. They included a VW1300, twospeed. Both of these effects are assumed to in- VWKombis, one ga-oline-powered truck, four diesel-crease the vehicle's life time mileage by first ex- powered trucks, aid a diesel bus. This emphasis ontending the service life and second by increasing diesel vehicles was ;upported by the current trendthe annual mileage, although not proportionately, showing increased use of these more economical fuelbecatuse increased speed also accelerates the wear on consumption vehicles on the road. The same parame-a vehicleV. The problem is to istablish if and how a ters identified for speed measures applied to thevehicle's service life and annual mileage is actually 28 sections selected for the fuel experiments.related to operation on roads of widely ranging clia- Over 450,000l observations were obtained through
racter, i.e., different geometry and surface condi- the speed and fuel experiments. These data weret i s, subjected to rigid checking before being incorporat

ed into computer files. Further screening and re-
view of compater-generated reports of the fieldRoad U:;er and Traffic Experiments data files nurmally resulted in the identification
of some data discrepancies. Where the discrepan-lime and fuel savings are two of the established dies could not be satisfactorily resolved, the ex-benefits that accrue to highway users through road periments were repeated and the original data dis-improveenLts. Considerable published information carded. The final step in data processing was toexists on both the prediction of vehicle fuel con- combine various files identifying test section parasumption and speed as a function of roadway charac- meters with the speed or fuel observations andteristics. Ilowever, the available information is structure appropriate analysis files.not necessarily applicable to Brazilian vehicles The final data analysis files were consideredand conlitions. Forther, this information does not to be both accurate and reliable and were subjectedadequate lv address the effect of roadway condition to very rigorous analysis. The final relationshipson speed aid fuel. Nevertheless, the ability to de- developed include eveij variable and variable intersign expe r inlnts to deVi'lop detlilv'd relationships action that could be identified as significant in-between roadway characte' ristics gand vehicle speeds explaining any of the variation in either of the ob

and fliel consumption is well documented, served dependent variables, speed and fuel consump-Brazil, like 1 many other i'oun t r ie!; t 1roughout time tion. Also, wherever possible, the equations wereworld, is concerne'd about the increa-Csing levels of generalized, i.e., if vehicle classes could be corn-oil consumption particula.' v for highway travel. bined into a single equation, they were combined.
Therefore, unde'rs tand ifig ihou dec isions related to
highway design standards ;lid maintenance policies in
fluencc vehicle consumptionis take., an added importan Information Dissemination
cc. Given tie desire to identif y th parami'ters in-
fliencing fuel- consumption, particularly road sur- Because of the wealth of new information andface condition, and tire demonstrated ability to de- tire nucleus of new knowludge generated in Brazil,sign experiments thaLt can produce the required de- the project team has tried to completely documenttailed relationships, the decision was made to devel every significant facet of the project. Three le-op a coiputer-based model (TAFA) that would simulate vels of reporting were initiated. These includethe speed and compute the fuel consumption for a re- Formal Reports, Project Working Documents and Pro-hicle as it traversed a section of road with given ject Technical Memos.
vertical and horizontal alignment and road surface The 12 formal project reports expected from the
conditions, project include the following:

Thirty different individual experiments were
identified, designed and implemented to develop the I. Inception Report (3)
data required to establish the relationships needed 2. Midterm Report (4)
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3. Instrumentation Report incorporated into MOBAIR-2 and later versions of
4. User Survey Design and Methodology the model.
5. User Survey Analysis and Results MOBAIR-l is expected to find a number of speci-
6. User Experiments Design and Procedure fic applications in Brazil. It can be applied to
7. Project Data File Documentation any proposal for the improvement of an existing
8. User Experiments Analysis and Results highway facility or the construction of a new faci-
9. Pavement and Maintenance Studies Design and lity. The application can be to a specific project,

Procedures a number of projects making up a long route, a sys-
10. Pavement and Maintenance Studies Analysis tem of highways or a complete geographic area vary-

and Results ing from a local municipality to the entire country.
11. Executive Sumnary Another prevalent use will be in selecting between
12. Documentation and Users Guide for Planning alternative route locations both at the feasibility

Model (MOBAIR) and pre-feasibility level of study or to make compa
risons 'letween reconstruction and/or construction

The Project Working Documents form a series con- on existing alignment or right-of-way and that of a
taining information related to the research that is new location.
too detailed to be included in the Formal Reports. Considerable interest has been expressed for
They include detailed tabulations of data, descrip- using the model to set design guidelines for both
tions of each of the Experiments, documentation and vertical and horizontal geometry. This is an area
user guides for project-generated programs and opera where the micro subroutine version of TAFA can have
tional and maintenance manuals for various instrumen application. In addition, some other uses that can
tation systems. be made of the model include establishing warrants

The Technical Memos were devised to capture sig- for truck lanes on steep grades; making decisions
nificant facets of the project as they were complet- related to stage construction options, establishing
ed. These include the formation of procedures to policies on permissible vehicle weighis and dimen-
collect data, defining approaches to the analysis of sion or vehicle speed limits, and of course in the
information, interim results of isolated and complet important area of establishing highway maintenance
ed segments of the study, and detailed descriptions levels.
of some of the instrumentation developed for the A Brazil High,:ay Maintenance Study has been un-
study. The Technical Memos have been consalidated derway concurrently with this reported study and
annually into a Working Document so they can be more the individual maintenance activities included in
easily referenced and disseminated, the model are based on the productivity and labor,

The majority of the data being generated in the equipment and material requirements established in
study is being handled by computer-based data proces the maintenance study. Consequently, the MOBAIR
sing systems. Over 100 files have been created to Model can be used to examine alternative maintenance
store project data, and each of these files is being strategies. The resulting predictions of mainte-
completely described in a project formal report en- nance work can be used as a direct input into the
titled Project Data File Documentation. budget procedures established for managing highway

maintenance in Brazil.

The ICR Model
Summary

The final product of this research project is an
operational Highway Investment Model that incorpo- The Brazil study has expanded the empirical
rates the relationships developed during the study. foundation on which many vehicle-operating cost re-
The program structure for this model already existed lationships are based. These new relationships be-
in the Highway Design and Maintenance Standards Mod- tween vehicle-operating costs and roadway characte-
el (HDM) developed from the combined M IT/TRRL/WORLD ristics, traffic and environmental conditions are
BANK effort. A version of the HDM was adopted for being incorporated into a highway planning model
the project in mid-1978 and a series of modifica- that will be known as MOBAIR. This model is expect
tions implemented to transform the 1DM for use in ed to be implemented widely in Brazil. Further the
Brazil. The modified 1DM was designated ICR and a model and the underlying relationships together
number of different ICR versions have been produced with the data used in their development are avail-
to handle, in a stepwise manner, each of the modifi- able for use throughout the world.
cat ions. These include the conversion of all output
to Portuguese, and the establishment of routines to
handle new variables which are needed for changes in References
the subroutines for predicting pavement performance
and vehicle operation. 1. R. Robinson et al. A Road Transport Investment

The detailed speed and fuel consumption informa- Model for Developing Countries. TRRL, Labo:-ato
tion that can be generated through using the Time ry Report No. 674. Transport and Road Research
and Fuel Algorithm (TAFA) is being handled at both Laboratory. Department of Environment, Crow-
a micro and macro levels, and therefore two differ- thorne, 1975.
ent ICR versions are being produced. An entirely 2. Centre Experimental de Rechirches et d'9tudes
new subrautine for computing depreciation has been du Btiment et des Travaux Publics-Highway De-
developed and major changes were made in the sub- sign Study for Brazil-Proposed Plan-Final Re-
routine used to determine vehicle oil consumption, port, Vol. 1, II, III, Paris, Nov. 1973.
tire wear, and maintenance and repair costs. The 3. Inception Report, Research Concepts and Proce-
final model will lie called Modelo Brasileiro para dures. Research on the Interrelationships be-
Avaliagao de Investimentos Rodovi~rios (MOBAIR-1) tween Costs of Highway Construction, Maintenan-
and re:oresents the final version produced by this pro ce and Utilization, (UNDP Project BRA/74/012)-
ject. Further improvements will unquestionably con- GEIPOT, UNDP, IBRD, Brasilia, Brazil, Apr. 1976.
tinue to be made in the future as additional data is 4. Report II, Midterm Report, Preliminary Results
collected and data files are further expanded. In and Analysis. Research on the Interrelation-
subsequent analyses the individual equations will be ships between Costs of Highway Construction,
improved further and time new relationships will be Maintenance and Utilization, (UNDP Project BRA/

74/012)-GEIPOT, IBRD, Brasilia, Brazil, Aug. 1977.
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Figure 1. Flow chart for highway cost model developed in the
MIT study (Ref 1)
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Figure 4. Functional organization chart of project
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Figurc 7. Sampling matrix fur the paved road experiment
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FUEL CONSUMPTION RELATED TO VEHICLE TYPE AND ROAD CONDITIONS

John P. Zaniewski and Barry K. Moser, Texas Research and Development Foundation
Pedro Jose de Morais, Brazilian Road Research Institute
Russ L. Kaeschagen, Western Australia Main Roads Department

An investigation of the effect of road condition and were performed to determine fuel consumption as thevehicle type on fuel consumption was conducted in vehicles traversed horizontal curves and sag curves.Brazil. A test fleet of nine vehicles ranging from The effect of vehicle tuning and using an alcohol-
a Volkswagen to an articulated truck was used to per gasoline mixture was investigated by partially re-form nine experiments. Roadway characteristics stud peating the constant speed experiment. The latteried in the exp riments include horizontal curvature, experiment was performed and was included because agrade, surface type, and roughness. Vehicle operat- mixture containing 20% alcohol, by volume, is solding modes studied were constant speed, acceleration, in Brazil. Finally, a calibi.,-ion experiment wasdeceleration, and deceleration due to gravity. in performed for validating the uter program foraddition; an experiment was performed to determine predicting fuel consumption 7, Thus, the experi-the effect of adding 20Z alcohol to gasoline. Re- mental program consisted of nine individual experi-gression equations for predicting fuel consumption ments as summarized in Table I.
as a function of speed, and vehicle and roadway cha-
racteristics were developed for constant speed opera
tion. It was found that curves of 72 m in radius Roadway Parameters Studied
did not cause a significant effect on fuel consump-
tion. The inclusion of 20Z alcohol in gasoline was Roadway characteristics were used as independentfound to result in approximately a IO% increase in variables in each of the experiments. After consi-fuel consumption. dering an extensive list of roadway parameters, the

four thought to have the most significant effect on
fuel consumption were selected: surface type, cur-
vature, roughness, and grade. Two levels of surfaceThe Government of Brazil and the United Nations Deve type were tested, bituminous surfaces (asphalt concrelopment Program are sponsoring a research project on the te, and surface treatments), and unpaved roads. La-Interrelationships between Highway Construction, Mainte- teritic gravels were studied for the unpaved roadsnance and User Costs. Within this research, extensivw due to their predominance in the study area. Exceptmeasurements were made to establish relationships be- for the curvature and calibration experiments, sec-tweOn fuel consumption and roadway characteristics. Ex- tions with high speed alignment were used. A smoothperimeIntal data were collected with a nine vehicle test and rough level of roughness was included for eachfleet perfomning virtually every phase of vehicle opera- of the surface types. Roughness measurements weretion over test sections with a select combination of made with a Maysmeter (2). Due to the importance ofroadway characteristics. A summary of the experimental grade, up to seven leveTs were used in the experi-program is presenled herein followed by a detailed des- .. ents . The combinations of factors and levels se-criptLion of the methodology, equipment, and results of lected for each of the experiments are shown inexperimcnts on constant speed, road curvature, and Table 1. All of the vehicles operated on all theusing 20Z alcohol in gasoline. sections except in the constant speed experiment, the
light trucks and the bus did not operate on the 13%
section and in the curvature experiment the lightExperimental 'rogram diesel truck was not included.

Measurements in the momentum experiment wereFor these experiments the inference space, or the re started at the base of the grade and terminated whengiOu for which the results apply, is established by the the vehicle reached steady state speed. Thus therange of tme independent variables and by the vehicles length of the measurement area was variable. Inwhich are represented in the study. One or two vehicles the calibration experiment 10 km long test sectionswere tested for each vehicle type and applications of were used. For all other experimentssections 2 kmthe models must be made with this knowledge. Experi- long were gought to provide 500 meter transitionsments were conducted to study fuel consumption in each and 1000 meters for measurements. A minimum of 100phase of vehicle operation: constant speed, accelera- meters for the transitions and 600 meters for thetion, deceleration and momentum. Additional experiments measurements were accepted. The properties of the
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Table 1. Summary of experimental program.

Levels of Roadway Factors
Experiment Description Surface Typed Curvature Roughness Grade %)

Bituminous Gravel Tangent Curved Smooth Rough 0 2 46 7 811 3

Constant Speed Constant speed operation x x x x x x x x x x x x
on positive and negative
grades

Acceleration Vehicles accelerate from x x x x x x x X X x x x
zero to maximum speed on
positive and negative
grades

Deceleration Vehicles decelerate from x x x x x x
maximum speed to zero on
positive and negative
gra es

Momentum Ve. j decelerate from x x x x X
high .1 speed to
crawl - -ed on positive
grades using full power

Curvature Partially repeat a const- x x x x x
ant speed experiment on
one section with extreme
curvature

Sag Curves Vehicles use full power x x x
co traverse sag curves
on two sections

Untuned Partially repeat const- x x x covariate x
ant speed experiment with
vehicles deregulated

Alcohol Partially repeat constant x x x covariate )c x
speed experiment with
gasoline vehicles using a
mixture of 20% alcohol
and 80% gasoline

Calibration Operate test vehicles over x x x x high/low
longer sections using

I normal driving procedures
a) paved only

b) unpaved only

test sections used in the constant speed, curvature and crane for loading and unloading the trucks. Concre-alcohol experiment are given in Table 2. te cylinders of 13.4 kg were used for loading the
other vehicles.

Fuel measurements were made with the vehiclesOther Independent Variables Measured empty, and fully loaded to the manufacture's speci-
fications. The medium diesel trucks with a fullIn addition to 'ie specific roadway characteristics load was an exception. It weighed more when fullstudied, several variables were measured that describe than the rated gross vehicle weight because in cal-

the environm,-nt and roadway conditions. Fnvironmental culating tire loads to apply to these trucks, thevariables inc luded temperature, wind speed and direction, weight of the trucks bed was not included in theand rainfall. Roadway covariates measured were rut tare weight for the vehicle as given by the manufac-
depth of al l sections, and looseness, moisture content, ture. In addition, as time permitted, test wereand spacing of corrugations of gravel test sections, made at lIalf load and with a 10% overload.

In order to maintain comparable weights, two of
the vehicles carried some load in tie "empty" condi-Eqiuiptut tion. One medium diesel always carried a load appro
ximately equal to the weight of the hydraulic craneVehicle Fleet Characteristics mounted in time other medium diesel. In the case of
the light trucks, the gasoline truck always carried"lTe test vehicles were selected to be representative a load equal to the difference weight of the two mO-

of those operating on rural roads in Brazil. The fleet tors.
included seven different vehicle types and two replicate All fuel used was obtained from the normal stockvehicles to obtain a measure of replicate veliclte vari- of local suppliers. The standard gasoline prior toance. The test fleet consists (Lf one car, two utilities, August 1978 in Brazil was 73 octane. After this
a light gas;oLire truck, a light diesel truck, two medi um date 20Z alcohol, by vllume, was added to the gasolidiesel trucks, in articulated diesel truck and a rural n, in the study area. Therefore, an experiment todiesel bus. The properties of these vehicles are slmwn determine the effect of 20% alcoiil in gasoline was
in Table 3. All vehicles were purchased new and main- performed.
tained in good mechanical condition.

All trucks were fitted with flat beds for ease in
loading. Concrete blocks weighing 665 kg were fabricat Fuel Meters
ed with an exposed loop of rcinforcing steel for use as
loads. One of the trucks was fitted with a hydraulic The fuel meters used were based on the designs
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Table 2. Test section properties, crew training and minimize equipment development.
The procedure required the observer to zero the fuel

Section Surfacel Grade2 Roughness Curves meter, stopwatch, and the DMI while the test vehicle
was stopped prior to the start of the transition.No. Type (%) W i Number Radius The driver then accelerated the vehicle to the desir

(meters) ed speed by the start of the transition section and-

503 DST - 6.1 30-39 1 1011 then maintained constant speed. As the vehicle pass507 DST + 6.0 25-31 1 700 ed the start marker of the transition section, the508 AC + 4.0 55-59 observer switched on the DMI. When the reading on510 AC + 5.8 24-33 1 1146 the DMI was equal to the length of the transition511 DST - 2.0 23-39 section, the observer simultaneously started the
512 D3ST + 1.9 23-39513 GV + 2.0 42-88 stopwatch and the fuel meter. When the DMI showed514 DST + 0.2 25-30 1 2929 that the distance travelled was equal to the length516 GV + 8.0 43-100 1 650 of the transition section plus one half the length517 GV + 8.0 26-100 2 72-101 of the measurement section, one of the stopwatches,519 AC + 3.8 23-26520 GV + 4.0 57-98, or split second hand on that type of watch was stop-- 151-230 ped. When the vehicle reached tihe end of the sec-
521 GV + 0.1 38-97 1 702 tion, the stopwatch was stopped and the fuel meter522 DST + 7.0 24-31 4 400-550 switched off. The vehicle was then stopped and the523 GV 6.0 48-c9, measurements were recorded on the data forms. These

146-154 1 1011 forms were designed for direct keypunching to elimin528 AC + 4.0 25-32 ate transcribing errors.
511 DST 1.8 107-147 1 603
32 D' 7 2.3 103-158] 2 510-702 Test runs were made in 10 kph increments for all
13 DST 3.6 88-125 1 674 possible speed gear and loading combinations. At3 5 DST 7 0.3 140-229 2 603-996 least three repeat runs were made for each combina-.36 DST + 5.8 80-129 tion of speed gear and loading condition. In some537 GV + 1.0 76-137 casts maximum possible speeds could not be realized

538 Gv f 6.1 141-293 4 287-350 for safety reasons.
55 .V 713.0 141-155 7 84-500

Analysis and Results
1. AC2 isph,ilt -'rncrct,

DS;T= dmlhr lt, s; I;,Iice t re itment Data Processing
(V r q1,vel

2. The slI;n In,|<-it .; the directirn used during the Following field data collection, the data forms
tet-.. Onl t(4, !;(ct irs; tests were run in only were manually checked in the office for completeness,the pos it iv dir tion; tw(, sections were used keypunched, verified and then edited for logic andonly In thr, it iv., direction; on all other limits using a computer. The original data forms5ectiCn- t('i 0' ; in Ioth, :Itrcticoc s. were retained in the event of errors being establish

ed during the data processing and analysis phases.
Due to the magnitude of the experiments, all databy Abaynayaka (3) and Sawhill and Firey (4). TO ensure were stored or magnetic computer tapes. Space mean

that tie iters were rZeroed at the start of a run, a speeds for each half and whole run were computed.syphon was incorporated into the dt, sgn. Since the ac- Fuel consnmp1ion was computed in milliliters per se-
cu rat, of this type of fuel met.cr is a fuinction of its cor.d and a summary computer print out of the speed
size, tests were performed to determine the minimum and fuel consumption produced. This output was re-
size frid meter which could he used with each vehicle. viewed for inconsistencies and replicate runs were
Thus, the si zeof the fuel meters varied fronr 250 ml to performed to resolve questionable data.
two liters.

Due Lo tIe size differential, two designs were adopt
ed. The snrlllcer fuel meter consisted of a 250 nrl gra- 'rests for Significance
dirated cVIinder with appropriate tubes and valves for
installation. The larger fuel meters had a two cylinder Replicate vehicle and replicate run variances
reservoir. A tube scaled in 10 ml increments was put be were calculated for the utility and medium truck
tween tire cylinders so the fuel could be accurately read types. Tire replicate run variance was one tenth of
on grades and cross slopes. Fuel readings were inter- tire replicate vehicle variance for the utilities andpola irtedl to tihe c losest 5 ml with the large fuel meters one sixth for the medium trucks. Thus, the mean
aInd to tiLe closest 2 ml with tie 250 ml meters. fuel consumption in milliliters per second across

replicate runs was used as the dependent variable
for all vehicle types (5).lithe r iIlimelit The replicate vehiTe variance for the utilities
was significantly smaller than for the medium trucks.Measurements of looseness and rut depth were perform Since these variances were not homogeneous separateed in accordance with the procedures described by Visser regression equations were developed for each vehicle

(2). Wind speed was measured with an Airguide Model 918 type in tire constant speed experiment.
Windial and the direction was estimated with respect to Tire replicate vehicle variance was used to test
tire axis of the test sectioln. tire significance of the independent variables in. tie

Each vehicle was equipped with a Numetrics electro- analysis of variance for the utility and medium truck
nic distance measuring instrument (DMI) and either two types. The pooled variance of the four factor and
normal stopwatches or a split second hand stopwatch. higher interactions was used to test the independent

variables for tire other vehicle types. In tire case
of tire utility and medium truck types, using pooledMetho:'alog variance would have resulted in conservative tests
since the pooled variance was smaller than tire re-A common methodology was used for tire constant plicate vehicle variance. It is therefore expected

speed, curvature, and alcohol experiments to simplify that the tests for tire significant factors for the
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Table 3. Properties of tile test vehicles.

Light Light Medium Medium ArticulatedType Car Utility Bus Truck Truck Truck Truck Truck

Make Volkswagen Volkswagen Mercedes Ford Ford Mercedes Mercedes Scania [b1oviaria
B__z Benz Benz

1113 with trailerModel 1300 Kombi 0-362 Bus F-400 F-4000 1113 Monk 110-39 (3 axles)

BODY (m)
ground
clearance 0.152 0.200 0.273 0.200 0.200 0.279 0.279 0.300

total height 1.500 1.912 2.945 1.890 1.890 2.454 2.454 2.013
width 1.540 1.746 2.500 2.030 2.030 2.350 2.350 2.403

distance be-
tween axles 2.400 2.400 5.500 4.030 4.030 4.200 4.200 3.800 8.750
front overhang 0.760 1.130 2.310 0.750 0.750 1.100 1.100 1.480 0.90rear overhang 0.910 0.867 2.800 2.200 2.200 3.850 4.600 - 2.600total length 4.070 4.397 10.(.60 6.980 6.980 9.150 9.900 16.630* 12.250

WEIGHT (kg)
tare 780 1,195 7,500 2,227 2,444 8,065 9,735 5,583 14,000
GVW 1,160 2,155 11,00 6,060 6,060 18,500 18,500 45,000*

load level 1 920 1,335 7,640 2,567 2,584 9,935 9,875 19,723*
loao level 2 1,050 1,615 8,650 4,147 4,124 14,190 14,265 33,323*
load level 3 1,200 1,885 9,89 5,952 5,909 20,175 20,250 46,923*
load levcl 4 - - 6,410 6,427 23,378 23,383 48,983*

MOTOR
fuel GAS GAS D 1 I":Th1, GAS DIESEL D I ESl;EL DIESEL DIESEL
type Icoriz.Opp. Iloriz.Opp. in I :,, V in line in line in line in line
cy l inde r s 4 4 6 8 4 6 6 6
hore (num) 77 83 97 92 105 97 97 127
stroke (mIm) 69 69 128 84 120 128 128 145
di sp -a lnt.

,:c) 1.285 1,493 5,1175 4,457 4,163 5,675 5,675 11,000
compr i ,n 6.6 6.6 17.0 7.3 17.8 17.0 17.0 16.0
torque/ 9.1/ 10.3/ 37.0, 33.5/ 29.2/ 37.0/ 37.0/ 79/

RPM (m. kq! 2600 2600 200. 2200 1(100 2000 2000 1200
horse ,rwer/ 48/ 60/ 147/ 169/ 102/ 147/ 147/ 285/

RPM (SAE) 4 460 4600 2801 __4400 ..... 3000 2800 2800 2200
DR IV} ''TRA 1 :4

Gear 1 3.80 3.80 8.02 6.40 5.90 8.02 8.02 13.51
2 2.06 2.06 4.77 3.09 2.85 4.77 4.77 10.07
3 1.32 1.32 2.75 1.69 1.56 2.75 2.75 7.55
4 0.89 0.89 1.66 1.00 1.00 1.66 1.66 5.66
5 1.00 1.00 4.24
6 3.19
7 2.38
8 1.78
9 1.34

10 1.00
DifIerencial 4.375 4. 375 4.875 5.140 4.630 4.875 4.875 4.710
Tire diameter

(m) 0.650 0.654 1.016 0.808 0.808 1.016 1 1.016 1 1.080 1.080

* .l II lr traetor-trailer unit.

othLer velic'l e types are also conservative, load, due mainly to the 5,500 kg difference in the
weights used in this comparison.

One exception to the trend of increasing fuel
Constant Speed I'XpeL'rimeut consumption with weight, is the comparison of gaso-

line and diesel trucks. 'lie light gasoline truck
The signifi cant effects identified in the analysis actually consumes more fuel than the medium weight

of variance were entered into a model of the form: diesel trucks at speeds less than 45 kph . llhe fuel

(a x + 1 dx + ... consumption of the gasoline truck is always greater
-a = a (l than the equivalent diesel truck as shown in Figures

1 and 2. Figure 2 demonstrates that the gasoline
"lle non-lintar regression prograrn in the SAS libra- truck empty consumes 50 to 100 percent more than the

ry (6) was used to estinate the coefficients. The equa diesel vehicle consumes full. Figure 2 also shows
lions, their mean square error, S2L, and the' value tile effect of gears on fuel consumption for the emp-
are presented in Table 4. 'ile equation for tie articul ty gasoline truck.
ated truck varies from thle form of equation 1 in that Tile effect of load on fuel consumption for the
a0 is divided by tile absolute value of negative grades, articulated diesel truck is shown in Figure 3. Tie

Fi ,res 1 to 5 illustrate the form of the equations significance of the load-speed interaction is clear-
and the magnitude of tile main effects. Figure 1 shows ly illustrated as the curve for time loaded vehicle
the predicted fuel consumption for each veiicle type. has a greater slope than tile empty vehicle. In
Tiere is a general trend of increasing fue' consumption fact, at 10 kpi the fuel consumption is about the
with vehicle weight. illis can be clearly seen in con- same for all three load conditions, but at 70 kph,
paring tile fuel consumption of the bus and medium trucks, the vehicle consumes approximately 50Z more when
Even though these vehicles have identical drive-trains, loaded.
the bus comsumes much less fuel than the trucks at half The effect of surface type was tested indepen-
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Table 4. Fuel consumption equations (ml/seg).

Vehicle S 2

Car .037 .91 FUEL=.l42e0 2 2 87S+.00 0 8 5 5 (S)GR+.03782 P(GR+3)+.2695(5-GEAR)+.0001024(QI) (GR+14)

Utility .060 .93 FUEL=.97e "0 2 5 7 9S+ '0 0 1 0 6 2 (S)GR+'02 9 3 2 P (GR+3)+.2485(5-GEAR)+.0000785(QI) (GR+14)

Light Gas .41 .94 FUEL=. 9 0 6e ("
0 1 2 7+"000 6 3P+'0 06 9 9 (5-GEAR)+"00 0 0 21 5 (QI))S+.01234GR(P)GEAR

Truck

Light Die-.14 .90 FUEL=.l 8 2 6 o'
0 3 2 5S+.0 0 20 8 (GR)S+'0254P(GR+I)+.2333(5-GEAR)+.001405QI

sel Truck

Medium .19 .93 FUEL=.583e (.02356+.000491(P)(GR+I))S+(.00594P+.01224GR) (6-GEAR)+.00057QI
Truck

Heavy .41 .96 FUEL = (2.76/l+G)e( 0 0 4 04+ '00 0 2 169(P) (GR+l)+.0000282QI) S
Truck

Bus .17 .92 FUEL=.195e 035 9 S+.0 0 4 4 (GR)S+.00 75 (P) (GR+1)+.2781(6-GEAR)+.0002088(P)QI

S = Speed (kph)
GR = Grade (%)
G = IGRI for negative grades,

0 otherwise
P = Weight of vehicle (metric tons)

QI = roughness

Figure 1. Fuel prediction for each vehicle type (load Figure 2. Fuel prediction for light gasoline and
levl 2, see Table 3, highest gear at each speed, zero diesel trucks (zero grade, roughness 30 Ql.
grade, roughness 30 QI). Shaded area shows the effect of gears.
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9 9
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-12 1 2
w 5

4 4-

36 3-

5
2 72

0 0,

0 20 40 60 SO 0o io 0 20 40 60 80 ,1;0 o
VELOCITY (kphl VELOCITY (kphl

1. Articulated truck
2. Medium truck 1. Light gasoline truck, load level 1, lowest gear
3. light gasoline truck for each speed
4. Bus 2. Light gasoline truck, load level 1, highest gear
5. Light diesel truck for each speed
6. Utility vehicle 3. Light gasoline truck, load level 3, highest gear
7. Car for each speed

4. Light diesel truck, load level 3, highest gear
for each speed
5. Light diesel truck, load level 1, highest gear
for each speed
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Figure 3. Fuel predictions for articulated truck (zero Figure 4. Fuel predictions for utility vehicles at
grade, roughness 30 QI). three roughness levels (load level 2, highest gear

for each speed, zero grade).
i0
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VELOCITY (kphl 0 2'0 4o 60 6o 100 iO

VELOCITY (kphl

1. Load level 3 1. 150 QI
2. Load level 2 2. 100 QI
3. Load level 1 3. 30 Q1

dent of roughness for a range of Q1 from 90-110 where Figure 5. Fuel predictions for medium diesel trucka
Q1 values of rough paved roads overlap those of smooth at various grade levels (load level 2, highest gear
gravel roads. The data from the medium diesel trucks for each speed, roughness 30 QI).
were used to test the surface type effect and it was
found to be not significant for i=0.I. Because QI val- Io 7
ues of less than 90 and greater than 110 usually repre-
sent paved and gravel roads respectively, and the sur- 9
face type was nonsignificant from 90 to 110, the
roughness variable explains the combined effect of sur- .
face type and roughness. Roughness was found to be sig 4
nificant for all vehicle types. Figure 4 shows the in- -
fluence of rough'iess on fuel consumption for tile utili-
ty vehicles. E

Finally, Figure 5 shows the effect of grade on fuel -
consumption for the medium weight trucks. As expected, -
grades have a major influence on fuel consumption, and 4-
the grade-speed interactions is very significant. On
steep negative grades, the fuel consumption is almost 3-
independent of speed, but for the 6% positive grade, in
creasing speed from 10 to 20 kph results in an increase 2-

in f1el consumption of more than 80%. 3

Horizontal (urvattLre Experiment 0,
0 20 40 60 60 100 1;0

Two gravel sect ions with 8% grade were used to test VELOCITY I kphl
the effect of hiorizontal curvature. Measurements made
on a tangent sect io were compared to those from a sec- 1. - 13%
tion with a 72 in and a 101 m radius curve. For all ve- 2. - 6%
hicle types the effect of curvature was found to be non 3. - 3%
significant at the ,t=0.l level. A maximum increase of 4. 0%
3% on the negative curved section was observed with the 5. + 3%
utility vehicles. 6. + 6%

7. + 13%

Effect of Alcohol on Fuel Consumption

weather conditions. Data were collected with 20% al
The data set analyzed for this experiment consisted cohol in the gasoline starting in August of 1978

of fuel consumption measurements of the four gasoline when this fuel mixture became available to the pu-
vehicles in the fleet operating on paved and unpaved blic. These data were compared to data collected
test sections of 0,4, and 6% grade in the positive and earlier during the constant speed experiment. Thus,
negative direction. Data for thi light gasoline truck results from this experiment may be confounded by
on the 0% unpaved section was not collected because of vehicle age.
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For all three gasoline vehicle types the mean consump
tion of fuel with 20% alcohol was significantly greater
at cx=.Ol than the consumption of pure gasoline. The
amount of increase in all cases dependend en the speed-
gear combination used and therefore is probably dependent
on the revolutions per minute of the vehicle motor.

For the utility vehicle the increase was signi-
ficantly different in the positive and negative direc-
tions.

The average increase for the car on paved sections
was 6% for the combinations of speeds and gears tested.
This value varied from I% for 30 kphi in third gear to
14% for 40 kph in second gear. The mean increase for
the utility vehicle was I1% for the speed-gear combina-
tions tested. A maximum value of 14% for 40 kph in
third gear and a minimum of 2% for 20 kph in second gear
were -ound. On positive grades the mean increase was
12Z and on niegative grades 7%. The light gasoline truck
had a mean increase of 4%. The difterences between the
consumption of the two types of fuel was constant for
the two surface types.

Surmnary and Conclusions

A major experimental program investigating the re-
litionshig between fuel vonsumption and roadway charac-
teristics was described. The data collection effort is
complete, alo three experiments have been analyzed.
These expteriments demons, rate that at constant speed,
vehicle type, weight, gear, grade, roughness, and mix-
ing alcohol in gasoline, all have a significant effect
on fuel consumption. Horizontal curvature was not found
to be significant in a limited experiment. Surface type
did not produce significantly different fuels for a fix-
ed roughness and since roughness and surface type were
hihly correlated the continuous scale of roughness was
used to explain the overall effect.

Regression equations are presented for calculating
fuel consumption during constant speed operation. These
equations, one for each vehicle type, show that fuel
consumption is exponentially related to speed, weight,
gear, grade, and roughness.
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PREDICTING TRAVEL TIME AND FUEL CONSUMPTION FOR VEHICLES ON LOW-VOLUME ROADS

John P. Zaniewski and Barry K. Moser, Texas Research and Development Foundation
Joffre D. Swait, Jr., Empresa Brasileira de Planejamento de Transportes

A major experimental investigation of the effect of restricted to a few sections limited to studying a
roadway characteristics and environmental conditions specific aspect of driver behavior. For example, in
on traffic behavior was conducted in Brazil. Empiri the night experiment, observations were made on five
cal relationships were developed for predicting free sections.
speeds on positive and negative grades. Free speed
was found to be related to vehicle class, grade, sur
face type, and road roughness. These relationships General Methodology
have been incorporated into a computer program, TAFA,
for predicting travel time, free speed, and fuel con Observations of the vehicle population were made
sumption on low-volume rural roads. Example applica at fixed stations on the sections. Speeds were mea-
tions of the model show its usefulness in evaluating sured to the nearest kilometer per hour with radar
operational and road maintenance strategies which speed meters. Vehicles were classified by the sche-
are of interest to highway engineers and economic me shown in Figure 3 and observers estimated loads
analysts. as empty, half full, full, or undetermined for all

buses, utilities, and trucks. In addition, during
the deceleration, dust, and calibration experiments
the license number was recorded and time was measur-

The Brazilian Government and the United Nations De- ed to the nearest one tenth of a second with digital
velopment Program are sponsoring a research project on stopwatches.
the Interrelationships between Highway Construction, A test fleet was used in the acceleration experi
Maintenance, and User Costs. In one study area of the ment since acceleration rates of the vehicle popula-
project, vehicle fuel consumption and traffic behavior tion could not be observed without influencing traf-experiments were performed. Regression equations were fic behavior. This fleet, described in (1), includ-
developed and incorporated into a computer model for pre ed an economy car, two utility vehicles, a light gas
dieting travel time and fuel consumption of vehicles tra dline truck, a light diesel truck, two medium dieselversing rural roads. The activities undertaken in this trucks, an articulated diesel truck and a rural bus.study are shown in Figure 1. The traffic behavior expe- Test runs were made from zero to maximum speed using
riments and time and fuel algorithm are addressed herein, full power and timing gear changes to obtain maximum
The fuel experiments are described in detail in another acceleration. Time and distance were photographical
paper (1). ly recorded at fixed time intervals.

The grade, curvature, and cross slopes of each
test section were determined by the project survey

Traffic Behavior Experiments crew and roughness measurements were made with a
Maysmeter (2). Rainfall, temperature, and wind speed

Table 1 summarizes the 11 experiments designed to in and direction were recorded hourly on all sections.
vestigate the relationships between speed and specific Daily measurements of looseness, moisture content of
environmental and roadway conditions. Sections were the loose material, and spacing and depth of corruga
sought which were homogeneous with respect to grade, sur tions were made on gravel sections.
face type and roughness. Equal emphasis was given to
each of these factors. Figure 2 shows the design matrix
for the acceleration and free speed on positive and nega Free Speed on Positive and Negative Grades
tive grades experiments. This factorial was expanded
for the horizontal curve experiment to include four ra- Data Collection. Initially nine mirror boxes
dius levels: 20-100 m, 101-200 m, 201-400 m, and great- were used at intervals of 167 m to define stations
er than 600 m. of observation for three radar teams. In November,

In the free .:peed calibration experiment smooth paved 1976, a policy of strict enforcement of a nationwide
and unpaved sections with varying grades were sought. 80 kph speed limit was instituted. After this date,
The two grade levels used were less than 2% and greater exposed radar units affected speeds. Subsequently,
than 5%. observations were made with hidden radar units, with

The data collected in the remaining experiments were out the aid of mirror boxes, and the distance between
stations was increased to 500 m.
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Figure 1. Activities for completing study and model of
traffic behavior and fuel consumption.
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Table I. Summary of the traffic behavior experiments
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Figure 2. Design for acceleration and free speeds on of infinite length. A regression equation was develpositive and negative grades experiments. oped for this constant speed for both the positive -
and negative grade experiments. Data from the other
stations were used to produce a speed change equa-
tion for each of the experiments.

Constant Speed on Positive Grades. The ANOVAS

for the constant speed on positive grades showedPAVED Lq*WVED that the class, grade, and roughness main effects,
and the class-roughness interactions were signifi-40 90 IOO 14 cant for all sections. The class-grade interaction
was also significant for the paved sections. The
weighted regression analysis on 150 means produced
equation 1 with S = 4.1.

e

3-4 Sp = ST1 (75.4 + 21.6V 1 + 13.0V2 + 10.2V3 +

5-9 '(-21.9 + 13.6V1 + 15.2V3 + 16.6V4 +

12.5V 5) - R (0.0747 + 0.0675V )) +

Figure 3. Vehicle classification scheme for traffic ST2 (95.9 + 38.1V1 + 22.5V 3 + 18.1V 4 +
behavior experiments. 13.3V5 - 25.4V'4- R (0.108 + 0.072VI -

,0 0 0.060V 2 )) (1)

Sp is the estimated crawl speed in kilometers
per hour and the other variables are defined in-lm Table 2.

Tle equation shows that all classes react the
same to roughness on paved roads except for cars for
which the effect is almost doubled. The effect of
grade on crawl speed for paved roads is shown in Fi-
gure 4. For all classes, as grade increases the
crawl speed decreases, and the effect is greatest

_ _ for trucks with load and buses. In comparing the
two parts of the equation across surface type, one
finds that at zero grade, the predicted speed is
higher for unpaved roads than paved. The reason for
this illogical conclusion is that the lowest grade
analyzed for a gravel road was 2%, and thus predic-Test sections 2 km long were sought to provide suffi tions for unpaved grades less than 2% are extrapola-cient length to observe the speed pattern on the grade.- tions.

A minimum length of I km was accepted for some sectionswith grades greater than 4%. Speed Changes on Positive Grades. The ANOVAS
for speed changes on positive grades showed the gra-Analysis of Free Speeds on Grades. The data for the de main effect was significant for all sections.trucks and buses obtained before the enforcement of the The grade-class interaction was also significant forspeed limit were not used in the analysis as they were paved roads. The weighted regression on 622 meanssignificantly different from the speeds observed with produced equation 2 with an S = 4.05.

the hidden radar. Over 100,000 observations remained
for use in tile analysis. Even with this quantity of AS = GL (ST 1(-0.00534 + 0.00272V1 +data, it was necessary to group the vehicle classes shown
in Figure 3 into cars, buses, utilities empty, utilities 0.00311V 3 + 0.00250V4 + 0.00218V 5) -with load, trucks empty, and trucks with load for theanalysis. 0.000794ST 2 ) (2)The mean speed per section, class, and station was AS is the change in speed in kilometers perthe dependent variable analyzed. Unweighted analyses of Phour and all other variables are defined in Table 2.variance, ANOVAS, were used to identified the important This equation is shown in Figure 5 for paved roadsmain effects and interactions. Examination of the data with a 6% grade and an arbitrary initial speed ofshowed that no ANOVAS could be run to test surface type 80 kph. On paved roads, trucks with load and busesinteractions. Thus, in the model, separate coefficients decelerate at a higher rate than other classes. Theare estimated for the paved and unpaved sections. deceleration rate on unpaved roads is constant forThe unweighted ,NOVAS were only approximate tests all classes and lower than on paved roads.
since the number of observations per mean ranged from I
to 1269. In the regression analysis, the data wereweighted by the inverse variance of the mean. In all Constant Speed on Negative Grades. The ANOVAScases, the unweighted ANOVAS and the weighted regression for constant speed on negative grades indicatedanalysis showed the same main effects and interactions that class and roughness main effects were signifi-to be significant. cant on all sections and that the grade main effectThe velocity at the last station was assumed to be and grade-class interactions were also significantthe constant speed which would be maintained on a grade on paved sections. A weighted regression on 121
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Table 2. Definition of variables in the free speed mean speeds produced equation 3 with S - 4.7.
equations.

S ST (76.2 + 17.4V + 13.6V 2 + 5.6V 3 +

Variable Value Conditions or Units 7.7V4 - G (3.19 - 3.18V - 3.71V 2 -

ST 1 Paved roads 1.82V 3 - 2.86V) - 0.22R) + ST2 (79.8 +0 Unpaved roads

ST2  1 Unpaved roads 7.8V 1 + 5.5V 3 - 0.25R) (3)
0 Paved roads

V 1 Cars Sn is the desired speed on negative grades in ki
0 All other vehicle classes lometers per hour and the other variables are defin-

V2  1 Buses ed in Table 2. The speed for each class as a func-0 All other classes tion of grade is shown in Figure 6 for roughnesses

V3  I Utilities empty of 30 and 80 QI on paved and unpaved roads respecti-
0 All other classes vely. Grade has no effect on unpaved roads and the

V4  i Utilities with load effect is minimal for cars on paved roads. Buses
0 All other classes showed a tendency to go slightly slower on steep

V5  1 Trucks empty grades than on flat sections. Trucks, both empty
0 All other classes and with load, show the greatest tendency to go fast

R Roughness QI (see Ref. (2)) on paved grades; they change from the slowest vehi-
G Grade Percent (100 rTse/run) cles on flat grades to the fastest on 6% grades.
L Distance Meters

Speed Change on Negative Grades. The ANOVAS for
speed change on negative grades showed that the gra-

Figure 4. Constant speeds on positive paved grades de effect and the grade-class interaction were signi
as a function of grade for a roughness of 30QI. ficant for paved sections and indicated that vehicles

do not change speed when descending unpaved grades.
120 Equation 4 was produced from a weighted regression

of 381 mean speeds with Se = 2.02.

100 ASn = GLST (-0.00198 + 0.00120V + 0.00166V2 +

0.00134V3 + 0.00157V4) (4)

80 AS is the speed change of vehicles on negative
n

CARSpaved grades and the other variables are defined in
RUTILITIES-EMPTY Table 2. Figure 7 shows that trucks use the great-

W est acceleration rate on paved negative grades,w 60 UTILITIES - FULL
U E while buses and utilities with loads use the lowest
TRUCKS -EMPTY acceleration rate.

40

BUSES Figure 6. Constant speeds on negative grades as a
function of grade. Roughness equals 30 QI for paved

20 TRUCKS FULL and 80 QI for unpaved.

0 2 4 120
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Figure 7. Speed change on paved negative grades. Input to TAFA

90 The roadway characteristics are described infive arrays: grade, surface type, roughness, hori-
zontal curves, and speed controls. The first three
arrays are specified continuously along the road by
giving the distances to points of change and the

7s value of each characteristic as defined in Table 2.
In the horizontal curve and speed control arrays- o- the start and end distances are specified for each
curve or zone along with the radius or control speed,65

respectively. The user can input the mean speed for
a zone where exogenous influences control driver be-so / TRUCKS - FULL haor

8 EMPTY havior.55 The model can analyze six vehicle classes: cars,55-CARS buses, utilities empty, utilities with load, trucks
SUTILITIES - EMPTY50 BUSES S empty, and trucks with load. For each truck classUTILITIES -FULL the distribution of light gasoline, and light, me-

0 - dium, and heavy diesel truck types must be specified.0.0 0.5 1.0 Up to four power-to-weight ratios can be included
ISTANCE kmfor each class and type.

The Simulation Process

As shown in Figure 8, the first steps in the si-Time and Fuel Alorithm mulation process are to select the direction for
analysis, and a vehicle class. The grade, horizon-The relation:ships derived from the experimental pro tal curve, speed control, surface type, and rough-gram are incorporated in a computer model, TAFA, for ness arrays are then combined to establish a matrixpredicting speeds;, travel time, and fuel consumption of homogeneous links. In preparing this matrix, afor any low-volure rural road. The roadway is describ- default speed control is assigned to each link whereed to the model as a series of links which are homoge- none is input. For links with curves, the minimumneous with respect to grade, horizontal curvature, sur- of the control speed for the link and the speed cal-face type and roughness. Each vehicle class is sequen- culated for the curve is assigned to the speed con-tially processed along the road by the logic shown in trol array.Figure 8. 

The vehicle is entered onto the roadway with a
speed equal to the minimum of the specified entry
speed and the control speed for the first link. TheFigure 8. Logic used in the TAFA computer model, desired speed for the link is calculated using the
constant speed equation from either the positive orREAD. EDIT. AND OUTPUT DATA negative grade traffic behavior experiment. Due to
a discontinuity in these equations the desired speed

SELECT DIRECTION Iused for positive grades is the minimum of the speeds
calculated with the positive grade equation and the
nejative grade equation evaluated at zero grade.SECONDARY Thc. vehicle is then either accelerated or decelerat-

JT ed toward the desired speed. If the vehicle reachesINVERT INPUT ARRAYS the desired speed or control speed before the end of
the link, then it is held at a constant speed forSELECT VEHICLE CLASS the rest of the link. The travel time and fuel con-

[ESTABLISH ANALYSIS MAtRI sumption are then calcu'lated.I FIRNT SPEED. MIN (ENTRY SPEED.__ The fuel consumption rate for the vehicle classL CONTROL SPEED) is calculated as a weighted mean of the rate for
SEt LINK-] each pow,!r-to-weight ratio. The weighted rate is

then multiplied by travel time for the link to obtain
CNTRO SPEED the fuel consumption.E CALCULATE BACK SPEED I The vehicle is sequentially processed throughU Xeach link, using the exit speed from one link as the[.LCULATE FORWARD ____-_ entry speed to the next. However, if the entryS ? ! speed to a link is greater than its control speed,

ND LAST LINK the program back tracks along the road to find the
point where deceleration must start in order to meetthe speed constraint.

OUTPUT DETAILS The logic is repeated until all of the links in
one direction have been analyzed for the vehicleNO LAST VEHICLE class. The speed, travel time, and fuel consumptionCLASS for each link are printed if requested by the user.ES The next vehicle class is then simulated. When allBOTH DIRECTIONS classes have been processed the logic is repeated

ES for the opposite direction if requested. Finally,OUTPUT SUMMARY speed, travel time, and fuel consumption for each ve
hicle class and direction are printed for the road--
way.
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Status of TAFA and Potential Uses Table 5. Example problem results.

The logic for computing speed, travel time, and Cars Buses Trucks w/load
fuel consumption is complete and the model may be used
for analysis if certain restrictions are understood by Situation Speed Gas Speed Diesel Speed Gas Diesel

the user. Empirical relationships for free speed on kph km/l kph km/l kph km/l km/l
positive and negative grades have been incorporated
into the model, but assumed functions are used for Entire road
other situations. For example, the rates given in tie No control
Transportation and Traffic Engineering Handbook (3) speed 72 11.9 56 3.8 48 2.4 1.5
are used when a vehicle accelerates on a positive gra- Entire road
de. The empir.cal relationships for fuel consumption W/control
at constant speed are used for all fuel calculations, speed 63 13.2 53 4.0 46 2.5 1.6
but the estimates are modified when a change in speed Unpaved sec
is simulated. tion, 80QI- 66 12.6 56 3.8 56 2.6 1.2

To demonstrate some potential uses of the model, Unpaved sec
several example simulations have been run. The same tion,140QI 52 13.1 44 3.8 44 2.8 1.7
roadway is analyzed in each example to demonstrate how Unpaved sec
operating and road maintenance policies affect travel tion,200Ql- 38 9.3 30 4.7 30 2.6 1.9
time and fuel consumption.

The vehicle classes included in this analysis were
cars, buses, and trucks with load. The trucks were divided into four types. The power-to-weight ratios and Road roughness showed a major influence en speeds
her intofurib ton .a e ive intis T e 3as shown in Table 5. On the unpaved sections, equalThe distribution of grades of the road used in the speeds were predicted for the buses and trucks while

these examples is given in 'Fable 4. The maximum grade the cars were estimated to have higher speeds. The
on the road is 6Q and the minimum radius of a curve is fuel economy of tho cars showed an increase as

100 m. The road has 44 km of gravel surface and 120 km roughness changed from 80 to 140 QI, then decreased

of surface treatment, when the roughness went to 200 QI. ',he buses expe-
Roughness were rienced the same fuel economy at 80 and 140 QI, butof 31 ad 80QI sed or he pved a substantial increase at the high roughness level.

and unpaved sections, respectively. Analyses were per-- a su ghtialin e t te econ ess level.

formed first as!uming no speed control zones and then 'Fle light gasoline truck's fuel economy did not subs

with speed controls of 80 and 50 kph on the paved and tantially change whereas the fuel economy of the die

unpaved sect.'ons, respectively. The unpaved section of sel trucks kept improving as the vehicles slowed

the road was then reanalyzed for reughnesses of 140 and down due to roughness.

200 Q! without speed control. The results of these Even though the TAFA model is yet to be calibrat

five runs are shown in Table 5. ed, these example problems do demonstrate the capabi

As would be eXpected, the inclusion of speed control lity of the model to analyze the effect of different
00 woad te gexpetet ioncas. Their spe r operating and road maintenance policies. Otherszones hpad the 7 greatest impact on cars. Their average areas where the model will be useful include the

sptied dropped bay 7% and this resulted in a fuel saving: evaluation of geometric standards, and strategies for
of IIZ. The bus and truck classes showed only a slightp
reduL'ion in overall speed. Fuel economy of the bus in paving roads, economic analysis for route selection,
proved by 5.2%. The light gasoline truck economy in- etc.
creased by 4.OZ, and the diesol truck economy increaseL
by 6.7Z. Sumnuary and Recommendations

Table 3. Vehicle characteristics used in the example An experimental investigation of the effect of
problems, roadway and environmental conditions on traffic be-

havior was presented along with empirical relation-
ships for predicting free speeds on positive and ne-

Class 'yp Percent Power to Weight Ratios gative grades. In these relationships, free speed
of class (blip/ton) is a function of ve .cle class, grade, surface type,

P/W %* P/W %* P/W %* and roughness. These relationships have been incor-
porated into a computer program for predicting speed,

Cars 100 41.4 70 35.0 30 travel time and fuel consumption on rural roads.
Buses 100 12.8 80 20.0 20 Further work is needed in this area to complete
frtocks Lgt.gas. 20 26.4 70 50.3 30 the analysis of all the experiments described, and
w/load l1gt.dsl. 20 15.9 22 25.0 60 38.1 18 incorporate the relationships into the computer

Med.dsl. 50 6.3 50 15.1 50 model. Finally, the model needs to be validated
llvy.dsl. 10 6.1 90 17.0 5 22.0 5 using data which are already available for Brazil.

Application of the model outside of Brazil will re-
*Percent of vehicles within the class-type combination quire the execution of calibration experiments to es
with the specified P/W. tablish the validity of the model.

Table 4. l)istribution of grades o the roadway used in References
the examples. 1. .1. P. Zaniewski et al. Fuel Consumption Related

to Vehicle Type and Road Conditions. Paper pre-

Grade Rnge 1ax +5 +3 (0 -3 5 7 pared for the Second International Conference on
Min +7 +5 +3 0 -3 5 low Volume Roads, Ames, Iowa, 1979.

2. A. T. Visser et al. A Preliminary Evaluation of
Percent of Paved and Unpaved Road Performance in Brazil.
Route length 4 8 34 45 7 2 Paper prepared for the Second International Con-

ference on Low Volume Roads, Ames, Iowa, 1979.
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3. J. E. Baerwald (editor). Transportation and Traf-
fic Engineering Handbook. Institute of Traffic
Engineers, Prentice Hall Inc., Englewood Cliffs,
New Jersey, Third Edition, 1976, p.p. 23.




