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Project Description 
The development of agriculture, the distribution 
of food, the provision of health services, and the 
access to information through educational ser-
vices and other forms of communication in rural 
regions of developing countries all heavily de-
pend on transport f4cilities. Although rail and 
water facilities may p!ay important roles in cer-
tain areas, a dominant and universal need is for 
road systems that provide an assured and yet
relatively inexpensive means for the movement 
of people and goods. The bulk of this'need is for 
low-volume roads thfat generally carry only 5 to10 vehicles a day and that seldom carry as manyas 400 vehicles a day. 

Descripci6n del proyecto
 
En las regiones rurales de paises en desarrollo,
el desarrollo de la agricultura, la distribuci6n de
vfveres, la provision de servicios de sanidad, y
el acceso a informaci6n por medio de servicios 
educacionales y otras formas de comunicaci6n,
dependen en gran parte de los medios de trans-
porte. Aunque en ciertas 6reas los medios de fe-
rrocarril y agua desemper~an un papel impor-

tante, existe una necesidad universal y domi-

nante de crear sistemas viales que provean un 

medio asegurado pero relativamente poco cos-

toso para el movimiento de gente y mercancias. 

La mayor parte de esta necesidad se soluciona-

rfa con la construcci6n de caminos de bajo vo-

I0men que generalmente moverian Onicamente 

de 5 a 10 vehiculos por dfa y que pocas veces 

moverian tanto como 400 vehiculos por dia. 


Description du projet 
Dans les regions rurales des pays en voie de 
d6veloppement, 'exploitation agricole, la distri-
bution des produits alimentaires, 'acc~s aux 
services mdicaux, I'acc~s aux mat6riaux et aux
marchandises, A I'information et aux autres ser-
vices, d~penden, en grande partie des moyens
de transport. Bien que les transports par voie 
ferr6e et par voie navigable jouent un r6le impor-
tant dans certaines r~gions, un Iesoin domirant 
et universel 6xiste d'un r~seau routier qui puisse 

The planning, design, construction, and
 
maintenance of low-volume roads for rural re
gions of developing countries can be greatly en
hanced with respect to economics, quality, and 
performance by the use of iow-volume road 
technology that is available in many parts of the
world. Much of this technology has been pro
duced during the developmental phases of what 
are now the more developed countries, and 
some is continually produced in both the less 
and the more developed countries. Some of the 
technology has been documented in papers, articles, and reports that have been written by experts in the field. But much of the technology is 

El planeamiento, diseiro, construccidn y man
tenimiento de caminos de bajo volimen para

regiones rurales de paises en desarrollo pueden
 
ser mejorados, con respecto al costo, calidad, y


.rendimiFnto, por el uso de la tecnologia de ca-

rnino, de bajo volimen que se encLnntra dispo
nible en muchas partes del mundo. Mucha de
 
esta tecnologia ha sido producida durante las
 
epocas de desarrollo de lo que ahora son los

paises m~s desarrollados, y alguna se produce

continuamente en estos paises asi como en los
 
parses menos desarrollados. Parte de la tecno
logia se ha documentado en disertaciones, artf
culos, e informes que han sido escritos por ex
pertos en el campo. Pero mucha de la tecnolo
gia no estcA documentada y existe principal
mente en la memoria de aquellos que han desa

assurer avec certitude et d'une fa(on relative
ment bon march6, le d6placement des habi
tants, et le transport des marchandises. La plus
grande partie de ce besoin peut Otre satisfaite
parla construction de routes Afaible capacit6,
capables d'accommoder un trafic de 5 a 10 v6
hicules par jour, ou plus rarement, jusqu'A 400 
v6hicules par jour.

L'utilisation des connaissances actuelles en
technologie, qui sont acc~ssibles dans beau

v 



undocumented and exists mainly in the minds of 
those who have developed and applied the 
technology through necessity. In either case, 
existing knowledge about low-volume road 
technology is widely dispersed geographically, 
is quite varied in the language and the form of its 
existence, and is nut readily available for appli-
cation to the needs of developing countries, 

In October 1977 the Transportation Research 
Board (TRB) began this 3-year special project 
under the sponsorship of the U.S. Agency for In-
ternational Development (AID) to enhance rural 
transportation in developing countries by provid-
ing improved access to existing information on 

rrollado y aplicado la tecnologla por necesidad. 
En cualquier caso, los conocimientos en exis-
tencia sobre la tecnologra de caminos de bajo 
volimen est~n grandemente esparcidos geogr6- 
ficamente, varian bastante con respecto al idio-
ma y su forma, y no se encuentran f~cilmente 
disponibles para su aplicaci6n a las necesida-
des de los pafses en desarrollo. 

En octubre de 1977 el Transportation Re-
search Board (TRB) comenz6 este proyecto es-

vI 	 pecial de tres afios de duraci6n bajo el patroci-
nio de la U.S. Agency for International Develop-
ment (AID) para mejorar el transporte rural en 
los paises en desarrollo acrecentando la dispo-

coup de pays, peut faciliter I'6tude des projets 
de construction, trac6 et entretien, de routes 6 
faible capacit6 dans les r~gions rurales des 
pays en voie de d6veloppement, surtout en ce 
qui concerne 1'6conomie, la qualit6, et la perfor-
mance de ces routes. La majeure partie de cette 
technologie a 6t6 produite durant la phase de 
d~veloppement des pays que I'on appelle main.. 
tenaot d6velopp6s, et elle continue 6 6tre pro-
duite a la fois dans ces pays et dans les pays en 
voie de d~veloppement. Certains aspects de 
cette technologie ont 6t6 document6s dans des 
articles ou rapports 6crits par des experts. Mais 
une grande partie des connaissances n'existe 
que dans 'esprit de ceux qui ont eu besoin de 
d6velopper et appliquer cette technologie. De 
plus, dans ces deux cas, les 6crits et connais-
sances sur la technologie des routes 6 faible 
capacit6, sont disperses g~ographiquement, 
sont 6crits dan's des langues diff~rentes, et ne 
sont pas assez ais6ment accessibles pour 6tre 

the planning, design, construction, and mainte
nance of low-volume roads. With advice and 
guidance from a project steering committee, 
TRB defines, produces, and transmits information 
products through a network of correspondents in 
developing countries. Broad goals for the ulti
mate impact of the project work are to promote 
effective use of existing information in the 
economic development of transportation infra
structure and tnereby to enhance other aspects 
of rural development throughout the world. 

In addition to the packaging and distribution 
of technical information, personal interactions 
with users are provided through field visits, con

nibilidad de la informaci6n en existencia sobre 
el planeamiento, disefio, construcci6n, y man
tenirripnto de caminos de bajo volOmen. Con el 
consejo y direcci6n de un comit6 de iniciativas 
para el proyecto, el TRB define, produce, y 
transmite productos informativos a trav6s de una 
red de corresponsales en parses en desarrollo. 
Las metas generales para el impacto final del 
trabajo del proyecto son la promoci6n del uso 
efectivo de la informaci6n en existencia en el 
desarrollo econ6rnico de la infraestructura de 
transporte y de esta forma mejorar otros aspec
tos del desarrollo rural a travs del mundo. 

Adems de la recolecci6n y distribuci6n de la 

appliques aux besoins des pays en voie de dd
veloppement. 

En octobre 1977, le Transportation Research 
Board (TRB) initia ce projet, d'une dur6 de 3 ans, 
sous le patronage de I'U.S. Agency for Interna
tional Development (AID), pour am6liorer le tran
sport rural dans les pays en voie de develop
pement, en rendant plus accessible la docu
mentation existante sur la conception, le trac6, 
la construction, et I'entretien des routes A faible 
capacit&. Avec le conseil, et sous la conduite 
d'un comit6 de direction, TRB d~finit, produit, et 
transmet cette documentation AI'aide d'un r6
seau de correspondants dans les pays en voie 
de d6veloppernent. Nous esp6rons que ie r6sul
tat final de ce projet sera de favoriser l'utilisation 
de cette documentation, pour aider au develop
pement 6conomique de linfrastructure des tran
sports, et de cette fagon mettre en valeur d'au
tres aspects d'exploitation rurale Atravers le 
monde. 



ferences in the United States and abroad, 'and 

other forms of communication, 


Steering Committee 
The Steering Committee is composed of experts 

who have knowledge of the physical and social 

characteristics of developing countries, knowl-

edge of the needs of developing countries for 

transportation, knowledge of existing transporta-

tion technology, and experience in its use. 


Major functions of the Steering Committee are 

to assist in the definition of users and their
 
needs, the definition of information products that 

match user needs, and tie identific< lion of in-

formational and human resources for develop-

ment of the information products. Through its 


informaci6n t(cnica, se provee acciones recf-

procas personales con los usuarios por medio 

de visitas de campo, conferencias en los Esta-

dos Unidos de Norte Am6rica y en el extranjero, 

y otras formas de comunicaci6n. 


Comit6 de iniciativas 
El comit6 de iniciativas se compone de exper-

tos que tienen conocimiento de las caracteristi-

cas ffsicas y sociales de los paises en desarro-

Ilo, conocimiento de las necesidades de trans-

porte de los paises en desarrollo, cooocimiento 

de la tecnologia de transporte en existencia, y 

experiencia en su uso. 

Las funciones importantes del co nit6 de ini-

ciativas son las de ayudar en la definici6n de 

usuarios y sus necesidades, de productos in-

formativos que se asemejan a las necesidades 

del usuario, y la identificaci6n de recursos de 


En plus de la dissemination de cette docu-
mentation technique, des visites, des conf~ren-
ces aux Etats Unis et A1'6tranger, et d'autres 
formes de communication permettront une inte-
raction constante avec les usagers. 

Comit6 de direction 
Le cornit6 de direction est compos6 d'expertsLe cont6 ladesdeconnscps~ dLexpets a-Notre
qui ont iqIafois des connaissances sr es ca-ract(}ristiques physiques et sociales cdes pays en 
voie de d~veloppement, sur leurs besoins au 
point de vue transports, sur la technologie ac- 
tuelle des transports, et ont aussi de I'exp6-
rience quant AI'utilisation pratique de cette 
technologie.

Les fonctions majeures de ce comit6 sont 
d'abord d'aider Ad6finir les usagers et leurs be-
soins, puis de definir leurs besoins en mati(re 

membership the committee provides liaison with 
project-related activities and provides guidance 
for interactions with users. Ingeneral the Steer
ing Committee gives overview advice and direc
tion for all aspects of the project work. 

The project staff has responsibility for the pre. 
paration and transmittal of information products,
the development of a correspondence network 
throughout the user community, and interactions 
with users. 
Information Products 

Three types of information products are pre
pared: compendiums of documented informa
tion on relatively narrow topics, syntheses of 
knowledge and practice on somewhat broader 

conocimientos y humanos para el desarrollo de 
los productos informativos. A trav(s de sus 
miembros el comit6 provee vinculos con activ 
dades relacionadas con el proyecto y tambi(n 
una guia para la interacci6n con los usuarios. En 
general el comit6 de iniciativas proporciona
consejos y direcci6n general para todos los as
pectos del trabajo de proyecto. 

El personal de proyecto es responsable de la 
preparoi6n y transmisi6n de los productos in- A 
formativos, el desarrollo de una red de corres
ponsales a trav(s de la comunidad de u!,uarios, 
y la interacci6n con los usuarios. 

Prouctos informativos 
Se preparan tres tipos de productos informati
vos: los compendios de la informaci6n docu
rnentada sobre ternas relativamente limitados, la 
sintesis del conocimiento y pr~ctica sobre temas 

de documentation, et d'identifier les ressources 
documentaires et humaines n6cessaires pour le 
d(veloppement de cette documentation. Par I'in
term~diaire des ses membres, le comit6 pourvoit
6 la liaison entre les difforentes fonctions relati
ves au projet, et airige I'interaction avec !es 
usagers. En g6n~ral, le comit6 de direction 
conseille et dirige toutes les phases du projet.

personnel est responsable de la pr6pa
ration et de la diss6mination des documents, dud~veloppement d'un r¢.seau de correspondants 

dans Iacommunau dersenelinte 
pris dans la communaut6 d'usagers, et de I'inte
raction avec les usagers. 

La documentation 
Trois genres de documents sont prepares: des 
recueils dont le sujet est relativement limit6, des 



subjects, and proceedings of low-volume road 
conferences that are totally or partially sup-
ported by the project. Compendiums are pre-
pared by project staff at the rate of about 6 per 
year; consultants are employed to prepare
syntheses at the rate of 2 per year. At least one 
conference proceedings will be published dur-
ing the 3-year period. In summary, this project
aims to produce and distribute between 20 and 
30 publications that cover much of what is 
known about low-volume road technology. 
Interactions With Users 


A number of mechanisms are used to provide in-
teractions between the project and the user 

un poco m~s amplios, y los expedientes de 
conferencias de caminos de bajo volOmen que 
est~n totalmente o parcialmente amparados por
el proyecto. El personal de proyecto prepara !^s 
compendios a raz6n de unos 6 por ario; se utili-
zan consultores para preparar las sintesis a 
raz6n de 2 por arho. Se publicar6 por lo menos 
un expediente de conferencia durante el pe-
riodo de tres argos. En breve, este proyecto pre.,
tende producir y distribuir entre 20 y 30 publican-

viii 	 ciones que cubren mucho de lo que se conoce 
de la tecnologfa de caminos de bajo volOmen. 

Intcracci6n con los usu,_,r:os 
Se utilizan varios mecanismos para proveer las 
interacciones entre el proyecto y la comunidad 
de usuarios. Se publican las noticias del pro-

syntheses de connaissances et de pratique sur 
des sujets beaucoup plus g6n~raux, et finale-
ment des comptes-rendus de conferences sur 
les routes 6 faible capacit6, qui seront organi-
s6es compl~tement ou en partie par notre projet.
Environ 6 recueils par an sont prepar(s par no-
tre personnel. Deux syntheses pa' an sont 6cri-
tes par des expeits pris A I'ext6ricur. Les 
comptes-rendus d'au moins une conference se-
ront 6crits dans une p~riode de 3 ans. En r6-
sum6, l'objet de ce projet est de produire et dis-
s~miner entre 20 et 30 documents qui couvriront 
I'essentiel des connaissances sur la technologie
des routes Afaible capacit6. 

Interaction avec les usagers 


Un certain nombre de m~canismes sont utilisds 
pour assurer l'interaction entre le personnel du 

community. Project news is published in each 
issue of Transportation Research News. Feed
back forms are transmitted with the information 
products so that recipients have an opportunity 
to say how the products are beneficial and how 
they may be improved. Through semiannual vis
its to developing countries, the project staff ac
quires first-hand st' gestions for the project
work and can assist directly in specific technical 
problems. Additional opportunities for interaction 
with users arise through international and in
country conferences in which there is projectparticipation. Finally, annual colloquiums are 
held for students from developing countries who 
are enrolled at U.S. universities. 

yecto en cada edici6n de la Transportation Re
search News. Se transmiten, con los productos
informativos, formularios de retroacci6n para 
que los recipientes tengan oportunidad de decir 
c6mo benefician los productos y c6mo pueden 
ser mejorados. A trav~s de visitas semianuales a 
los parses en desarrollo, el personal del pro
yecto adquiere directamente de fuentes origina
les sugerencias para el trabajo del proyecto y
puede asistir direc tamente en problemas t6cni
cos especificos. Surgen oportunidades aaicio
na!es para la interacci6n con los usuarios a tra
ves de conferencias internacionales y naciona
les en donde participa el proyecto. Finalmente, 
se organizaii di~logos con estudiantes de paf
ses en desarrollo que esvn inscriptos en uni
versidades norteamericanas.
 

projet et la communaut6 d'usagers. Un bulletin
 
d'information est publi6 clans chaque num~ro de
 
Transportation Research News. Des formulaires
 
sont joints aux documents, afin que les usagers
aient l'opportunit6 de juger de la valeur de ces 
documents et de donner leur avis sur les 
moyens de les am~liorer. Au cours de visites 
semi-annuelles dans les pays en voie de d6ve
loppement notre personnel obtient ae premiere
main des suggestions sur le bon fonctionnement 
du projet et peut aider r~soudre sur place cer
tains probl~mes techniques sp~cifiques. En ou
tre, des conferences tenues soit aux Etats Unis, 
soit I'6tranger, sont I'occasion d'un 6change
d'id~es entre notre personnel et les usagers.
Finalement, des colloques annuels sont organis~s pour les 6tudiants des pays en voie de 
d~veloppement qui 6tudient dans les universit6s 
amdricaines. 
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Overview 
Background and Scope 

Compaction isa major process in the successful 
construction of all earthworks. Compaction is the 
densification of material by means of mechanical 
manipulation, or mechanical stabilization, as de-
scribed in Compendium 7: Road Gravels. Com-
paction is equally important in the soils below
the surface and base-course materials that were 
the subject of that compendium. Compendium
10 discusses the concepts of compaction, the 
tests used to determine the amount of compac-
tion required and then achieved, and the types
of equipment used in the process.

The soil in fills must be sufficiently dense and 
strong to resist consolidation under its own 

Vista General 
Antecedentes y alcance 

La calidad de compactaci6n es uno de los fac-
tores mds importantes en la buena construcci6n 
de todo terraplenado. La compactaci6n se de-
fine como la densificaci6n de material por medio 
de manipulaci6n mec~nica, o estabilizaci6n 
mec~nica, como se describe en el Compendio
7: Gravas. La compactaci6n tiene igual impor-

tancia en los suelos debajo de las c' is de 

base y superficie que fueron el terna e aquel
compendio. El Compendio 10 estudia os con-
ceptos de compactaci6n, los ensayos utilizados 
para determinar la cantidad de compactaci6n
necesitada y luego lograda, y el equipo utilizado 

en el proceso. 


Expose' 
Historique et objectif 

Le compactage est une op6ration majeure dans 
la r6ussite de travaux de terrassements. On en-
tend par compactage la densification des mate-
riaux par le moyen d'une manipulation mecani-
que ou d'un traitement chimique ainsi que ncous
'avons expliqu6 dans le recueil no. 7: Les gra-

viers. Le compactage est aussi important pour
les materiaux de la couche de base que pour 
ceux situ6s en dessous, I'6tude de ces mat6-
riaux formant le sujet du recueil no. 7.Dans le 

weight or sliding along its slopes. The subgrade

must not change volume excessively during wet
 
periods or from frost action. The soil of the com
pacted subgrade and base courses must resist
 
densification and deformation under repeated

wheel loads.
 

Compaction is the result of mecthanical effort
 
expended on a soil. The amount of compaction

achieved per unit of effort will vary depending on
 
(a) the type of soil, (b) the moisture content of
 
the soil, and (c) the rnthod of applying the
 
mechanical rjfftrt. The degree of compaction

required wilf dE!pend on the propo.sed use of the
 
soil mass being compacted. In each case the
 

El suelo de los rellenos deberd ser lo suficien
temente denso y fuerte para resistir la con-

solidaci6n bajo ,,u propio peso o deslizamientos
 
a lo largo de sus pendientes. El volimen de la 
subrasante no deber6 cambiar excesivamente
 
durante los perfodos de Iluvia o de helada. El
 
suelo de las capas compactadas de base y de
 
subrasante deberc resistir la densificaci6n y de
formaci6n bajo las repetidas cargas por rueda. 

La compactaci6n es el resuitado de un es
fuerzo mectnico realizado sobre un suelo. La
 
cantidad de compactaci6n que se logre por

urlidad de esfuerzo varfa de acuerdo con (a)el
 
tipo de suelo, (b) el contenido de humedad del
 

recueil no. 10, nous allons presenter les theories 
du compactage, les essais utilisds pour d6ter
miner le degr6 de compaction n6cessaire et en
suite obtenu, et le genre de mat6riel utilis6 pour 
en arriver a ces fins. 

Le sol des d6blais doit 6tre suffisamment
dense et solide pour resister au tassement sous 
son propre poids, ou au glissernent le long des 
pentes. La couche de forme ne doit pas chan
ger de volume d'une fagon excessive durant les 

xl 



consistency of the results of the compactive ef-
fort is of particular importance.

The purpose of a road is to provide a safe us-
able passageway at an acceptble level of ser-
vice. Because the use of a low-volume road dif-
fers from that of an art3rial highway, the mate-
rials incorporated into a low-volume road can dif-
fer from the materials required to construct a 
trunk road. However, the compaction applied
must aid the soil in meeting the requirement of 
resisting further densification or deformation 
under the number and weight of the expected
wheel loads. Otherwise, the performance of the 
road under traffic may require excessive 
maintenance. 

suelo, y (c) el m6todo de aplicar el esfuerzo 
meccnico. El grado de compactaci6n que se 
requiere depende del uso al cual se pondr6 el 
suelo compactado. En cada caso individual es 
de particular importancia la consistencia en los 
resultados de este esfuerzo compactivo.

El prop6sito de un camino es de ofrecer una 
vfa de paso segura y utilizable a un nivel acep-
table de servicio. Ya qu3 el uso de un camino de 
bajo voli~men difiere de la de una carretera arte-
rial, los materiales incorporados en un camino 

xll de bajo volOmen pueden diferir de los materialesnecesarios para construir un camino principal.
Sin embargo, el esfuerzo compactivo que se apli-
que deber6 ayudar el suelo en lograr la resis-
tencia necesaria contra m~s densificaci6n o de-
formaci6n bajo el nimero y peso de cargas por
rueda anticipadas. De otro modo el rendimiento 
del camino bajo el tr~fico puede exigir excesiva 
conservaci6n. 

periodes de pluie ou de gel. Le sol compact6
des couches de base et de forme doit pouvoir
resister A la densification et aux deformations 
dOes A 'influence repetee des charges roulantes. 

Le compactage est le resultat d'une action 
m6canique exercee sur un sol. Le compactage
obtenu par unit6 d'effort est variable selon: (a) la 
nature du sol, (b) sa teneur en eau, et (c) la m&-
thode utilisee pour exercer cet effort mecanique.
Le degr6 de compactage necessaire d~pend lui 
meme de I'ernploi final du sol i compacter.
Dans chaque cas, I'uniformit6 relative des r6sul-
tats de I'effort compactif est d'une importance
particuliere. 

La raison d'6tre d'une route est de fournir un 
passage utilisabla et sOr, Aun un niveau de service
acceptable. Puisque les modalites d'emploi
d'une route a taible trafic sont differentes de cel-
les d'une route Agrande circulation, les 
materiaux employ6s pour sa construction peu-

Specifications detail the work to be done, the 
materials to be used. and the quality that must 
be achieved. Compaction is therefore the result 
of enforcement of the specifications. Although
the'development of materials specifications, in
cluding compaction requirements, is beyond the 
scope of this compendium, it is obvious that the 
specifications determine the construction cost of 
the road. The quality of the materials and work
manship required by the specifications can also 
influence, to a great degree, the future mainte
nance costs of the road. The agency responsi
ble for the design and specifications for low
volume roads should ensure that the specifica
tions define the material and workmanship re-

Las especificaciones describen en detalle el 
trabajo que se debe realizar, los materiales a 
utilizarse, y la calidad que se deber6 lograr. Por 
lo tanto, la compactacien es el resuitado de la 
observaci6n de las condiciones de las es
pecificaciones. El desarrollo de las es
pecificaciones para materiales, incluyendo los 
requisitos para la compactaci6n, estI fuera del 
alcance de este compendio, pero est6 claro que
las especificaciones determinan el costo de
 
construcci6n del camino. La calidad de los
 
materiales y la mano de obra exigidos en lasespecificaciones tambien pueden influir, en gran
parte, los costos futuros de conservaci6n. La 
agencia encargada del diseio y las es
pecificaciones para caminos de bajo volOmen 
deber6 asegurarse de que las especificaciones
definan el material y mano de obra necesarios 
para lograr el nivel de servicio requerido. Las 
especificaciones que definen normas de

vent aussi ne pas 6tre les m#mes que ceux qui

sont obligatoires dans la construction d'une ar
tre principale. Toutefois, le compactage doit 
aider le sol a resister davantage 6 la densifica
tion et aux dqformations causees par le nombre 
et le poids des charges roulantes. Autrement, la 
tenue de la route soumise A la circulation peut
exiger un entretien excessif. 

Les specification du cahier des charges ex
pliquent en detail le travail A faire, les materiaux 
Autiliser et la qualit6 qui doit 6tre obtenue. Le 
compactage est donc le r6sultat de l'application
de ces specifications. Bien que 1'6tude du d6ve
loppement de specifications pour les mat6riaux 
et de normes de compactaqe depasse l'enver
gure de ce recueil, nous pouvons cependant
supputer que ces specifications vont determiner 
le coOt de la construction de la route. La qualit6
des materiaux et de I'execution des travaux que
demandent les specifications, peut aussi in



qu~red to achieve the necessary level of service. 
Specifications defining unnecessarily high stan-
dards will result in a larger capital outlay with no 
corresponding benefits, 

Rationale for This Compendium 

Two distinct methods of compaction control 
conventional and statistical- are currently in 
use. The conventional method involves the 
selection of representative samples. The en-
gineer or inspector selects samples that are rep-
resentative of the lift being inspected. These 
samples are tested and the acceptance or rejec-
tion of the compacted area isbased on the test 
results. The statistical method involves the ran-

masiado altas dar~n como resultado ui mayor
gasto sin los beneficios correspondientes. 

Exposici6n razonada para este 
compendio 

Hay dos metodos diferentes de control de com-
pactaci6n utilizados actualmente-el metodo 
tradicional y el estadfstico. El metodo tradicional 
implica la selecci6n de muestras represen-
tativas. El ingeniero o inspector selecciona 
muestras que son representativas de la capa 
que se est6 inspeccionando. Se ensayan estas 
muestras, y los resultados del ensayo determi-
nan la aceptaci6n o rechazo del area compac-
tada. El m6todo estadfctico implica la selecci6n 
al azar de varias muestras. Los resultados del 
erisayo de estas muestras se evalLan es-
tadfsticamente para determinar si la compacta-
ci6n representada per las muestras se en-

fluencer largement le prix de revient de 'entre-
tien de cette route. Les responsables du calcul 
et des sp6cifications de routes 4conorniques
devraient toujours s'assurer que les specifica-
tions sent pr6cisement celles qui sent necessai-
res pour le niveau de service desire. Des nor-
mes qui demandent inutilement un standard trop
6lev6, auront pour resultat une mise de fends ini-
tiale plus 6lev6e sans benefices correspon-
dants. 

Objectif de ce recuell 

Deux methodes differentes de contr6le du 
compactage sent actuellement utilis6es: la md-
thode classique et la m6thode statistique. La 
methode classique est celle qui utilise la s6lec-

dom selection oi several samples. The test re
suits of these samples are statistically evaluated
 
to determine whether the compaction rep
resented by the samples is within a desired
 
range. Acceptance isbased on that evaluation.
 
Most specifications in use in developing coun
tries were written under the assumption that rep
resentative sampling will be used. Inthe United
 
States, however, many governmental agencies
 
are currently exploring the use of ctatistical
 
sampling. (Three texts on this subject are in
cluded inthe list of additional references for this
 
compendium.) Both methods have strong advo
cates; however, space limitations preclude

documentation of the desirability or drawbacks
 
of either method. The tests described in Com

cuentra dentro de los Ifmites deseados. Su
 
aceptaci6n se basa en estas evaluaciones. Casi
 
todas las especificacones actualmente
 
utilizadas en paises en desarrollo se crearon
 
con la suposici6n de que se utilizarfan muestras
 
representativas. Sin embargo, en los Estados
 
Unidos de America muchas de las agencias delgobierno estAn estudiando el m6todo de mues
treo estadfstico. (Tres textos sobre este tema se 
incluyen en las referencias adicionales de la bi
bliografia de este compendio.) Los dos m6todos xlli 
tienen partidarios; sin embargo las limitaciones 
de espacio en el compendio impiden la 
documentaci6n de los pro y contra de cada 
metodo. Los ensayos que se describen en el 
Compendio 10 son ensayos b~sicos y son 
adecuados para utilizar con los dos tipos de 
control de compactaci6n.

Los ensayos necesarios para lograr la calidad 
adecuada de compactaci6n comienzan durante 
la bOsqueda pre-constructiva de fuentes de 

tion d'6chantillons representatifs. L'ing6nieur ou 
I'inspecteur choisit des 6chantillons, ou pr6l
vements, qui sent repr6sentatifs de la couche 6 
inspecter. On fait des essais sur ces preleve
ments, et, suivant les r6sultats, on accepte ou on 
rejette le compactage de cette couche. Pour la 
m6thode statistique, on preleve des 6chantillons 
au hasard, et on les soumet Ades essais. On fait 
ensuite une analyse statistique des resultats 
pour d6terminer si le compactage de ces 6chan
tillcns est compris entre les limites desirees. Lar6ception du compactage d6pend de cette 6va
luation. La plupart des normes en vigueur dansles pays en voie de developpement ont 6t6 de
veloppees en supposant que la m6thode des 
6chantillons representatifs serait utilisee. Par 
centre, aux Etats Unis, plusieurs organismes du 



pendium 10 are basic tests and are suitable for 
use with either type of compaction control. 

The testing necessary to achieve adequate 
compaction begins during the preconstruction 
search for materials sources, i.e., the investiga-
tion of in situ materials, borrow areas, and gravel
pits. Compendi-m 2: Drainage and Geological 
Considerations in Highway Location, Compen-
dium 6: Investigation and Development of Mate-
rials Resources, and Compendium 7: Road 
Gravels contain selected texts that describe the 
types of laboratory arid/or simplified field testing 
carried out during the preconstruction phase. 

materiales, es decir, ia investigaci6n de los 
materiales in situ, 6reas de pr6stamo y canteras 
de grava. El Compendio 2: Consideraciones de 
drenaje y geol6gicas en la ubicaci6n de ca-
rreteras, el Compendio 6: Investigaci6n y desa-
rrollo de recursos de materiales, y el Cor pendio 
7: Gravas contienen textos seleccionados que 
describen ios tipos de ensayos de laboratorio 
y/o de campo simplificados que se realizan 
durante la etapa de pre-construcci6n. Estos en-
sayos ayudan en el desarrollo de correctos re-
querimientos de cornpactaci6n durante la etapa

xlv de construcci6n. El Compendio 10 describe 
muchos de los verdaderos procedimientos de 
ensayo en el laboratorio que fueron nombrados 
en compendios previos. 

gouvernement sont en train d'6tudier l'utilisation 
de la methode d'6chantillonage statistique (Trois 
textes sur ce sujet sont inclus dans la liste de r6-
ferences supplementaires de ce recueil). Les 
deux m6thodes orit leurs d~fenseurs, malheureu-
sement, nous navons pas la place de documen-
ter le pour et le contre de ces deux methodes. 
Les essais que nous decrivons dans cc recueil 
sont des essais de base, qui peuvent 6tre utili-
ses pour le contr6le du compaciage, selon l'une 
ou I'autre methode. 

Les essais n'cessaires A la realisation d'un 
compactage correct commencent avant le d6-
but de la construction, lors de la prospection 
des materiat x routiers, c'est Adire l'inventaire in 
situ des liei x d'emprunt et des gravieres. Nos 
recueils no. 2: Drainage and Geological Consid-
erations in Highway Location, no. 6: Investiga-
tion and Development of Material Resources, et 
no. 7: Road Gravels, contiennent des textes qui 
decrivent les genres d'essais en laboratoire 
et/ou en chantier qui doivent Ltre faits durant ce 
stade de pr6-construction. Ces essais aident 6. 

These tests aid in the development of proper
compaction requirements during the construc
tion phase. Compendium 10 describes many of 
the actual laboratory testing procedures refer
enced in earlier compendiums. 

Normally, the laboratory testing phase con
tinues through the actual construction of a road
way as the construction personnol submit sam
pies of the in-place materials for acceptance
tests. During construction, additional on-site test
ing takes place to determine immediate accep
tance or rejection of the compactive effort. How
ever, in low-volume road construction both 

Generalmente la etapa de ensayo en el 
laboratorio contin0a durante la construcci6n del 
camino. El personal de la obra envra muestras 
del material in situ para ensayos de aceptaci6n. 
Durante la construcci6n se realizan ensayos
adicionales en la obra para la inmediata acep
taci6n o rechazo del esfuerzo compactivo. Sin 
embargo, en la construcci6n de caminoc de 
bajo volOmen las actividades de ensayo en el 
laboratorio y en el campo pueden ser mfnimas, 
o quiz~s no se realice ningn ensayo en el 
laboratorio a favor de un control completo en el 
campo. Los procedimientos para ensayos indi
viduales son iguales antes de y durante la cons
trucci6n, con control de compactaci6n re
presentativo o estadfstico. 

6tablir les valeurs de compactage qui seront 
n6cessaires au stade de la construction. Le re
cueil no. 10 va decrire plusieurs essais en labo
ratoire que nous avions mentionnes dans des 
recueils pr6cedents. 

Normalement, on fait des essais en laboratoire 
tout le temps de la construction de la route, car 
le personnel de construction doit soumettre les 
6chantillons de materiaux pour la reception. En 
outre, durant la construction, on fait des essais 
sur le chantier afin de determiner immediate
ment la reception ou le rejet du compactage. 
Toutefois, quand on construit une route econo
mique, ilse peut que les essais en laboratoire et 
sur le chantier soient reduits au minimum, ou 
meme que les essais en laboratoire soient n
glig6s entierement en faveur de ceux sur le 
chantier. Le processus d'exp6rinentation est le 
meme, que les essais soient faits avant ou pen
dant la construction. et que le contr6le du 
compactage soit fait d'apr~s la m6thode repr6
sentative ou statistique. 

Les dimensions des 6chantillons pour beau



laboratory and field testing activities may in fact 
be minimal, or the laboratory testing may be
neglected entirely in favor of complete field con-
trol. The procedures for individual tests remain 
the same whether the tests are made before or 
during construction and whether the compaction
control is representative or statistical. 

The sizes of the samples for many of the indi-
vidual tests are described in this compendium
and in Design Manual, Soil Mechanics, Founda-
tions and Earth Structures (Text 5, Compendium
2). The quantity of samples to be taken during
construction, or the control testing frequency, is 
not heavily documented. Occasionally rules of 
thumb, i.e., one density and moisture content 
test per layer for 500 cubic yards of in-place
subbase or base material, appear. They are 
quickly modified, however, by the statement that 
testing frequency may vary for individual proj-

Los tamaios para las muestras de muchos de 
los ensayos individuales se describen en este 
compendio y en Design Manual; Soil 
Mechanics, Foundations and Earth Structures 
(Manual de diserho; Mec~nicas del suelo, fun-
damentos, y estructuras de tierra, Texto 5, Coin-
pendio 2). La cantidad de muestras a tomarse 
durante la construcci6n, es decir las veces que 
se deber~n hacer ensayos de control, no est, 

excesivamente documentada. Aparecen

ocasionalmente reglas empfricas, es decir, un 

ensayo de densidad y contenido de humedad 
por cada capa de 500 yardas cObicas de mate-
rial de subbase o base en obra. Sin embargo 
son r~pidamente modificadas por la observa-
ci6n de que la frecuencia de los ensayos puede
variar para cada proyecto individLal de acuerdo 

coup de ces essais sont donnees dans ce re-
cueil et dans le texte no. 5, Design Manual; Soil
Mechanics Foundations and Earth Structures,
du recueil no. 2. IInexiste pas beaucoup de 
documents sur le nombre des 6chantillons A 
soumettre aux essais durant la construction, 
c'est a dire la frequence des essais de contr6le 
de qualit6. Quelquefois, on decide empirique-
ment que l'on dolt faire un essai de densit6 et de 
teneur en eau par couche, pour 500 yards cu-
bes de materiaux de base ou de fondation mis 
en place. Cette r6gle empirique est rapidement
modifi6e cependant, si nous observons que la 
frequence des essais peut varier d'un projet 6 
un autre selon: (a) la grandeur du projet et les
conditions de travail telles que I'uniformit6 des 
mat6riaux du gite, (b) les m6thodes et le mat6-
riel utilises, et (c) les conditions atmosph6riques.
Le plus souvent, beaucoup d'entreprises ou or-

ects in accordance with (a) project size and job

conditions such as uniformity of materials at the
 
source, (b) the methods and equipment used,

and (c) weather conditions. Most agencies that
 
have tried to predetermine generalized control
 
testing frequency have found that it is impracti
cal for a large portion of their projects; thus,

they do not formalize their general guidelines.


In addition to formal testing, adequate obser
vation and inspection of the actual construction
 
operations and processes must be carried out to
 
be sure the achievement of compaction quality
 
can be obtained during construction with an ac
ceptable degree of consistency. Compendium
10 therefore includes selected texts that de
scribe the criteria for this type of inspection and
 
the types of compaction equipment that are
 
suitable for the densification of various types of
 
soil. 

con (a) el tamaio del proyecto y las condiciones
 
del trabajo, tales como uniformidad de
 
materiales en la fuente, (b) los metodos y equipo
 
que se utilizan, y (c) las condiciones
 
meteorol6gicas. La mayorfa de las agencias que

han intentado predeterminar cu~ntas veces en
 
general se deben realizar ensayos de control
 
han descubierto que no es pr6ctico para gran

parte de sus proyectos, y por lo tanto no for-

malizan sus pautas generales.


Adem~s de ensayos formales, se deben
 
realizar observaciones e inspecciones

adecuadas de las verdaderas operaciones y

procesos de construcci6n para asegurarse de
 
que se podr6 lograr la calidad de compactaci6n

durante la construcci6n con un grado aceptable

de consistencia. Por lo tanto, el Compendio 10
 

ganismes qui ont essay6 de determiner A 
I'avance la frequence des essais se sont aper
gus que ce n'etait pas pratique pour une grande

partie de leurs projets, et nont donc pas 6tabli
 
un standard officiel. 

En plus des essais standards, il faut aussi ob
server et inspecter de fagon adequate durant 
toutes les phases de la construction de la route,
afin d'dtre sOr que la qualit6 du compactage soit 
obtenue Aun degr6 d'uniformit6 acceptable.
Dans cette optique, ce recueil contient des tex
tes choisis qui d6crivent les criteres pour ce 
genre d'inspection et les engins de compactage
qui conviennent la densification de differents 
types de sols. 

Un des gros problemes de la r6ussite du 
compautage est la diff6rence entre les resultats 
des essais faits sur des 6chantillons recueillis 
lors de la prospection, et ceux des essais faits 
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Amajor problem in achieving proper compac-
tion is the difference between the test results of 
exploratory samples and the actual construction 
samples. Both samples are supposed to be rep-
resentative of the materials used in the construc-
tion. In fact, the excavation, transport, dumping, 
spreading, and compaction of the material tend 
to alter the composition of the soil being tested. 
Each test is made using a smail volume of soil; 
the results, assuming no testing errors, indicate 
only the composition and compaction of the ac-
tual soil tested. Test results will therefore differ 
for soil taken in any other area, no matter how 
close to the original site. Nonetheless, proper 
evaluation of test results isstill the most useful 
tool available.for the achievement of proper 
compaction. 

incluye textos seleccionados que describen los 
criterios para este tipo de inspecc 6n y los tipos
de equipo de compactaci6n que son 
adecuados para la densificaci6n de varios tipos 
de suelos. 

Uno de los problemas ms importantes en la 
realizaci6n de la calidad de compactaci6n es la 
diferencia entre los resultados de ensayo de 
muestras exploratorias y los resultados de en

xvi 	 sayo de las verdaderas muestras de la obra. Se 
supone que ambas son representativas de los 
materiales utilizados en la construcci6n. La 
realidad es que la excavaci6n, transporte, des-
carga, esparcido y compactaci6n del material 
tienden a alterar la composici6n del suelo que 
se est6 ensayando. Cada prueba se realiza con 
una cantidad pequerla de suelo, y los resul-
tados, suponiendo que no hay errores en el en-
sayo, Onicamente indican la composici6n y 

sur les 6chantillons pris lors de la construction 
de la route. En theorie, ces deux sortes d'6chan-
tillons sont supposees repr6senter les materiaux 
utilis6s en construction. En pratique, I'excava
tion, le transport, le d6versernent, le regalage et 
le compactage du mat6riau ont tendance Amo
difier la composition du sol soumis A 'essai. 
Chaque essai est fait en utilisant une petite 
quantit6 de materiau; les resultats, en supposant 
qu'aucune erreur ne soit commise, indiquent 

-seulement la composition et le compactage du 
mat6riau soumis AI'experimentation. Les r6sul-
tats seront donc differents pour un mat6riau ex-
trait d'un autre endroit, meme s'il est extrait d'un 
endroit tres proche de remplacement original.
Malgr6 tout, une evaluation correcte des resul-
tats est quand m.me loutil le plus utile que I'on 

Discussion of Selected Texts 

The first text, Significance of Quality Control, is a 
paper that appeared in the Proceedings of the 
Golden Jubilee Convention (Canadian Good 
Roads Association, 1964). Itdescribes (a) the 
purpose of inspection and testing, (b) the gen
eral procedure for quality control, (c) the value of 
inspection and testing, (d)the nature of sam
pies, (e) the value of test results, (f)the purpose 
of specifications, and (g) the effectiveness of job 
control. 

The text points out the importance of quality 
control during the construction of a road and the 
need for well-trained personnel to conduct the 
control tests. It stresses the fact that most of the 
control tests used in the highway field are arbi

compactaci6n del suelo que se est6 ensayando. 
Los resultados siempre cambiar~n para suelos 
de otras dreas por rnuy cerca que est6n del 
6rea original. Sin embargo, la correcta evalua
ci6n de resultados de ensayo es el agente mcs 
Otil disponible para la realizaci6n de la compac
taci6n apropiada. 

Presentaci6n de los textos seleccionados 

El primer texto, Significance of Quality Control 
(La importancia del control de calidad, Proceed
ings of the Golden Jubilee Convention, Cana
dian Good Roads Association, 1964), describe 
(a)el objetivo de la inspecci6n y ensayo, (b) el 
procedimiento general para el control de 
calidad, (c) la importancia de la inspecci6n y 
ensayo, (d) las caracteristicas de muestras, (e) 

possede pour determiner la reussite du compac
tage. 

Discussion des textes choisis 

Le premier texte, Significance of Quality Control 
(L'importance du contr6le de qualit6) est une 
communication publiee dans le Proceedings of 
the Golden Jubilee Convention (Canadian Good 
Roads 4ssociation, 1964). On y decrit (a) le but 
de l'inspection et des essais, (b) le processus 
g6n6ral de contr6le de qualit6, (c) la valeur de 
l'inspection et des essais, (d) la nature des 
6chantillons (e) la valeur des resultats des es
sais, (f) le but des sp6cifications, et (g) 'effica
cit6 du contr6le du travail. 



trary in the serse that (a) they do not represent
actual field conditions at all times or in all loca-
tions, (b) they use different chemical or physical 
means to accelerate obtaining the results, or (c)
they measure characteristics that permit the 
evaluation of the sample by comparison with 
other soils of similar nature rather than the 
evaluation of the actual physical properties of 
the soil under study. 

The second text, Chapter 7- Compaction, 
is excerpted from Highway Materials (Krebs/
Walker, McGraw-Hill Book Company, 1971). It 
provides an analysis of the compactive effort on 
various types of soils and the tests that indicate 
the degree of compaction of these soils. Al-
though the text was prepared for undergraduate 

la importancia de los resultados de ensayo, (f) el 
objetivo de especificaciones, y (g) la eficacia 
del control del trabajo. 

El texto indica la importancia del control de 
calidad durante la construcci6n de un camino y
la necesidad de tener personal bien instruido 
para realizar los ensayos de control. Subraya 
que casi todos los ensayos de control que se 
utilizan en el campo vial son arbitrarios en el 
sentido de que (a) no representan las ver-
daderas condiciones del campo en todo 
momento en tcdas las ubicacionLs, (b) utilizan 
distintos medios qufmicos o fisicos para obtener 
resultados acelerados, o (c) miden las carac-
terfsticas que permiten la evaluaci6n de la 
muestra en comparaci6n con otros suelos simi-
lares, en vez de la evaluaci6n de las propieda-
des ffsicas verdaderas del suelo que se estA es-
tudiando. 

Le texte met 'emphase sur l'importance du 
contr6le de qualit6 pendant la construction de la 
route et la n6cessit6 d'avoir un personnel quali-
fi6 pour diriger les essais. On souligne le fait que
la plupart des essais de contr6le de qualit6 sont 
arbitraires dans le sens que (a) ils ne represen-
tent pas les conditions sur le chantier 6 toutes 
les p6riodes ou A tous les emplacements, (b) ils 
utilisent des moyens m6caniques ou physiques 
pour acc~lerer les rsultats, ou (c) ils mesurent 
les caract~ristiques qui permettent d'6valuer le 
pr6l~vement par rapport Ad'autres de m6me na-
ture, plut6t que d'6valuer les propri~t6s physi-
ques du sol que I'on est en train d'6tudier. 

Le deuxi~me texte, Chapter 7-Compaction, 
(Chapitre 7- Compaction) est extrait du livre 
Highway Materials (Krebs/Walker, McGraw-Hill 
Book Company, 1971). L'effort compactif sur dif-
f~rents sols et les essais qui indiquent leur de-

civil engineering students, it draws material from
 
many source references that would otherwise be
 
included in this compendium. It is included as a
 
general review of the art and techniques of den
sification of subgrades, embankments, sub
bases, bases, and gravel surfaces. It explains

basic theories that must be understood in order
 
for the reader to benefit from the more detdiled
 
texts included in Compendium 10.
 

The soils engineer may find many of the basic 
conceots familiar. However, the general highway

engineer often loses sight of the complex interre
lationships among soil properties, moisture con
tent, compactive effort, and control tests that
 
must be properly balanced in order to achieve a
 
satisfactory end product at a reasonable cost.
 

El segundo texto, Chapter 7, Compaction
 
(Capftulo 7, Compactaci6n, Highway Materials,
 
Krebs/Walker, McGraw-Hill Book Company,

1971), proporciona un analysis del esfuerzo
 
compact, -)sobre varios tipos de suelos y los
 
ensayos que indican el grado de compactaci6n
 
de estos suelos. Aunque el iexto se prepar6
 
para estudiantes de ingeniera civil no gradua
dos, extrae material de muchas referencias de 
origen que de otra manera hubieran sido inclui
das en este compendio. Es incluido como un XVll 
repaso general del arte y las t~cnicas de densi
ficaci6n de subrasantes, terraplenes, subbases,
bases y superficies de grava. Explica las teorfas 
b~sicas que el lector debe comprender para

aprovechar totalmente los textos m~s especfi
cos incluidos en el Compendio 10.
 

El ingeniero de suelos probablemente cono
cer, muchos de los conceptos b~sicos. Sin em

gr6 de compacit6 sont donn~s. Bien que ce Ii
vre soit un manual AI'usage des etudiants en 
g6nie civil, il contient beaucoup de r6f6rences 
qui auraient 6t6 incluses dans ce recueil. Nous 
le co, ,.3id~rons donc comme une revue g~n6rale
de I'art et des techniques de densification des 
sous-sols, talus, sous-couches, couches de 
base et surfaces en mat~riaux graveleux. Ce 
texte contient et explique la th6orie de base que
le lecteur doit poss6der afin d'6tre capable de 
mettre pleinement A profit les textes plus detail
16s du recueil 10. 

L'ing6nieur des -ols sera sans doute familia
ris6 avec beaucoup de ces concepts de base. 
Toutefois, l'ing6nieur routier que nous qualifie
ront de g6n6raliste, souvent perd de vue les 
rapports 6troits et complexes qui existent entre 
les caractdristiques des sols, leur teneur en eau,
l'effort compactif et les essais de contr6le, qui 



The third text contains two excerpts from Soils 
Manual for the Design of Asphalt Pavement 
Structures (The Asphalt Institute, MS-10, Second 
Edition, March 1978). The first excerpt - Chap-
ter IV, Significance of Tests on Soil Materials-
notes that, although most highway engineers
and field soils technicians are acquainted with 
the basic tests performed in soils laboratories,
they are not thoroughly familiar with the test 
methods and/or the significance and interpreta-
tion of the test results due to their lack of experi-
ence with the tests. Four basic laboratory soil 
tests are described: mechanical analysis,
specific gravity, consistency tests and indices,
and the moisture-density test. Each test descrip-
tion includes (a) the significance of the test, (b) a 

bargo, el ingeniero de carreteras en general
muchas veces pierde de vista las interrelaciones 
complejas entre propiedades de suelo, conte-
nido de humedad, esfuerzo compactivo, y ensa-
yos de control que se deberAn equilibrar correc-
tamente para obtener un producto final satisfac-
torio a un costo razonable. 

El tercer texto contiene dos extractos de Soils 
Manual for the Design of Asphalt Pavement 
Structures (Manual de suelos para el diseio de 

xviii estructuras de pavimento de asfalto, The As-phalt Institute, MS-10, Second Edition, March 
1978). El primer extracto, Chapter IV-Signifi-
cance of Tests on Soil Materials (Capftulo IV -
Significado de ensayos de materiales de suelo),
observa que aunque muchos ingenieros viales y
tOcnicos de suelos del campo conocen los en-
sayos b~sicos que se realizan en los laborato-
rios de suelos, no est~n totalmente familiariza-
dos con los m6todos de ensayo y/o el signifi-
cado e interpretaci6n de los resultados de en-

doivent tous 6tre correctement 6quilibr~s, pour
arriver Aun r~sultat satisfaisant Aun prix raiso-
nable. 

Le troisi~me texte contient deux extraits de 
Soils Manual for the Design of Asphalt Pave-
ment Structures (Manuel des sols pour le calcul 
des chauss6es en bitume asphaltique) publi6 
par The Asphalt Institute, MS-10, Second Edi-
tion, March 1978 Le premier extrait, Chapter IV-
Significance of Tests on Soil Materials (Chapitre
IV - La signification des essais sur les mat6riaux 
routiers) remarque que, bien que la plupart des 
ing6nieurs routiers et des sp~cialistes des sols,
connaissent les essais de base effectues sur les 
sols en laboratoire, ils ne se sont pas nec6ssai-
rement entierement familiaris6s avec les metho-
des utilis6es pour faire ces essais, ou/et avec la 

synopsis of the test method, (c) typical test re
suits, and (d) influences of the method of testing,
i.e., the common sources of errors in the test re
suits. 

The second excerpt is Chapter VII, California 
Bearing Ratio of Laboratory-Compacted Soils. 
The California Bearing Ratio (CBR) is a widely
used method of comparing the relative bearing
values of base, subbase, and subgrade mate
rials. The CBR is the load required to force a pis
ton into the soil to a certain depth, which is ex
pressed as a perc intage of the load required to 
force the piston the same depth into a standard 
sample of crushed stone. Penetration loads for 
the crushed stone have been standardized. The 
resulting bearing value is known as the Califor

sayo a causa de una falta de experiencia con 
los ensayos. Se describen cuatro ensayos bAsi
cos de laboratorio para suelos: an~lisis mec6
nico, gravedad especffica, ensayos e indices de 
consistencia, y el ensayo de humedad
densidad. Cada descripci6n incluye (a) el signi
ficado del ensayo, (b) un sinopsis del m6todo 
de ensayo, (c) resultados tfpicos de ensayo, y
(d) influencias del m6todo de ensayo, es decir, 
los origenes comunes de errores en los resulta
dos de ensayo.

El segundo extracto es Chapter VII- California 
Bearing Ratio of Laboratory-Compacted Soils 
(Capitulo VII - Valor relativo de soporte de Cali
fornia de suelos compactados en el laboratorio). 
El valor relativo de soporte de California (CBR)
es un m~todo utilizado extensivamente para
 
comparar los valores relativos de sopo' te de
 
materiales de base, subbase, y subrasante. El
 
CBR es la carga que se requiere p2ra impulsar
 
un 6mbolo a penetrar el suelo hasta cierta pro

signification et l'interpr~tation des r6sultats, A 
cause d'un manque d'exp~rience. Quatre essais 
de base en laboratoire sont d6crits: a) significa
tion de I'essai, (b) synopsis des m~thodes em
ploy6es, (c) resultats caract~ristiques et (d) in
fluence de la m6thode d'essai, c'est Adire, la 
cause habituelle d'erreurs dans le r~sultats. 

Le second extrait est Chapter VII -California 
Bearing Ratio of Laboratory Compacted Soils 
(Chapitre VII - Indice de portance californien 
des sols compact6s en laboratoire). Le calcul de 
portance californien, ou essai CBR, est une m6
thode utilis6e de fagon extensive, ob I'on 
compare les valeurs de portance relatives des 
matdriaux de base, de sous-couche et du sous
sol. Le CBR est la charge n6cessaire pour en
foncer un piston dans le sol jusqu', une certaine 



nia Bearing Ration with the percentage omitted. 
The text gives a detailed explanation of the test 
procedure, the equipment used, the preparation 
of the sample, and the calculation and correc-
tion of the stress-penetration curve of the Ameri-
can Society for Testing and Materials (ASTM) 
procedure, which is the simplest of the various 
CBR test procedures to use. 

It should be noted that the remarks in this text 
concerning the moisture content in subgrades 
under "Full-Depth Asphalt Pavements" are not a 
part of ASTM D 1883, nor do they apply to the 
low-volume roads that are the subject of this 
compendium. However, Compendium 7: Road 
Gravels (p. 133) contains information concerning 
the use of unsoaked CBR values under certain 
environmental conditions in tropical areas. Most 
design criteria assume the use of soaked CBR 
values. Therefore, any CBR values determined 
from the use of unsoaked samples should be so 
noted to warn subsequent users of the deviation 
from the normal procedure. 

fundidad. Esta carga es expresada como un 
porcentaje de la carga que se requiere para im-
pulsar el 6mbolo a penetrar hasta la misma pro-
fundidad en una muestra normal de piedra tritu-
rada. Se han normalizado las cargas de penetra-
ci6n para la p:iedra triturada. El valor resultante 
de soporte se llama el California Bearing Ratio 
(CBR) con el porcentaje omitido. El texto pre-
senta una explicaci6n detallada del procedi-
miento de ensayo, el equipo utilizado, la prepa-
raci6n de la muestra, y el c~lculo y correcci6n 
de la curva de esfuerzo-penetraci6n del proce-
dimiento ASTM (American Society for Testing and 
Materials), que es el m~s simple de utilizar entre 
los diversos procedimientos de ensayo deCBR. 

profondeur, cette charge 6tant exprim~e en 
pourcentage de la charge n~cessaire pour en-
foncer le piston A la m6me profondeur dans un 
6chantillon de r~f~rence en pierre concass~e. 
Les charges de p~n6tration dans la pierre con-
cass~e sont normalis~es. La valeur de portance 
qui r6sulte s'appe! l'indice de portance calilor-
nien ou CBR. Cet irdice est exprim6 en omettant 
I'expression math~matique du pourcentage. Ce 
texte donne une explication d6taill6e de I'essai, 
I'6quipement utilis6, la preparation des 6prouvet-
tes, et du calcul et de la correction de la courbe 
tension/p6n~tration dJ proc6d6 de I'American 
Society for Testing and Materials (ASTM) qui est 
le plus simple des nombreux proc6d.s de calcul 
de l'indice CBR. 

The fourth text, Mechanical Durability of 
Lateritic Gravels from Southeast Asia; 
Suggested Tests and Test Standards for High
way Uses, is a report that appea.ed in Austra
lian Road Research (Australian Road Research 
Board, 1970). It describes an investigation that 
was conducted to determine which tests are 
most suitable for evaluating the mechanical 
durability of lateritic gravels for use in road con
struction. Compendium 7: Road Gravels con
tairs several selected texts that explain 
the unique problems tropical road builders have 
with lateritic soils. These unusual properties of 
laterite irvalidate some of the test procedures 
used in temperate climates for selection of mate
rials suitable for road construction. 

Laterite is very sensitive to degradation or dis
integration in a roadway structure. The usual 
tests for durability are not always sensitive 
enough to determine if a particular laterite will 
perform satisfactorily in one or another of the 
components of a road structure. This text de-

Deberc notarse que los comentarios en este 
texto que se relacionan con el contenido de hu
medad de subrasantes bajo pavimentos de 
asfalto de profundidad total, no forman parte de 
ASTM D 1883, ni son aplicables a los caminos 
de bajo volimen que son el tema de este com
pendio. Sin embargo, el Compendio 7: Gravas 
(p~gina 133) contiene informaci6n sobre el uso 
de valores CBR no empapados en ciertas con
diciones del medio ambiente en 6reas tropica
les. Casi todos los criterios de diseio suponen 
el uso de valores CBR empapados. Por lo tanto, 
cualquier valor CBR determinado por el uso de 
muestras no empapadas deberi otarse como 
tal para advertir a los usuarios subsecuentes de 

IIfaut pr~ciser que les remarques qui concer
nent la teneur en eau des couches de forme, sur 
lesquelles des revttements enti~rernent en 
bitume asphaltique, sont pos6s directement, ne 
font pas partie de Ia specification ASTM D 1883, 
et ne sont pas applicables aux routes 
economiques formant le th~me de ce recueil. 
Cependant, le recueil no. 7: Les graviers, A la 
page 133, contient des instructions sur l'utilisa
tion dejindice CBR avant imbibition, pour cer
taines conditions met6orologiques des r~gions 
tropicales. La plupart des crit~res de calcul pr6
sument l'utilisation des valeurs CBR apr~s imbib
ition. Donc on devra signaler tout indice CBR de
termin6 en utilisant des 6chantillons avant imbib
ition, de fagon Aavertir les futurs utilisateurs de 
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scribes the durability tests considered most ap-
propriate for use with lateritic material, 

The fifth text, Chapter 2- Test Procedures for 
Evaluation of Tropical Soil Properties, is ex-
cerpted from Laterite and Lateritic Soils and 
Other Problem Soils of the Tropics, Volume II,
Instruction Manual (USAID, 1975). It describes 
the procedures used in the California coarse 
(D,) and fine (D,) durability tests, which were 
evaluated but not detailed in the previous text. It 
also addresses the fact that the manipulating and 
preheating preparations specified for the testing of 
temperate soils will often change the properties of 
tropical soils. The charges in engineering proper-
ties that occur with preheating prior to testing are 
usually irreversible. 

The text outlines the test procedures most 
suitable for use in the engineering evaluation of 
tropical soils. Specific recommendations and 

que hay una desviaci6n del procedimiento nor-
mal. 

El cuarto texto, Mechanical Durability of Late-
fitic Gravels from Southeast Asia: Suggested
Tests and Test Standards for Highway Uses 
(Durabilidad mec~nica de gravas laterfticas del 
Asia del Sudeste; Ensayos y normas de ensayos
sugeridos p i utilizaci6n vial, Australian Road 

xx 	 Research, -ustralian Road Research Board, 
1970), describe una investigaci6n que se realiz6 
para determinar cuales ensayos son los m~s 
adecuados para evaluar la durabilidad mec6-
nica de gravas lateriticas a utilizarse en la cons-
trucci6n vial. El Compendio 7: Gravas contiene 
varios textos seleccionados que explican los 
problemas singulares que los constructores de 

la d6viation du proc~d6 normal. 
Le quatri~me texte, Mechanical Durability of 

Lateritic Gravels from Southeast Asia; 
Suggested Tests and Test Standards for High-
way Uses (Durabilit6 m6canique des graviers
lat6ritiques de I'Asie du Sud-Est; Essais et 
normes d'essais sugger~s pour leur utilisation 
routi~re), est un rapport publi6 dans Australian 
Road Research, Australian Road Research 
Board, en 1970. On d~crit une investigation qui
fut men~e pour d6terminer quels genres d'es-
sais sont les plus appropri6s pour 6valuer la 
durabilite m~canique des graviers lat6ritiques
utilis6s dans la construction routibre. Le recueil 
no. 7: Les graviers, contient plusieurs textes 
choisis qui expliquent les probl~mes exception-
nels que les constructeurs de routes des 
tropiques ont avec les sols lat6ritiques. Ces 
caract6ristiques inhabituelles de la lat6rite inval-
ident certaines m6thodes d'essais utilis~es dans 

modifications are included with each test to 
compensate for the unusual nature of these 
soils. The test procedures described include (1)
dry preparation of soil samples, (2) wet prepara
tion of soil samples, (3) preparation of soil sam
pies at natural moisture content, (4) particle size 
analysis, (5) liquid limit, (6) plastic limit and plas
ticity index, (7) moisture density relations, (8)
specific gravity, (9) California Bearing Ratio, (10)
sand equivaleint value, (11) the California durabil
ity tests, (12) using the FHA soil PVC meter, and 
(13) suggested method of test of one
dimensional expansion and uplift pressure of
 
clay soils.
 

The sixth text is excerpted from Standard 
Specifications for Transportation Materials and
 
Methods of Sampling and Testing, Part II-

Methods of Sampling and Testing (AASHTO,

July 1978). This book's table of contents indi

caminos en los tr6picos tienen con los suelos la
terfticos. Estas propiedades poco comunes de 
la laterita invalidan algunos de los procedimien
tos de ensayo que se utilizan en climas templa
dos para la selecci6n de materiales adecuados 
para la construcci6n de caminos. 

La laterita es muy sensitiva a la degradaci6n o 
desintegraci6n en una estructura vial. Los ensa
yos comunes de durabilidad no siempre son lo
 
suficientemente sensitivos para determinar si
 
una laterita en particular se desempeiar6 en
 
forma satisfactoria en uno u otro de los compo
nentes de una estructura vial. Este texto des
cribe los ensayos de durabilidad que par Icen
 
ser los m~s apropiados para el material laterf
tico. 

les climats temper~s pour la s~l~ction de
 
mat~riaux routiers.
 

Dans une structure routibre, la lat~rite est tr~s 
sensible A la d~gradation ou d6sint6gration. Les 
essais de durabilit6 normaux ne sont pas
toujours assez sensibles pour determiner si un 
type de lat~rite se conduira de fagon satis
faisante s'il est utilis6 comme constituant d'une 
structure routibre. Ce texte d6crit les essais de 
durabilit6 consid~r~s les plus adequats pour
employer avec des mat6riaux lat~ritiques.

Le cinqui~me texte, Chapter 2 -Test Proce
dures for Evaluation of Tropical Soil Properties 
(Chapitre 2- M6thodes d'essais pour I'6valua
tion des caract6ristiques des sols tropicaux) est 
extrait de Laterite and Lateritic Soils and Other 
Problem Soils of the Tropics, Volume II,Instruc
tion Manual (USAID, 1975). On d6crit les 
m6thodes utilis~es pour I'essai de durabilitd de 
Californie pour les grains grossiers (D) et les 
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cates the complete repertoire of test procedures 
that have been standardized by the American 
Associatior of State Highway and Transportation 
Officials (AASHTO). The table of contents is 
subdivided into a subject sequence, a numerical 
sequence, and a tabulation showing equivalen-
cies between AASHTO and ASTM specifica-
tions. The reader should note that in the 
AASHTO designation the letter "T"means test, 
the first two or three digits indicate the test 
number, and the last two digits following the 

El quinto texto, Chapter 2 -Test Procedures 
for Evaluation of Tropical Soil Properties (Capf-
tulo 2- Procedimientos de ensayo para la eva-
luaci6n de las propiedades de suelos tropicales,
Laterite and Lateritic Soils and Other Problem 
Soils of the Tropics, Volume II,Instruction Man-
ual, USAID, 1975) describe ios procedimientos 
que se utilizan en los ensayos de durabilidad de 
gruesos (D) y finos (Df) de California, que se 
evaluaron pero no fueron detallados en el texto 
previo. Tambien se e'rige al hecho de que las 
preparaciones de manipulaciOn y pre-
calentamiento que se especifican para el en- 
sayo de suelos de zonas templadas muchas 
veces cambiar~n las propiedades de suelos 
tropicales. Son casi siempre irreversibles los 
cambios en las propiedades ingenieriles que 
ocurren en el precalentamiento antes del en-
sayo. 

El texto resume los procedimientos de ensayo 
m~s adecuados en la evaluaci6n ingenieril de 
suelos tropicales. Se incluyen recomendaciones 
y modificaciones especificas con cada ensLyo 
para compensar por la extraordinaria naturaleza 
de estos suelos. Los procedimientos de ensayo 
que se describen incluyen (1) preparaci6n seca 
de muestras de suelo, (2) preparaci6n himeda 

grains fins (Df), ces methodes ayant 6t6 
6valu6es de fagon gen6rale dans le texte pr6-
c6dent. On nous fait aussi remarquer que les 
pr6parations de pr6-chauffage et de manipula-
tion, specifiees pour les essais sur les sols des 
pays temperes, souvent changent les caracteris-
tiques des sols tropicaux. 

Le texte resume les meilleures methodes 
d'essais pour I'6valuation routibre des sols 
tropicaux. Des recommandations et des modifi-
cations specifiques sont incluses pour chaque 
essai, pour compenser la nature inhabituelle de 
ces sols. Les m6thodes d'essais qui sont in-
cluses comprennent: (1)preparation d'6prouvet-
tes s~ches, (2) pr6paration d'6prouvettes im-

dash indiuate the latest year in which a revision 
to the test has been made. 

The significance of the revision date can be 
shown by the following example. Selected Text 2 
refers to the Standard Proctor test as T99. How
ever the description of the test is derived from 
T99-61. In method B of this test, the text indi
cates that when a 6-inch mold is used, the blows 
are increased to 55 per layer. However, 
AASHTO T99-74 includes the following in the 
description of method B: " ... each layer being 

de muestras de suelo, (3) preparaci6n de mues
tras de suelo con contenido de humedad natu
ral, (4) anclisis de tamafio de partfcula, (5) Ifmite 
lIquido, (6) I(mite pl~stico e fndice de plastici
dad, (7) relaciones de densidad/humedad, (8)
gravedad especffica, (9) California Bearing Ra
tio, (10) valor equivalente de arena, (11) los 
ensayos de durabilidad de California, (12) el uso 
del medidor PVC de suelos FHA, y (13) m~todo 
sugerido de ensayo de la expansi6n unidimen
sional y subpresin de suelos arcillosos. 

Ei sexto texto fu6 extraido de Standard Speci
fications for Transportation Materials and Meth
ods of Sampling and Testing, Part II - Methods
 
of Sampling and Testing, (Especificacio
nes normalizadas para materiales de transporte 
y m6todos de muestreo y ensayo, Segunda parte
-Metodos de muestreo y ensayo, AASHTO, 
July 1978). El indice de este libro indica el reper
torio completo de los procedimientos de ensayo 
que han sido normalizados por la Asociaci6n 
Americana de Funcionarios de Carreteras Esta
tales y de Transporte (AASHTO). El fndice se 
subdivide en una secuencia de temas, una se
cuencia numerica y una tabulaci6n que indica 
las equivalencias entre !as especificaciones de 
AASHTO y ASTM. El lector deber6 notar que en 

bib6es, (3) pr6paration d'6prouvettes a la teneur 
en eau naturelle, (4) d6termination des gros
seurs des grains, (5) limite de liquidit,. (6) indice 
de plasticit6, et limite de plasticit6, (7)relation 
entre la densit6 et la teneur en eau, (8) poids
spkcifique, (9) indice pordant de Californie, (10)
equivalent de sable, (11) essai de durabilit6 de 
Californie, (12) emploi du dispositif de mesure 
PVC (Potential Volume Change: essai de gonf
lement) de la FHA, et (13) methode propos~e 
d'essai uniaxial d'expansion et de sous-pression 
des sols argileux. 

Le sixieme texte est extrait de Standard 
Specifications for Transportation Materials and 
Methods of Sampling and Testing, Part II- Meth
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compacted by 56 uniformly distributed blows 
from the rammer." 

The test procedures excerpted in this text are 
(a) density of soil and soil-aggregate in place by
nuclear methods (shallow depth) T238-76 and 
(b) moisture content of soil and soil-aggregate in 
place by nuclear method, (shallow depth) 
T239-76. Other selected texts in this compen-
dium make references to these nuclear tests. in 
reviewing many articles and papers on the use 
of nuclear testing equipment for publication in 

la designaci6n de AASHTO la letra "T" significa 
ensayo (test), los prirneros dos o tres dfgitos in-
dican el nOmero del ensayo y los 61timos 2 digi-
tos despu6s del gui6n indican el 6ltimo afio en 
que se introdujo un cambio en el procedimiento 
del ensayo. 


La importancia de la fecha del 6ltimo cambio 
puede demostrarse por el siguiente ejemplo. El 
Texto Seleccionado 2 se refiere al ensayo Stan-
dard Proctor como T99. Sin embargo, la des-
cripci6n del ensayo se deriva de T99-61. En el 
mtodo B de este ensayo, el texto indica que
cuando se utiliza un molde de 6 pulgadas, los 
golpes se aumentan a 55 por capa. Sin em-
bargo, el AASHTO T99-74 incluye Iosiguiente 

xxii 	 en la descripci6n del metodo B ". . . compac-
tando cada capa con 56 golpes del pis6n uni-
formemente distribufdos." 

ods of Sampling and Testing, AASHTO, July 1978 
(Normes pour les materiaux de transport
[mat6riaux routiers] et methodes d'6chantillonage 
et d'essais, Deuxibme partie, Methodes d'echan-
tillonage et d'essais, AASHTO, 1978). La table 
des matieres de ce livre indique le repertoire
complet des methodes d'essais qui ont 6te nor-
malis6es par I'American Association of State 
Highways and Transportation Officials 
(AASHTO). La table des matibres est sous-
divis6e en trois: section sur les materiaux, sec-
tion num6rique, et tableau de correspondance
des normes AASHTO et ASTM. On signale au 
lecteur que pour AASHTO la lettre "T"signifie 
essai, les premiers deux ou trois chiffres indi-
quent le num6ro de I'essai, et les deux derniers 
apres le tiret, indiquent i'ann6e de la plus r6-
cente r6vision de 'essai. 

L'importance de la date de revision est d6-
montr6e par 'exemple qui suit: Le texte no. 2 
s'en r6fere A 'essai Proctor normal T99. 
Toutefois, la description de I'essai est celle de 
'essai T99-61. Dans la m6thode B de cet essai, 

on indique que quand un moule de 6 in. est 
utilis6, les coups sont augment6s jusqu'A 55 par 

Compendium 10, it was found that conclusions 
about the reliability, true cost, total time savings,
and practical use of nuclear testing varied sig
nificantly. Although the latest techniques for use 
of nuclear test equipment are included here 
(T238-76 and T239-76), no recommendations 
are offered for or against such use. 

The seventh text consists of two sections, a re
port entitled The Constant Dry Weight Method-A 
No-Weighing Field Compaction Test (Report RP 
141, Department of Highways, Ontario, 1968) 

Los procedimientos de ensayo extraidos para 
este texto son (a) densidad de suelo y suelo
agregado en obra por metodos nucleares (poca
profundidad) T238-76, y (b) contenido de hu
medad de suelo y suelo-agregado en obra por
metodos nucleares (poca profundidad) T239-76. 
Hay otros textos seleccionados en este com
pendio que se refieren a estos ensayos nuclea
res. Al repasar muchos articulos e informes 
sobre el uso de equipo de ensayo nuclear, para
publicaci6n en el Compendio 10, se descubri6 
que las conclusiones sobre la fiabilidad, costo 
verdadero, total de tiempo ahorrado, y uso pr~c
tico de ensayo nuclear varlan significativamente.
Aunque se incluyen aquf las Oltimas tecnicas 
para e; uso de equipo de ensayo nuclear 
(T238-76 y T239-76), no se presentan recomen
daciones en pro o contra de tal uso. 

couche. Mais dans l'essai AASHTO T99-74, on 
donne pour la methode B "chaque couche 6tant 
compactee par 56 coups du piston, distribues 
uniformement." 

Les methodes d'essai qui sont donnees dans 
ce texte sont (a) Densit6 du sol et des melanges 
de sol en place par methodes nucl6ologiques (in
vestigation superficielle) T238-76 et (b) Teneur 
en eau du sol et des melange de sol en place, 
par m6thodes nucleologiques (investigation
superficielle) T239-76. D'autres textes de ce re
cueil s'en referent Aces methodes nucleolo
giques. Apres avoir pass6 en revue beaucoup
d'articles et de communications sur lutilisation 
d'appareils nucleaires pour voir si nous allions 
les publier dans ce recueil, nous nous sommes 
apergus que les conclusions sur la fiabilit6, prix 
de revient actuel, le total des economies de 
temps, et l'utilisation pratique de ces methodes 
nucl6ologiques, varient de fagon importante. 
Bien que les techniques nucleologiques 
les plus recentes soient incluses (T238-76 
et T239-76) dans ce recueil, nous n'offriron 
aucune recommandation pour ou contre leur 
utilisation. 



and a paper on Constant Dry Weight (C.D.W.) 
Test Procedure (State of Vermont Agency of 
Transportation, 1979). The report introduces one 
of the most common problems in construction 
compaction control, i.e., how to make quick and 
reliable decisions in the field about the state of 
compaction of subgrades, embankments, and 
pavement courses. Several field compaction test 
methods are described and a new (in 1968) test 
procedure is introduced. The principle of the 
constant dry weight compaction method is that 
the volume of a fixed weight of soil is inversely 
proportional to its dry density, regardless of its 
moisture content. No correction for stone content 
of the in situ dry density is necessary because 
each test is self-contained. 

El septimo texto consiste en dos secciones, 
un informe titulado The Constant Dry Weight 
Method-A No-Weighing Field Compaction Test 
(El m6todo de peso seco constante - Un en-
sayo sin pesado de compactaci6n en el campo, 
Report FP 141, Department of Highways, On-
tario, 1968) y un artfculo sobre Constant Dry 
Weight (C.D.W.) Test Procedure (Procedimiento 
de ensayo de peso seco constante--C.D.W., 
State of Vermont Agency of Transportation,
1979). El informe presenta uno de los problemas 

m~s comunes en el control de compactaci6n en 
la construcci6n, es decir, c6mo Ilegar a de-
cisiones r~pidas y seguras en el campo sobre el 
estado de compactaci6n de subrasantes, terra-
plenes, y capas de pavimento. Se describen va-
rios metodos de ensayo de compactaci6n en el 
campo y se introduce el procedimiento de un 
ensayo nuevo (1968). El principlo del m6todo de 
compactaci6n C.D.W. es que el voltmen de un 
peso fijo de suelo es inversamente proporcional 

Le sptibme texte contient deux parties, un 
rapport intitut6 The Constant Dry Weight Method 
-A No Weighing Field Compaction Text (La 
mdthode du poids sec constant-un essai sans 
pesage de compactage sur le chantier) Report 
RP 141, Department of Highways, Ontario, 1968, 
et une communication nomm6e Constant Dry 
Weight (C.D.W.) Test Procedure (Methode d'es-
sai du poids sec constant CDW), State of Ver-
mont Agency of Transportation 1979. Le rapport 
aborde un des problrnes les plus courants du 
contr6le du compactage en construction: com-
ment decider sur le champs, et en toute fiabilit6, 
de 1'6tat de compactage des couches de forme, 
remblais et couches de la chaussee. Plusieurs 
mthodes d'essais de compactage sur le chan-

Because the report stresses the theoretical 
aspects of the test, this text also includes addi
tional information in the form of a letter with an 
enclosure that describes in full the field proce
dure currently in use in Vermont. 

The eighth text, Recommendations on 
Methods to Be Used for Testing Aggregates 
(draft), is an excerpt from the Technical Commit
tee Report on Testing of Road Materials (Per
manent International Association of Road Con
gresses, XVI World Road Congress, Vienna, 
1979). The report indicates that there is a very 
wide variety of test procedures in use in various 
countries. Some of these differences are the re
suit of different concepts of road functions. 
Other differences have no sound basis. Con

a su densidad seca, independiente de stLcon
tenido de humedad. No es necesaria una co
i recci6n, por contenido de piedra, de la densi
dad seca in situ ya que cada ensayo es inde
pendiente. 

Ya que el informe da importancia a los aspec
tos te6ricos del ensayo, este texto seleccionado 
tambi6n incluye informaci6n adicional en una 
carta con adjunto que describe totalmente el 

liza en el estado de Vermont. 

El octavo texto, Recommendations on Meth
ods to Be Used for Testing Aggregates-Draft
 
(Recomendaciones sobre los m6todos a utili
zarse para ensayar agregados - horrador, 
Technical Committee Report on Testing of Road 
Materials, Permanent International Association of 
Road Congresses, XVI World Road Congress,. 
Vienna, 1979), indica que existe una gran varie
dad en los procedimientos de ensayo utilizados 

tier sont d6crites, et une nouvelle (1968) 
m6thode d'essai est presentee. La m6thode 
d'essai du poids sec constant, est basee sur le 
principe que le volume d'un poids fixe de sol est 
inversement proportionnel Asa densit6 seche, 
quelle que soit sa teneur en eau. IIn'est pas 
necessaire de faire une correction pour la teneur 
en pierre de la densit6 seche in-situ car chaque 
essai est independant. 

Nous avons decide d'ajouter une documenta
tion suppl6mentaire, en ce cas une lettre et une 
piece jointe, qui d6crivent en detail la methode 
sur le chantier actuellement utilis6e au Vermont, 
car le rapport lui meme met plut6t I'emphase sur 
I'aspect theorique de I'essai. 

Le huitieme texte, Recommendations on Meth



sequently, the situation as a whole isvery much 
open to criticism for it considerably hinders ex-
change of information between countries and 
the progress of road technology,

The committee, therefore, is making recom-
mendations on those matters that appear essen-
tial to ensure that certain tests are carried out 
uniformly in all countries. These recommenda-
tions are in the form of a proposal presented at 
the 1979 Vienna conference. The tests included 
are (1)particle-size distribution by sieving, (2)
Los Angeles test, (3)sand equivalent, (4) 
polished-stone-value, (5)quality of fine material 
passing a0.075-mm sieve, (6)density mea-
surements (three tests), (7)aggregate shape 

en varios parses. Algunas de estas diferencias 
son el resultado de distintos conceptos de las 
funciones de caminos. Otras diferencias no tie-
nen base firme. En consecuencia, la situaci6n 
puede censurarse en que obstruye el intercam-
bio de informaci6n entre parses y el avance de 
la tecnologfa vial. 

Por Ic tanto, el comit6 presenta recomenda-
ciones sobre los temas que parecen esenciales 
para asegurar que ciertos ensayos se Ileven a 
cabo en forma uniforme en todos los parses.
Estas recomendaciones toman forma de una

xxiv 	 propuesta que se present6 en la conferencia de 
1979 en Viena. Los ensayos que se incluyen son 
(1)distribuci6n de tamar~os de partrcula por ta-
mizado, (2)ensayo de Los Angeles, (3)equiva-
lente de arena, (4)ensayo de valor de piedra
pulida, (5)calidad del material fino que pasa por 
un tamiz de 0,075 mm, (6)medidas de densidad 
(3ensayos), (7)forma del agregado (2ensa-
yos), (8)reducci6n de una muestra para proveer
la muestra de ensayo, y (9) sensitividad a la he-
lada. 

ods to Be Used for Testing Aggregates- draft 
(Recommandations pour I'ex6cution des essais 
de granulats-proposition), est extrait de Techni-
cal Committee Report on Testing of Road Mate-
rials, Permanent International Association of 
Road Congresses, XVI World Road Congress,
Vienna, 1979. Le rapport constate qu'il y a une 
tres grande h6t6rog6n6it6 des proc6dures d'es-
sai en usage travers le monde. Certaines de 
ces differences proviennent d'un concept diff6-
rent du fonctionnement des chauss~es, d'autres, 
au contraire, n'ont aucun fondement s~rieux. Par 
cons6quent, la situation dans I'ensemble, laisse 
la porte ouverte aux critiques, car elle entrave 
consid~rablement le transfert r~ciproque de I'in-
formation d'un pays Aun autre, ot le progr~s de 
la technique routibre. 

(two tests), (8)sample reduction to provide the 
test sample, and (9)sensitivity to freezing..

The ninth text, Hand-Feel Tests for Guiding
the Compaction of Soils, appeared in the Pro
ceedings of the 10th Annual Engineering Geo
logy and Soils Engineering Symposium (Univer
sity of Idaho, 1972). Selected Text 1pointed out 
that compaction control consists of continuous 
inspection with the use of formal tests to check 
the compliance of workmanship and materials 
with the specifications. Unfortunately, many in
spectors feel that taking samples of the corn
pleted work for acceptance purposes is con
tinuous inspection. This isnot so. The construc
tion inspector and the supervisors of force-

El noveno texto se titula Hand-Feel Tests for
 
Guiding the Compaction of Soils (Ensayos por

tacto para dirigir la compactaci6n de suelos,
 
Proceedings of the 10th Annual Engineering
Geology and Soils Engineering Symposium,
University of Idaho, 1972).

E!Texto Seleccicnado 1 indica que el control 
de compactaci6n consiste en una contfnua ins
pecci6n con el uso de ensayos formales para 
asegurarse del cumplimiento de los requisitos
de las especificaciones en lo que respecta a 
mano de obra y materiales. Desafortunada
mente, muchos inspectores piensan que la toma 
de muestras del trabajo completado, para de
terminar acepta*ci6n o rechazo, es inspecci6n
continua. Esto no es cierto. El inspector de cons
trucci6n, y los supervisores de proyectos de 
construcci6n hechos por el departamento vial y
de trabajos por administraci6n deben determi
nar contfnuamente si la compactaci6n se est. 
Ilevando a cabo correctamente. De otra forma 
ocurrir6 que el esfuerzo de realizar ensayos
formales ser6 malgastado en materiales no 

Compte tenu de cette situation, le Comit6 des 
Essais de Mat6riaux Routiers a pris pour objectif
de proposer des recornmandations sur les 
sujets qui semblent 6tre essentiels pour assurer 
l'uniformit6 de certains essais dans tous le pays.
Ces recommandations ont 6t6 soumises A !a 
conference de Vienne en 1979. Les essais inclus 
dans ces recommandations sont (1)analyse
granulomt;que par tamisage, (2)essai Los 
Angeles, (3)equivalent de sable, (4)essai de 
polissage acc6l~r6, (5)d6termination de la 
quantit6 de fines passant au tamis de 0,075 mm,
(6) mesures gravim~triques (3essais), (7) me
sure de la forme des granulats (2 essais), (8)
pr6paration d'un 6chantillon pour essai, et (9) 
sensibilit6 au gel.

Le neuvi~me texte, Hand-Feel Tests for Guic!



account and in-house construction projects must 
continually determine if compaction procedures 
are progressing properly. Otherwise, the formal 
testing effort will frequently be wasted on in-
completely compacted materials. 

This text presents simplified methods of de-
termining the type of material that isactually 
being compacted in the field. It presents rules of 
thumb for determining the optimum compaction
moistures for the various types of soil before and 
during the compactive effort. It also recom-
mends that proper types of compactors (rollers) 
for use inthe various types of soil and the range
of lift depths (uncompacted thicknesses) that 
should be used for various soil types. 

The tenth text is excerpted from Earth Com-
paction and includes parts of 3. Compaction 
Equipment and 4. Compaction Methods (re-
printed from Construction Methods and Equip-
ment, McGraw-Hill Publishing Co., Inc., 1961). It 
amplifies the selection of the proper compaction 
equipment and lift thicknesses introduced in the 
previous text. This text can also be used as a 
guide to determine if a contractor's proposal in-

completamente compactados. 
Este texio presenta m6todos simplificados 

para determinar el tipo de material que real-
mente se est6 compactando en el campo. Pre-
senta reglas empfricas para determinar la hu-
medad 6ptima de compactac.i6n para los diver-
sos tipos de suelo antes de y durante el es-
fuerzo compactivo. Tambi~n recomienda los 
tipos correctos de compactores (rodillos) a utili-
zarse en los diversos tipos de suelos y los espe-
sores de capa (espesor antes de compactar) 
que deber~n utilizarse para varios tipos de sue-
los. 

El d6cimo texto fu6 extrafdo de Earth Com-
paction (Compactaci6n de suelos) e incluye par-
tes de 3. Compaction Equipment (3.Equipo de 
compactaci6n) y 4. Compaction Methods (4. 

ing the Compaction of Soils (Essais manuels 
pour guider le compactage des sols) a 6t6 pub-
li6 dans les Proceedings of the 10th Annual En-
gineering Geology and Soils Engineering Sym-
posium (University of Idaho, 1972).

Dans le texte choisi no. 1nous avons pO lire 
que le contr6le du compactage consiste en une 
inspection continuelle 6 I'aide d'essais officiels, 
pour s'assurer que I'ex.cution des travaux et les 
materiaux sont en accordance avec les sp~cifi-
cations. Malheureusement, beaucoup d'inspec-
teurs pensent que I'inspection continuelle cpn-
siste en le prelovement d'6chantillons a post-

cludes the proper compaction equipment for the 
specific soils expected on a project.

Compaction equipment uses four different 
principles (or combinations of same) to ac
complish its objective. The first principle isstatic 
weight, as represented by smooth-steel-wheel or 
pneumatic-tired types of roller, most useful for 
compacting granular soils. The second principle
is kneading action, mainly attributed to 
sheepsfoot rollers; this is most useful for com
pacting cohesive materials, i.e., clays and silty
clays. The third principle isvibration, as rep
resented by high-frequency vibratory rollers or 
plates, most useful for compacting sands and 
sandy silts. The fourth principle is impact, as 
represented by low-frequency hand-held tamp
pers, or rammers, used in small areas and con
fined spaces. 

No single compactor is ideal for every soil; 
however, combination rollers can be used on a 
variety of soil types. The minimum consequence 
of selecting the wrong type of roller isan in
crease inthe cost of compaction; the extreme 
consequence of improper roller selection is the 

Mtodos de compactaci6n) (reimprimido de 
Construction Methods and Equipment,
McGraw-Hill Publishing Co., Inc., 1961). Pre-
senta una amplificaci6n de la selecci6n de 
equipo de compactaci6n y espesores de capa
apropiados que se present6 en el texto previo. 
Este texto tambi~n puede utilizarse como gufa
para determinar si la propuesta de un contratista 
incluye el equipo de compactaci6n correcto 
para los suelos especficos anticipados en un 
proyecto. 

El equipo de compactaci6n utiliza cuatro prin
cipios diferentes (o combinaciones de 6stos) 
para realizar su objetivo. El primer principio es el 
peso est~tico, representado por rodillos de 
rueda lisa de acero o de Ilanta neum~tica, Otil an 
la compactaci6n de suelos granulares. El se

eriori pour la reception. Cela n'est pas vrai. L'in
specteur de construction et le chef des travaux 
6xecutds en r6gie directe, ou pour le compte de 
I'administration, doivent continuellement d6ter
miner si le compactage progresse de fagon
satisfaisante. Autrement, les essais officiels en 
laboratoires seront fr~quemment gaspill6s sur 
des mat~riaux pas compl~ternient compact~s.

Ce texte pr6sente des m6thodes simplifi6es 
pour d6terminer le genre de mat~riau actuelle-' 
meit compactd en chantier. IIpr6sente des m
thodes empiriques pour d6terrriner la tereur en 
eau optimale de compactage pour les differen

xx 



complete inability to compact the soil to any ac-
ceptable density.

The text also discusses compaction methods 
and factors influencing compaction such as 
moisture content and control, soil mixing, lift 
heights, the use of ballast, compaction speeds
and passes (which are interrelated), and 
weather. 

gundo principio es la acci6n de amasar, nor-
malmente con rodillos pata de cabra; esta ac-
ci6n es muy Litil en la compactaci6n de materia-
les cohesios, es decir, arcillas y arcillas limo-
sas. El tercer principio es la vibraci6n, represen-
tada por rodillos o planchas vibratorias de alta 
frecuencia, muy Otil en la compactaci6n de are
nas y limos arenosos. El cuarto principio es el 
impacto, representado por pisones de baja fre
cuencia dirigidos a mano a utilizarse en ,ireas
pequefias o espacios encerrados. 

No existe un solo compactador ideal para
todos los suelos; sin emoargo, rodillos combi-
nados pueden utilizarse para una variedad de 
tipos de suelos. El resultado mfnimo de un error 
en la selecci6n del rodillo es un aumento en el 
costo de compactaci6n, mientras que el peor

xxv! resultado es la imposibilidad de compactar el 
suelo hasta una densidad aceptable.

El texto tambien examina los m6todos de 

tes classes de sol, avant et pendant I'effort 
compactif. On recommande aLssi I'6quipement 
correct (rouleaux) Autiliser sur les diff6rents 
types de sol, et une gamme de proforideurs de 
couche (6paisseur non-compact6e) qui devrait 
6tre utilis6e pour diff6rents types de sols. 

Le dixieme texte est extrait de Earth Compac-
tion (Le compactage des sols) et comprend une 
partie des articles 3. Compaction Equipment
(Engiris de compactage) et 4. Compaction Meth-
ods (Procedes de compactage) -Reimpres-
sion de Construction Methods and Equipment,
McGraw-Hill Publishing Co., Inc., 1961). On y
d6veloppe le choix de I'engin de compactage et 
de la profondeur des couches, introduits au 
texte prec6dent. Ce texte peut aussi servir de 
guide pour determiner si l'offre d'un contracteur 
inclut un mat6riel de compactage adapt6 aux 
sols sp6cifiques anticip6s dans un projet.

Le materiel de compactage utilise quatre prin-
cipes diff6rents (ou une combinaison de ceux-
ci) pour accomplir l'objectit. Le premier principe
est celui du poids statique, represent6 par des 

Bibliography 

The selected texts are followed by a brief bib
liography containing reference data and 
abstracts for 20 publications. The first 10 de
scribe the selected texts. The other 10 describe 
publications related to the selected texts. A!
though there are many articles, reports, and 

compactaci6n y los factores que influyen en la 
compactaci6n, tales como el contenido y control 
de humedad, mezclado del suelo, espesores de 
capas, utilizaci6n de balasto, velocidades y pa
sadas de compactaci6n (que son interrelacio
nadas) y condiciones meteorol6gicas. 

Bibliografla 

A continuaci6n de los textos seleccionados el
lector encontrarA una breve bibliografia que
contiene los datos de referencia y extractos 
para 20 publicaciones. Las primeras diez refe
rencias describen los textos seleccionados. Las 
otras diez describen pLblicaciones relacionadas 
con los textos seleccionados. Aunque existen 
muchos artfculos, informes, y librQs que podrfan
nombrarse, no es el prop6sito de esta bibliogra
ffa mencionar todas las posibles referencias que 
se relacionen con el tema de este compendio. 

rouleaux Abandages d'acier lisses, ou le 
compacteur Apneus, tres utile pour le compac
tage des materiaux granuleux. Le deuxieme
 
principe est celui du p6trissage, accompli prin
cipalement par les rouleaux Apieds de mouton,
 
tres utile celui-I6 pour le compactage des sols
 
coh6rents comme I'argile et I'argile-limoneu. :a.
 
Le troisieme principe est celui de la vibration,

repr6sent6 par les rouleaux ou plaques, vibrants 
8 haute frequence, trbs efficace pour compacter
notemment les sables et les limons sableux. Le 
quatrieme principe est celui de la percussion, et 
est represent6 par les pilons 6 basse fr6quence

main, ou les engins dameurs, leur dcomaine 
d'emploi 6tant le compactage des emplace
ments r6duits et des espaces restreints. 

IIn'existe pas d'engin de compactage ideal 
pour chaque sol. Toutefois on peut utiliser des 
rouleaux qui combinent piusieurs fonctions pour
compacter une quantit6 de sols divers. La 
cons6quence minima!e oaun choix d'engin de 
compactage erron6, est I'augmentation du prix
de revient du compactage. La pire cons6



books that could be listed, it is not the purpose 
of this bibliography to contain all possible refer
ences related to the subject of this compendium. 
The bibliography contains only those publica
tions from which a text has been selected or 
basic publications that would have been 
selected had there been no page limit for this 
compendium. 

Contiene Onicamente aquellas publicaciones de 
las cuales se seleccion6 texto y publicaciones 
b~sicas que se habrfan seleccionado si no hu
biera un 1Imite al nimero de p~ginas en este 
compendio. 

quence est l'impossibilit6 totale de compacter le 
sol Aune densit6 acceptable. 

On discute aussi des m6thodes de compac
tage, des facteurs qui influencent le compac
tage, tels que la teneur en eau, le contr6le de 
cette teneur en eau, le malaxage des sols, la 
hauteur des couches, le lestage, la vitesse de 
compactage et les passes (correlatives), et en
fin, les conditions atmosph6riques. 

Bibilographie 

Les textes choisis sont suivis d'une brbve biblio
graphie contenant les donn6es de r6f6rence et 
les analyses de 20 publications. Les 10 premi6
res s'en r~f~rent aux textes choisis. Les dix au
tres d6crivent des publications apparent~es au 
th~me des textes choisis. Bien qu'il y ait beau
coup d'articles, rapports et livres qui pourraient
6tre inclus, cette bibliographie se rapporte seu
lemnnt aux publications dont nous avons choisi 
des extraits, ou Ades textes de base que nous 
aurions choisis aussi, s'il n'y avait pas de limite 
quant au nombre de pages de ce recueil. 30 
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xxviii 	 Labor-intensive Rural Access Roads Programme in Kenya uses long-term environmental compaction before reshaping and 
applying surfacing material (photo courtesy of T RR L, United Kingdom). 



Selected Texts 
This section of the compendium contains 
selected pages from each text that is listed in 
the table of contents. Rectangular frames are 
used to enclose pagEs that have been 
reproduced from the original publication. Some 
of the original pages have been reduced in size 
to fit inside the frames. No other changes have 
been made in the original material except for the 
insertion of occasional explanatory notes. Thus, 
any errors that existed in the selected text have 
been reproduced in the compendium itself. 

Page numbers of the original text appear 

inside the frames. Page numbers for the 


Textos seleccionados 
Esta secci6n del compendio contiene p~ginas
seleccionadas de los textos catalogados en la 
tabla de materias. Se utilizan recuadros rectan-
gulares para encerrar las p~ginas que han sido 
reprodlicidas de la publicaci6n original. Algunas
de las p~ginas originales han sido reducidas 
para entrar en los recuadros. No se han hecho 
ningunos otros cambios en el material original
exceptuando algunas notas aclaradoras que de 
vez en cuando han sido agregadas. De esta 
forma, cualquier error que hubiera existido en el 
texto seleccionado ha sido reproducido en el 
compendio mismo. 

Los nimeros de p~gina del texto original apa-

Textes choisis 
Cette partie du recueil contient les sections ex-
traites des publications indiqu6es A la table des 
matieres. Les pages du texte original qui sont 
reproduites, sont entourees d'un encadrement 
rectangulaire. Ce:taines pages ont dO 6tre redui-
tes pour pouvuir 6tre plac6es dans I'encadre-
ment. Le texte ofiginal n'a pas 6t6 chang6 
sauf pour auelques explications qui ont 6t6 
inser6es. Doric, si le texte original contient des 
erreurs, elles sont reproduites clans le recueil. 

La pagin3tion originale apparalt A l'interieur de 

'encadrement. La pagination du recueil est A 


compendium are outside the frames and appear
in the middle left or middle right outside margins
of the pages. Page numbers that are given in the 
table of contents and in the index refer to the 
compendium page numbers. 

Each text begins with one or more pages of 
introductory material that was contained in the 
original publication. This material generally
includes a title page, or a table of contents, or 
both. Asterisks that have been added to original
tables of contents have the following meanings: 

*Some pages (or parts of pages) in this part 
of the original document appear in the 

recen dentro de los recuadros. Los n~meros de 
p~gina para el compendio est~n fuera de los re
cuadros y aparecen en el centro del mcrgen iz
quierdo o derecho de cada p~gina. Los nime
ros de p~gina que se dan en el fridice del com
pendio se refieren a los del compendio.

Cada texto comienza con una o m~s p~ginas
de material de introducci6n que contenfa la pu
blicaci6n original. Este material generalmente
incluye una pgina titulo, un fndice, o ambos. 
Los asteriscos que han sido agregados al indice 
original significan lo siguiente: 

*Algunas p~ginas (o partes de p~gina) enesta parte del documento original aparecen 

I'extrieur do I'encadrement, soit Adroite, soit 6 
gauche de la marge ext6rieure des pages, et est 
celle qui est citee dans la table des matibres et 
dans I'index du recueil. 

Chaque texte commence par une ou plusieurs 
pages d'introduction qui 6taient incluses dans le 
texte original. Ces pages sont g~n6ralement le 
titre, ou la table des mati~res, ou les deux. Des 
astdriques ont 6t6 ajoutes A la table des m-ati6
res d'origine, pour les raisons suivantes: 

*Certaines pages, ou portions des pages,
dans cet extrait du document original sont 



2 

selected text, but cther pages (or parts of 
pages) in this part of the original publication
have been omitted. 

**All pages in this part of the original 
document appear in the selected text. 

The selected texts therefore include only those 
parts of the original documents that are 

preceded by asterisks in the tables of contents 
of the respective publications.

Broken lines across any page of selected text 
indicate those places where original text has 
been omitted. In a number of places, the 
selected text contains explanatory notes that 
have been inserted by the project staff. Such 
notes are set off within dashed-line boxes and 
begin with the word NOTE. 

en el texto seleccionado, pero otras p~ginas 
(opartes de p~gina) en esta parte de la pu-
blicaci6n original han sido omitidas. 

**Todas las p~ginas en esta parte del docu-
mento original tambi6n aparecen en el texto 
seleccionado. 

Por lo tanto, los textos seleccionados Onica-
mente incluyen aquellas partes de los documen-
tos originales que est~n precedidas por asteris-

incluses dans les textes choisis, mais d'au-
tres pages (ou portion de pages) de 1'6di-
tion originale ont 6t6 omises. 

**Toutes les pages dans cet extrait du docu-
ment original sont incluses dans les textes 
choisis. 

Les textes choisis, donc, incluent seulement 
ces extraits des documents originaux qui sont 

cos en el fndice de las publicaciones respecti
vas. 

Lfneas de guiones cruzando cualquier p~gina
del texto seleccionado significan que en ese 
lugar se ha omitido texto original. En varios luga
res el texto seleccionado contiene notas aclara
doras que han sido introducidas por el personal 
del proyecto. Tales notas est~n insertadas en
recuadros de guiones y comienzan con la pala
bra NOTE. 

pr6cedes d'un ast6rique dans les tables des 
matibres des publications respectives. 

Les lignes bris~es sur les pages des textes 
choisis indiquent les endroits oO le texte original 
a 6t6 omis. A certains endroits, les textes choisis 
contiennent des explications qui ont 6t6 
ins~r~es par notre personnel. Ces explications 
cont entour~es d'un encadrement en pointill6, et 
commencent toujours par le mot NOTE. 
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SIGNIFICANCE OF QUALITY CONTROL 
Byron T. Kerr 	and Gilles G. Hinoult 

The Wornock Hersey Compony Ltd'. 

As a continuation to this symposium on Quality Control, the
 
following paper deals with two main topics: Inspection and Testing
 
in Highway Construction Work, and Specifications.
 

We intend to comment first on the purposes of Quality Control
 
and give the procedures usually followed to ensure the quality of
 
workmanship and materialr.
 
This will lead to a discussion of two important questions on which
 

the value of inspection and testing greatly depends. These are, the
 
nature of the samples and the application of the test results.
 

We shall then discuss the need for the specifications to be realistic
 
and some ways of achieving this goal.
 

Finally, some suggestions are given on how inspection and testing
 
can be effective in spite of normal variations in test results and in
 
spite of deiays due to the time required for some tests.
 

Purpose of Inspection 1) A study is made of the soil reports,

and Testing specifications and plans so that the
 

Inspection and testing performed inspection team can get thoroughly

directly on the job form an important acquainted with the materials,
part of quality control. Their purpose requirements, and any special prob-

is to ensure that the material and work- lems which may be expected.

manship are of a high enough standard 2) A review is made of the contractor'sto provide highway will per- and toa which schedule the equipnient be
form satisfactorily and economically used for construction and for the
throughout its intended operating life. processing 
 materials. This enables
 

This goal is attained by providing an the inspection team to prepare its
inspection team under professional super- owr. schedule so as to have enough

vision which 
 will verify and 	 test the men and facilities available, and toquality of the materials not only with co-ordinate their work with that of
respect to the requirements of the speci- the contractor and thus avoid delays.
fications but also with respct to the 3) Samples are obtained fom the sour
safe and economicallems not anticipated solutionin the of prob- of materials proposed by thedesign. 	 ces contractor for all types of work involved.Continuous inspection and testing are The results obtained from thesethe tools necessary to prevent unaccept- samples and an examination of the 
able results caused by such factors as poor workmanship, changes in the sour- site enable the laboratory to deter
ces of materials, unsuitable equipment mine the quality ard degree of uniand long exposure to adverse conditions. formity of the materials and to 

advise the contractor on the suit-General Procedure for ability of the material before con-

Quality Control struction starts. This also serves as
 

The following steps are generally a guide to the degree of quality confollowed in order to obtain a good con- trol which will 	 be necessary durinetrol of quality: the course of the projecL 

233 
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4) 	During construction, the laboratory 
saust check the compliance of work-
manship and materials with the 
requirements of the specifications. 
Different degrees of verification are 
necessary depending on the nature of 
the work. In highway construction, 
such items as the physical properties 
of embankment, base and pavement 
materials must be verified. It is 
equally important to verify the uni-
formity in the nature and compaction 
of the different layers placed, as well 
as the stability of embankments, sub-
base and base. Other possible causes 
of failure to look for are the pres-
ence of buried organic and other 
unsuitable materials, basins where 
water can collect, springs and in-
sufficient drainage. 

5) 	Continuous preparation and main-
tenance of progress charts, statistical 
analyses and other pertinent data 
should also be carried out. These 
records are extremely useful in show-
ing rapidly the quality and uni-
formity of the finished products and 
they permit field decisions to be 
made quickly when problems arise, 

6) 	 Detailed observations of factors 
affecting the quality of the work 
(such as weather) should also be 
made so that appropriate action can 
be taken quickly. A common exam-
ple of the value of such observations 
would be the protection of concrete 
against cold temperature either by 
heating, insulation or other means. 

Value of Inspection and Testing 

Because of the great importance of 
control during construction, visual 
inspect;on is not enough and must be 
suprnemented by the application of 
various testing techniques. Acceptance 
criteria are based mostly on tests which 
have been sta.,dardized. The behavior 
of existing highways has been correlated 
with the test results of the materials used 
in 	 their construction and present.-day
acceptance criteria are based upon these 
relationships 

Thus, in the normal course of quality 

control various tests are performed 

234 

directly at the site and others are made 
on samples of the materials from pits 
or borrow areas. The results of these 
standard tests performed by trained per
sonnel form the basis for acceptance or 
rejection of the materials or work. 
Standard tesis are fairer and more 
accurate than results obtained from 
visual inspection. which can vary 
depending on the ;ndividual and the cir
cumstances. Control tests in common 
use for road materials are moisture 
determinations, grain size analyses, 
Atterberg limits, field density, Proctor, 
CBR, abrasion and soundness tests, and 
pFtrographic number determinations. 

A 	 similar range of control tests 
exists for ether materials, such as con
crete and asphalt. 

Tests results have the greatest impor
tance for proper quality control. They 
affect the design of the highway and 
therefore its performance and life 

ail factors that are of critical impor
taonco. They can also impose unneces
sary expense on the contractors if 
invalid results are used to call up more 
expensive materials, equipment or 
methods of work. 

Thus, even if quality control is per
formed by well trained personnel under 
professional supervision, there remain 
two important problems: namely, how 
representative are the samples submit
ted for testing, and what is the validity 
of test results? 

Nature of Samples 
The materials used by highway engi

neers are the normal components of the 
earth's crust, i.e., bedrock and soils. 
Everyone familiar with geology or with 
excavation work knows how complex 
can be the distribution of different soils 
or rock formations. Ihe appraisal of a 
possible source of borrow materials 
should be done only by specialists 
familiar with the technical factors 
involved in the formation and trans. 
formation of the earth's crust, with 
experience in regional geology and with 
a full knowledge of the purpose of the 

materials. Such experts will aid con

siderably to obtain. at minimum prac
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ticable cost, useful information regard-
ing the use of any deposit; because of 
their special training, they can best 
outline the number and location of 
samples to be taken to obtain a repre-
sentative: result. With their help, un-
economical deposits can be rejected 
early and suitable deposits can be pro
cessed as cheaply as possible to obtain 
a uniform product, 

Moreover, for the determination ofthe quality and uniformity of materialseither in place, instockpiles, inbins or 

in trucks, various effective sampling 

tecninqtruks vs e lngahv fecivedstechniques have been derived on a 
statistical basis. After careful verification 
and experimentation, these techniques 
have been approved and are recommend-ed by well-known associations devoted 
to the testing of materials. Thus, under 
the. supervision of experts who cdn selectand adapt proper sampling techniques,
tandadaptperopnern samplcues 
trained personnel can secure sampleswhich can be used, in fairness to all 
parties concerned, to measure the prop-
erties of any material, its homogeneity 
or heterogeneity and the absence or 
presence of segregation. Also, for the 
special cases where non-homogeneous 
materials can be used, experience and

careful sampling can provide effective 
quality control, 

For example, if an earth fill is to be 
built from an earth cut with a complex 
system of different acceptable soil for-
mations, the samples taken for Proctor 
determinations may not be representative 
of a whole layer as placed on the job
because of the non-uniform blending 
that takes place. In such a case, experi-
enced personnel are especially required, 
because considerable judgment of the 
test results is necessary, together with 
many samples, in order to be fair to 
all parties concerned. 

Value of Test Results 

Most of the control tests used in the 
highway field are arbitrary in the sense 
that they do not represent actual field 
conditions at all times, or because 
different chemical or physical means are 
to be used to sinmulate field conditions 
in order to accelerate obtaining the 
results. Other tests, like classification 

tests, do not menasure physical proper
tics but permit us to relate the material 
to a given group of soils having signif
icant characteristics dctermined through 
observation and experimentation, such 
as frost susceptibility or swelling sus
ccptibility. 

Although such tests are arbitrary, they 
are correlated to the field performance 
of the property being investigated, and
therefore give acceptable and reliableresults. In other words, a correlation has 
been established between the results of 
standard control tests performed on exist

ing highways and the performance -of 
those highways. Thus, it is possible to 
predict the performance of new constructionfield in the lightThisof test results andtheconditions. means that 
rel ofdconto Tess mustbetite 
results of control testsmust be interpreted by a specialist who can decide 
if an unacceptable result is in fact signif
icant inaprtclrjbonio.Frinstance, a particular job Forisaea condition.highly frost-susceptible 
material can be used if it is not within 
reach of frost or not critically near 
the base. 

A specialist inmaterials also appre
elates the limitations that certain tests
have and, in these instances, would not 
rely entirely on the test results but 

would also take into consideration the 
performance of similar materials placed
elsewhere under the same conditions, or 
rely on his judgment, experience and 
correlation with other test results. 

So long as standard procedures are 
followed and the results are interpreted
by experts, test results are not only valid 
but also fair to all parties concerned. 

Specifications 

Specifications in a broad sense consist 
of the volume of documents describing
in detail the work which is to be done,
the materials to be used, the quantity 
ol "*aaterials needed and the quality that 
must be achieved. They must include 
sufficient data to 'ensure the execution 
of the contract in the best possible way
for both the owner and the contractor 
and with the least possible friction be
tween the owncr, the contracto=, the 
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engineers and the laboratory. Specifi-
catiu, ate especially important for the 
control of construction. It is sometimes 
forgotten by the specification writer that 
the end result of the work depends tar-
gely on how. quality control is per-
formed; on the other hand, how well 
the quality control is performed depends 
on how the specifications are written, 

Besides a detailed description of 
minimum requirements, the specifications 
must also include details of the accept
ance criteria. This is necessary to elim-
inate differences in interpretation which 
can lead to claims or losses on the part
of the contractor. It is only by having 
very clear, exact and concise specifica-
tions that the required end results can 
be obtained. It is too often found that 
problems are encountered brecause of 
lack of precision in the specifications. 

It is most important to have very clear 
specifications. Most highway projects 
are awarded on public tender. When a 
contractor is bidding for a job, the 
specifications should be so clear that 
he does and should not have to make 
hazardous interpretations of what is 
specified. If the specifications are not 
clear, contractors may have to assume 
or make their own interpretation of the 
intent of the specifications. This can 
produce a wide range of interpretations 
of the intent of the specifications, thus 
a wide range of prices; a contractor 
whose price might otherwise have been 
thf. lowest may lose the job because his 
interpretation of the specifications was 
stricter than his competitor. Such cir-
cumstances are particularly common in 
the interpretation of specifications on 
materials and this situation occurs par-
ticularly when all contractors have 1 
technical staff who can make such inter-
pretations of the specifications, 

On the other hand, if the successful 
contractor makes too loose an interpre-
tation of a specification that is not 
precise, we generally can expect much 
argument during the execution of the 
work, and the possibility of claims. Solong as the specifications are clear, it 
follows that no claims should be allowed 
to a contractor for a lack of technical 
staff or misinterpretation of specifica-
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tions, since this is not fair to the un. 
successful bidders. 

If the specifications are clear and no 
different interpretations are possible, it 
may be expected that the bid prices will 
be within a very small range. If clear 
specifications cannot be written, some 
other form of contract is desirable and 
would give better results, but a costplus contract is usually not a satisfactory 
substitute for adequate pre-engineering. 

Material specifications shou.d also 
give enough latitude to the contractor So 
that he can, for example, use equipment
which will allow him to reduce his oper. 
ating costs to the benefit of both con
tractor and owner. 

If specifications are vague, good qual.
ity control is difficult without intro
ducing the possibility of claims from the 
contractor. A good portion of the claims 
and problems in highway construction 
deals with materials. To overcome this, 
we believe that material engineers should 
participate in the writing of the detailed 
specifications. Material engineers par
ticipating in the pedological study of the 
right-of-way should also participate in 
the design, because they are familiar 
with technical conditions and can be 
more realistic in their approach. This 
could prevent specifying materials of 
such a high quality that they cannot be 
found within an economic radius; simi
larly, it is unrealistic to specify the 
highest standard of material for a 
second-class road. 

Likewise, enforcement of the specifica. 
tions should be done by the same group
of specialists who carried out the pre
liminary studies and collaborated in the 
design of the project and in writing the 
specifications. Logically, they are better 
equipped to handle the special problems 

occurring during the construction, mainly
because they are already familiar with 
conditions and materials on the job. 

Effectiveness of Job Control 

Variations in test results are small 
enough not to be a problem. All control 
tests follow well-defined procedures and 
a well-trained technician can obtain or 
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reproduce the same results from the 
same material to a great accuracy in 
most tests. The results of tests for which 
the procedures are not clearly defined 
should not be used for the rejection of 
work or materials unless a detailed study 
is carried out. The accuracy of test 
results is continuously under study by 
Associations of Testing Materials and 
efforts are being made to improve and 
standardize them. 

All standard control tests have been 
checked not only for repro('uctiveness 
of results but also for realism against 
what average modern construction equip-
nzent can perform in the field. It is 
then possible to avoid asking for the 
impossible. 

Since the specified requirements usu-
ally represent a minimum rather than an 
average, contractors must plan to get 
better average results than the minimum 
set forth in the specifications. The mar-
gin between the minimum specified and 
the average intended compensates easily 
for the small variations in the test 
results obtained when these results are 
done on representative samples by 
experienced technicians. On the other 
hand, statistically it is to be expected 
that some results can be low but still 
acceptable. 

In the same manner, we do not feel 
that the time needed to perform the 
tests is a major problem preventing the 
effectiveness of quality control. General
ly, only control tests that can be done 
quickly on the site are us-d to accept 
or reject a portion of materials or of 

are 
used in evaluation of the sources of 
materials before the job is started and 
are repeated afterwards only as a rou-
tine test to make sure of the cormlation 
between the test rcsults and original 
observations. This is the case, for 
instance, for the soundness test for which 
the results cannot be obtained before 6 
days or longer but the behavior of tho 
aggregate can be predicted in a fairly 

accurate way by the petrographic anal
ysis which can be done in one day. 

Research is continually under way 
to develop and prove out new pieces of 
equipment that could provide faster 
results. Among these are the Nuclear 
Densimet.r for soils and asphalt, rapid 
curing methods for concrete, the Ben. 
kelman Beam for roads and petrographic 
numbers for aggregates. 

Most delays can be eliminated if field 
operations are well planned and sched
ules of virk or changes to them are 
known in advance by the inspection 
force. Likewise, long delays can be 
avoided if the contractor Ilash good 
knowledge of his sources of materials 
and is not using sources of marginal 
quality. 

Conclusions 
The aim of quality control is to en

sure for the owner a job which satisfies 
the intent of the specifications an4 safe
guards his expenditure. For differeno 
reasons, quality control benefits all par
ties concerned: the owner, the engineer, 
the contractor, and the material supplier. 
All four have the same common interest 
in doing a job with which all are satis
fied.
 

With established procedures for sam
pling and testing, experienced personnel 
can do representative sampling and 
obtain reliable test results. 

Quality control must also include ade
quate pre-engineering, without which the 
design might have to be changed and 
the money spent be consiterably higher
than estimated in order to get the spec.
ified quality. 

Specifications should be written in 
collaboration with the materials or 
quality control engineer. They should be 
concise and well defined in order to befair both to the owner and contractor, 
and should leave initiative to the bid. 
ders in the choice of techniques and 
equipment, provided that the quality 
specified is obtained. 
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Compaction 

The unconsolidated material of pavements and pavement foundations 
must above all remain stable during the life of the pavement structure. 
This means thet the soil in fills must be sufficiently dense and strong to
resist consolidation under its own weight or sliding along its slopes.
The soil of compacted subgrade and base courses must resist densification 
and deformation under repeated wheel loads. Subgrade must not
change volume excessively during wet periods or from frost action. 
Accordingly, fill, subgrade, and base cannot be haphazardly placed, but 
must be constructed with a suitable amount of stabilization. 

Soil stabilization for pavement foundation is normilly achievedby compaction, the densification of material by means of mechanical 
manipulation. Typically, a uniform layer or "lift" of 4 to 12 in. of
material is compacted with several passes of Leavy compaction equip
ment, such as a roller, until a specified unit weight is achieved. Such 
parameters as lift thickness, type of compaction equipment, and required
density may be varied according to the material being stabilized and the 
component of pavement or foundation being constructed. The objective 
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of the compaction is twofold: to provide a stable material and to provide 
a material whose properties are known, at least within limits. If the 
compaction yields a pavement component with a particular degree of 
stability, it is important to pavement design that this degree of stability 
be a known or predictable amount. As emphasized in the foregoing 
chapters, different soil materials are widely different in their resistance 
to deformation, even when they are handled similarly. Further, similar 
soils differ at different levels of compaction. Thus, manner and degree 
of compaction, nature of the soil to be stabilized, and the final product 
of the construction precedure are all closely related and, in turn, relate 
to pavement design and performance. 

The subject of stabilization of highway materials also includes 
treatment of soil or aggregate with chemicals that provide cementation 
after compaction is completed. Most common among the chemicals 
t~ed are lime for clay soils and portland cement for more granular 
materials. When such chemicals are used, the mixing, compaction, and 
subsequent cementation are referred to as lime stabilizalion or portland 
cement stabilization. Stabilization without chemical admixtures is 
usually referred to simply as compaction. Chemical stabilization is 
discussed in Chap. 8. 

Engineering for soil stabilization by compaction requires estab
lishing the compaction requirement for the material, usually in the labo
ratory; specifying the conditions and degree of compaction for the field; 
and inspecting, with tests, the product obtained in the field so as to main
tain proper field control. Considering that this must be done for each 
material to be used and each component of the pavement foundation, 
including base-course materials and fill, and recognizing that gross 
differences exist between laboratory- and field-compaction methods, it 
is a remarkable achievement that the procedure is effective in producing 
the sound finished product found beneath most modern highways. 

FUNDAMENTAL CONCEPTS 

An objective of compaction is to rapidly pack a maximum of soil solids 
in a unit volume. With few exceptions, soil water content remains 
constant and the compaction consists of expelling air as solids assume 
positions or orientations favorable for tight packing. The amount of 
packing is measured in terms of dry unit weight Yd, commonly referred 
to as dry density, which is a direct measure of solids per unit volume.. 
The degree of compaction depends primarily on three important factors: 
(1) soil moisture content during compaction, (2) soil type, and (3) nature 
and amount of compactive effort. Moreover, these factors are inter
related. Thus, a highly plastic clay soil may compact best at a relatively 
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Fig. 7-1 Typical moisture-density curve developed by soil com
paction and ZAVD (zero air-voids density) curve for G. 2.70. 

22 high water content with the kneading action of a sheepsfoot or pneu

matic-wheeled roller, whereas a granular soil may compact well, and to a 
much higher density than the clay, at a relatively low water content with 
a vibratory roller. In the laboratory, one may examine the effect of 
any one of the three factors by holding the other two constant, but their 
strong interrelationships should not be forgotten. 

7 -1 MOISTURE-DENSITY RELATIONS 

It was learned long ago that moisture facilitates soil compaction unless 
it becomes so abundant as to occupy volume that would otherwise be 
taken by solids. Thus, for a particular soil type and compactive effort, 
as the water content of compaction increases from a low level, the achieved 
dry density will increase as well. Soon, however, a point is reached 
where increasing water content has an adverse effect, causing dry density 
to decrease. Thus, there is an optimunm water conileit at which a maxi
mum dry density may be reached for each type of soil and compaction. 
A typical moisture-dcnsity curie, attained for a single soil and compactive 
effort by changing compaction moisture content, is shown in Fig. 7-1. 

Intuitively, the reason for the influence of moisture on dry density 
issimply the lubricatinhg action of water on relatively dry soil grains, 
which allows them to slip or shear, one grain against another, as they move 
into positions of tight packing. Too much water presumably prohibits 
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tight packing by occupying space otherwise available for solids. Theo. 
retically, this would occur where compaction expels all the soil air and 
complete saturation results. In practice, however, a small amount of 
air remains entrapped in the solid-water system, especially in fine-grained 
soils. This is illustrated by comparing the moisture-density curve with 
a zero air-voids denusity, ZA VD, or saturation-moisture-content curve, 
shown in Fig. 7-1. The ZAVD curve, which represents dry density at 
zero air voids or 100 perccnt saturation with water, may be computed 
knowing the specific gravity of the soil solids and using either of the for
mulas below: 

ZAVD = --- (7-1) 

W. ..7d (7-2) 

Degree of saturation for any compaction water content may be 
computed from 

tLO 

= -- (7-3) 

Thus, to determine the degree of saturation for a particular dry unit 
weight and compaction moisture content, one need only find the satura
tion moisture content for the dry density from the ZAVD curve and 
divide it into the water content of compaction. 

It should be noted that phase diagrams as illustrated in Chap. I may 
be used in lieu of formulas. For example, if it is known that yd = 100 pef 
and G. = 2.70, then the saturation moisture content can be calculated as 
follows: 

T
0.406X 62.4=25.3 lb Water 1-0.594-0.406ft 

100 lb Soid =0.594 ft' 

25.3
 
Wet = 1- X 100% - 25.3%


100 

Significance of saturation moisture content Saturation water content is 
a valuable indication of the potential water content of a compacted soil 
in the field. Soil beneath highway pavements is likely to become satu
rated through percolating meteoric water, capillary rise of groundwater, 
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or frost action. If saturation water content is known, the consistency 
of a fine-grained soil so saturated may be surmised. Thus, although 
cohesive soil is generally compacted at water contents less than the plastic 
limit, future saturation may result in material closer to the liquid limit, 
with consequent reductions in soil stability. A general rule of thumb 
is that when the saturation moisture content is closer to the liquid limit 
than to the plastic limit, compaction is inadequate. This is especially 
true when compaction dry density is low or when significant swell attends 
the saturation. If the degree of swell caused by saturation can be esti
mated from laboratory work, a new dry density yd,,t can be estimated 
using the formula 

I'd.. =1 + swell 

and a revised saturation moisture content can be determined with the 
ZAVD curve as before. 

The utility of saturation moisture content is illustrated assuming 
that a soil consists of a mixture of 70 percent coarse aggregate and 30 per
cent fines, by weight. Such a mixture, lacking the intermediate fine 
aggregate for good gradation, is unlikely to be used as construction mate
rial, but it may occur as a result of an intrusion of fines from a subgrade 
into an open-graded aggregate placed to facilitate drainage. If the dry 
density of the mixture is 100 pef, then a cubic foot of the soil contains 
70 lb of coarse aggregate and 30 lb of fines. From the ZAVD curve in 
Fig. 7-1, the saturation water content of the soil is approximately 25 per
cent. This represents 25 lb of water per cubic foot of soil. The coarse 
aggregate may absorb as much as 3 lb of this water in rock pores, leaving 
22 lb as water associated with the fines. This yields a water content for 
the fines of 2/o = 73 percent, a value in excess of the liquid limit for 
most fine-grained soils of low to intermediate plasticity. It is important 
to recognize that the fines will form the matrix of the soil and largely 
govern its behavior. Thus, mixtures of fine-grained soil and stone at 
low dry density may be highly unstable at saturation water content. 
The saturation moisture content of the soil fraction of a soil-aggregate 
mixture should always be examined if the fines are in sufficient amount 
to form a matrix in which the granular particles will float. Depending 
upon the gradation of the granular material, this can occur at as low as 
20 percent fines where the granular material is relatively dense graded. 

Establishing the moisture-density curve As will be emphasized in sub
sequent discussion, the moisture-density curve, including maximum dry 
unit weight and optimum moisture content, is influenced by a large 
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number of variables, including soil tyl)e, nature of the compaction, level 
of compactive effort, and the manner in which the soil is handled before 
and during the compaction process. This greatly complicates the char
acterization of the compaction properties of soils and makes very difficult 
the extrapolation of laboratory-compaction results to field situations. It 
is nevertheless valuable to study the laboratory-compaction properties 
of soils prepared by standardized compaction tests as a starting point and 
guide to specifying field-compaction conditions. 

With this objective in mind, R. R. Proctor published in 1933 a 
series of four articles [15] on soil compaction. He described in the second 
of this series a laboratory-compaction test which became known as the 
"standard Proctor" test. With some modification, the test has been 
adopted as a standard test by the American Association of State Highway 
Officials (AASHO T 99-61) and by ASTM (D 698-66T). The test pro
vides for dynamic compaction using 25 blows of a hammer on each of 
3 layers of soil in a cylindrical mold, as illustrated in Fig. 7-2. The 
compactive effort is 12,400 ft-lb/ft', which is roughly equivalent to light 

41 7' 
S2i 

2n.
 

Extension
 
For
 

fall 

Volume Weight
 
A 459 in. /30 It5.5 lb
 

Compaction cylinder in.-.., 

Compaction cylinder Standard
 
(standard mold) compaction hammer
 

Fig. 7.2 Compaction equipment for the standard 
AASIIO compaction test., 
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rollers or thorough tamping in the field. Later, a modified version of 
the test was developed to correlate better with the compactive efforts 
comparable to that obtained with heavy rollers under favorable work
ing conditions. In the modified test, a 10-lb hammer with an 18-in. 
stroke is used to compact the soil in 5 layers, 25 blows per layer, giving 
a compactive effort of 56,300 ft-lb/ft ' (AASHO T 180-61 and ASTM 
1557-66T). The tests are commonly called -"standard AASHO" and
"modified AASHO" or simply T 99 and T 180. In most soils, the modi
fied method results in maximum dry densities from 3 to 6 pef greater 
than the standard. 

Both AASHO tests provide for four separate subprocedures: A-4 in 
mold, soil passing No. 4 sieve; B-6 in mold, soil passing No. 4 sieve; 
C-4 in mold, soil passing a 3/4-in. sieve; and D-6 in mold, soil passing a 
%-in. sieve. Procedure A is normally used for fine-grained subgrade 
soils. 

The soils are normally air-dried and sieved through a No. 4 sieve. 
Moisture is then added and the compaction curve is developed by mix
ing, compacting, measuring achieved density and moisture content, dis
aggregating the compacted soil, incrementing the moisture content, and 
repeating the process until the soil is substantially wet of optimum. If 

26 the soil cont.ins large'amounts of material larger than the No. 4 sieve,
and one wishes to incorporate this larger material into the compaction 
test, a 6-in.-diameter cylinder of the same height may be used and the 
blows increased to 55 per layer (method B). Reusing previously com
pacted soil during the test tends to increase dry den,;ity by a few pef,
but processing a sufficient quantity of soil to provide an unused specimen 
for each moisture level is usually inconvenient. There are many other 
shortcomings to the standard te'3t procedures, such as air-drying the soil 
during sample preparation, and using a compaction process that is little 
like the action of field equipment; but as with many empirical soil tests, 
numerous studies and field correlations make the results valuable to the 
experienced engineer who recognizes both their limitations and their 
significance. 

A compaction test that perhaps better simulates the field compac
tion of clays is the test developed by Wilson [24] known as the "Harvard 
Miniature" compaction test. The apparatus consists of a small cylindri
cal mold and a tamper employing a spring-loaded plunger. Compaction 
is essentially a rodding action, best described as kneading compaction.
Tamping force, imnber of blows per layer, and number of layers can be 
easily adjusted to yield the desired compactive effort. The test has the 
advantage of using small soil samples that need not be reworked and that 
are suitable for unconfined compression testing without trimming. The 
compaction action probably resembles that obtained in the field with a 
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sheepsfoot roller. It has the disadvantage of not having been widely 
correlated with standard tests and field-compaction results, but it is a 
valuable sample-preparation technique for research invcstigations. 

A large number of other procedures for obtaining moisture-density 
curves have been developed, such as using static pressures, vibratory 
compaction, and kneading action. However, the test equipment is often 
more complex than with the standard tests and the added expense in 
relation to their uncertain advantage in simulating field compaction has 
restricted their use primarily to special investigations. 

7-2 COMPACTION IN RELATION TO SOil. TYPE 

Maximum dry density and optimum moisture content for a given com
pactive effort and compaction method are primarily influenced by soil 
type. Maximum dry unit weights as low as 60 pef and as high as 145 pef 
have been reported and optimum moisture contents may range from 
about 5 percent to 35 percent. The higher optimum moisture contents 
are generally associated with the lower dry densities. High unit weights 
are associated with well-graded granular soils containing just enough 

Soil texture andplasticity data 
No. Description Sand Silt Clay LL PI 

I Wll-graded loamy sand 68 10 2 16 NP 
2 Well-graded sandy loam 78 15 13 16 NP 

135 3 Med-graded sandyloam
4 Leansandy silty clay 

73 
32 

9 
33 

18 
35 

22 
28 

4 
9 

130 -
5 Lean Siy clay 

Loessial silt 
5 
5 

64 
85 

31 
10 

36 
26 

15 
2 

7 Heavycl;y 6 22 72 67 40 

125 8 Poorly aded sand 94 - 6 - NP -

-- 1207 

.,115 . 

4 
110 

105 6 ..... , 

100 - -----. ..
 
95 10 15 20 25 

Moisture content. percent 

FIg. 7-3 Moisture-content-dry-unit-weight relationships for eight 
soils compacted according to AASI1O T 09. (From Johnsonand 
SaUberg (71.) . 
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145 Soil and crushed rock 

Soil and gravel 

135Soil and coarse sand 

130
 

125 
Highest max. unit wt. of 
120.5 pcf at 40 percent 
passig
inNo20o 200 sieve 

115- Soil and dune sand 

110
 

5 10 15 20 25 30 
Percent finer than No. 200 sieve 

Fig. 7.4 Variation in maximum unit weight of aggregate
clayey soil mixtures with percent passing the No. 200 sieve. 
The silty clay soil admixed to aggregate had LL of 27 and P1 
of 6. (After Yoder [261.) 

fines as "binder" to fill small voids. Uniformly graded sand, clays of 
high plasticity, and organic silts and clays typically respond poorly to 
compaction. Moisture-density curves for eight different soils compacted 
in the laboratory by standard methods are shown in Fig. 7-3. Note that 
not only does optimum moisture content decrease with increasing maxi
mum dry density, but the sensitivity of the soil to increase in moisture 
content, as indicated by the shape of the compaction curve, changes also. 
Thus, the heavy clay and poorly graded sand, No. 7 and No. 8,are rela
tively insensitive, whereas the soils yielding higher densities show a 
greater response to changes in moisture content. 

Gradation is critical to the compactibility of granular materials. As 
grain.size distribution becomes increasingly well graded, the dry density 
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of the material will increase. Ideally, a soil in which gradation allows 
for a minimum of void space is best for compaction. This suggests that 
in order to achieve a high dry density, a granular soil such as a base
course aggregate should contain some fines. Research results given in 
Fig. 7-4 show this 0 be the case. The concept of improving density and 
stability of aggregate by providing tines to act as binder is important to 
the design of soil-aggregate blend used for pavement base. The effect 
of binder on the properties of compacted aggregate is summarized in 
Fig. 7-5. 

The dry unit weight of fine-grained soils may be increased by addi
tions of aggregate as shown in Fig. 7-6. This effect continues for increas
ing amounts of coarse aggregate as long as the aggregate particles do not 
interfere with the compaction of the soil mortar, the matrix of fine-grained 
soil. Individual aggregate particles, which are more dense than the com
pacted mortar, simply displace fine-grained soil. A point is reached, 
however, at which the percentage of coarse aggregate is sufficiently high 
for individual aggregate particles to be in contact and prevent good com
paction of the smaller-sized material. The result is a drop in dry unit 

(a) Aggregate with (b) Aggregate with (ci Aggregate with 
no fines sufficient fines great amount
 

for maximum density of fines
 

Grain-to-grain contact Grain-to-grain contact Grain-to-grain contact
 
with increased resistance destroyed, aggregate

against deformation "floating" in soil
 

Variable density Increased density Decreased density 
Pervious Practically impervious Practically impervious 

Non-frost-susceptible Frost-susceptible Frost-susceptible 

High stability if High stability in Low stability 
confined, low if confined or unconfined 
unconfined conditions 

Not affected by Not affected by Greatly affected by
adverse water condition adverse water condition adverse water condition 

Very difficult to Moderately difficult to Not difficult to. 
compact compact compact 

Fig. 7-5 Physical states of soil-aggregate mixtures. (Afler Yoder 1261.) . 
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Materials 
Gravel, Soil, 

130 3,to /ain. 503/#in.to No.4 50
Pass No. 40 sieve 98 
Pass No.200 sieve 58 
LL 24 
PI 7125 - G 2.69 

0120

\ 

115

1105 ,Li 
10 15 20 

Moisture content, percent
Fig. 74 Effect of gravel content on moisture-con

tent-unit-weight relationship. Compaction ac
cording to AASHO T 99. (After Zeigler 1291.) 

weight at high aggregate contents. The point at which this drop occurs
depends on the size and gradation of the aggregate and the gradation and
plasticity properties of the soil. As the fine fraction becomes finer and 
more plastic, the drop occurs at higher aggregate contents. 

The effect of gravel content on compaction density is important toapplying the results of laboratory compaction to the field. For labora
tory work, gravel is generally removed with a No. 4 sieve before determin
ing the compaction characteristics of the soil. When field specifications 
are based on the laboratory results, the influence of coarse particles onunit weight must be recognized. This may be done by adjusting the
laboratory apparatus or procedure so that the gravel is included in the
soil tested, by computing the effect of gravel on the basis of theory and
experimental work using one of the many methods available fSj, by a
combination of these methods, or by cstablishing the compaction require
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ment in the field during construction, which is usually the most reliable 
procedure. 

Relatively free-draining, poorly graded granular materials having 
virtually no lines may exhibit no normal relationship between optimum 
moisture content and dry unit weight or may ,how an increase in dry 
density with increase in water content to a saturated condition on com
paction. In addition, they may respond poorly to the impact type of 
compaction employed in laboratory tests. This is illustrated by the 
poorly graded sand in Fig. 7-3. If snch material is used as a pavement 
component or pavement foundation, there is the danger of postconstruc
tion compaction from repetitive wheel loads early in the life of the pave
ment, resulting in excessive pavement deformation. Indeed, with all 
granular materials, the primary objective of compaction during placement 
is to prevent such wheel-load compaction. Clean sands respond well to 
compaction under vibratory loads in the presence of large amounts of 
water; thus, where they have been placed simply with compaction by 
rolling at a moderate water content, in-service densification may be a 
serious problem. Vibratory compaction during placement, with a vibra
tory roller or sled, has been found to be effective. In some situations, 
such as with fills of substantial thickness, a combination of vibration 
and flooding has been used in a process called vibroflotation. In any case, 

quid I imit'- Liquid limit 

C, 

0 

SPlastic - lastc 

7 index10 idex 

95 105 115 125 135 5 10 15 20 25
Dry unit weight, pcf Opt. moist content,i percent 

ig. 7.P Average relationships between plastic properties and maxi

mum dry unit weight and optimum moisture content for 1,367 Ohio 
soils. (After Woods and Litehiser (25].) 
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Condition at start of test LL PI 
A; natural moisture 36 14 

115 " , air-dried 34 14 
C,air-dried, wetted,

air-dried 
110 D,oven-dried 31 11 

D 

C105 
.0.
 
C/ *...

100 '***

95 ,'A1 , I,, I, 

15 20 25
Water content, percent of dry weight 

Fig. 74 Effect of drying and wetting sequence on 
compaction test data. (After Hoz [6J.) 

the degree of compaction of such materials is best thought of in terms of 
relative density, as defined in Chap. 2, rather than in terms of achieving
in the field the32 same level of density obtained by standard laboratory
compaction testing. 

The compaction properties of fine-grained soils are largely governed
by plasticity characteristics. As shown in Fig. 7-7, an increase in liquid
limit and plasticity index is generally accompanied by an increase in 
optimum moisture content and a decrease in dry unit weight. Such a 
correlation is to be expected, since both liquid limit and compactibility
depend on properties of the water adjacent to the soil particles. The less 
tightly adsorbed or highly oriented the water, the more the freedom of 
movement of water and solids. Important changes in plasticity proper
ties by virtue of drying lead to changes in compaction properties. This 
is illustrated by compaction test data in Fig. 7-S. 

Some of the general compaction characteristics of soils according to 
their unified soil classification system class and their value as base, sub
grade, and embankment material are given in Table 7-1. Table 7-2 
relates the anticipated embankment performance of soils to their classi
fication according to the AASHO system. 

7-3 COMPACTIVE EFFORT 

As soil compaction proceeds, dry unit weight increases. The increase is 
rapid at first, but it becomes less with each additional application of 
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0
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CD 

CL 
C 

'Table 7-1 Compaction characteristics and ratings of unified soil classification clams for soil constuction* 

Maximum 0)dry density Compraabjy Value as Value as Valu asClass Compactioncharacteristics standard and embankmentAASIIO, pcf expansion material suZ.orade basemaL anal cowrse 

GW Good: tractor, rubber-tired, steel wheel,or vibratory roller 125-135 Almost noneGP Very stable Excellent GoodGood: tractor, rubber-tired, steel wheel,or vibratory roller 115-125 Almost none Reasonably stable Excellent to goodGM% Good: rubber-tired or light sheepefoot roller Poor to fair120-135 SlightGC Reasonably stable Excellent to good Fair to poorGod to fair: rubber-tired or sheepsfoot roller 115-130 Slight Reasonably stable GoodSW Good: tractor, rubber-tired, or vibratory roller 110-130 Almost none Good to fairVery stableSP Good: tractor, rubber-tired, or vibratory roller 100-120 Good Fair to poorAlmost none Reasonably stable Good to fair Poor 
SMI Good: rubber-tired or sheepafoot roller when dense110-125 Slight Reasonably stable Good to fair Poor 
SC Good to fair: rubber-tired or sheepefoot roller 105-125 Slight to medium when denseReasonably stableItIL Good to poor: rubber-tired or sheepafoot roller 95-120 Slight to medium 

Good to fair Fair to poor
Poor stability, Fair to poor Not suitable 

high densityrequiredCL Good to fair: shcepsfoot or rubber-tired roller 95-120 MediumOL Good stability Fair to poorFair to poor: sheepsfoot or rubber-tired roller Not suitable80-100 Medium to high Unstable, should Poor Not suitable 
1011 Fair to poor: sheepafoot or rubber-thed roller 70-95 High not be usedPoor stability, Poor Not suitable 

CH rolerbe o por:sheadoo should notFirCR Fair to poor: sheepfot roller 80-108 Very high 
used 

Fair stability, Poor to very Not suitable 
may soften on poorOH Fair to poor: eheepeuot roller &6-100 High expansionUnstable, should Very poor Not suitable 

PT Not suitable not be usedVery high Should not be used Not suitable Not suithble
 

Adapted from U.S. Army Corps of Eagineers [23].
 

(D
x 



I 

34 

Compendium 10 Text 2
 

COMPACTION 

Table 7-2 General guide to selection of soils on basis of 
anticipated embankment performance* 

Maximum Optimum Anticipated 

HRB Visual dry weight moisture embankment 
classification description range, pcf range, % performance 

A-I-a Granular material 115-142 7-15 Good to excellent 
A-I-b 
A-2-4 Granular material 110-135 9-18 Fair to excellent 
A-2-5 with soil 
A-2-6 
A-2-7 
A-3 Fine sand and 110-115 9-15 Fair to good 

sand 
A-4 Sandy silts and 95-130 10-20 Poor to good 

silts 
A-5 Elasti" silts 85-100 20-35 Unsatisfactory 

and clays 
A-6 Silt-clay 95-120 10-30 Poor to good 
A-7-5 Elastic silty clay 85-100 20-35 Unsatisfactory 
A-7-6 Clay 90-115 15-30 Poor to fair 

After Gregg 12]. 

energy until finally it is negligible. The curves in Fig. 7-9 express, for 
field compaction with pneumatic-tired rollers, dry unit weight vs. num
ber of roller passes. Such curves are known as growth curves. Note that 
there is a point in a growth curve beyond which additional rolling does 
little to increase compaction. This point is reached earlier with the 
heavy roller than with the light roller. Also, the heavy roller results in 
a greater dry unit weight throughout. In all cases, the soils were com
pacted at near-optimum moisture content, but this optimum was some
what less for the heavy rolling than for the light rolling. The conclusion 

to be drawn, and it has been verified with laboratory work, is that an 
important factor in the effectiveness of compaction is the amount of 
energy applied with each application of pressure. The greater the num
ber of applications required to apply a certain amount of compaction 
energy, the smaller the resulting dry density is likely to be. With the 
total applied energy held constant, dry density decreases with increases 
in the number of work applications used to achieve that level of energy 
input. 

The effectiveness of field compaction depends on the type of com
paction equipment employed, which governs the manner in which com
pactive effort is applied and the magnitude of compactive effort. Numer
ous studies have been made on the results obtained using various types 
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36 

Fig. 7-9 Typical growth curves. These growth 
curves were obtained for two soils compacted with 
heavy and light rollers. The heavy roller compacted 
a 12-in. loose lift with a wheel load of 22,400 lb and 
tire pressure of 140 psi. The light roller compacted a 
9-in. loose lift with a wheel load of 2,985 lb and tire 
pressure of 36 psi. The dry unit weight is for the 
upper 6 in. of compacted soil. (Redrawn after Lewis 
[121.) 

of compactors, including smooth-wheeled, rubber-tired, sheepsfoot, and 
vibratory rollers of various weights. It can be concluded that for granu
lar soils, vibratory compaction with a vibrating sled, baseplate, or roller 
is superior in attaining high unit weights and in compacting to relatively 
great depths. This is especially true of cohesionless materials and 

becomes less so as the soil becomes more cohesive. Beyond this con
clusion, it is difficult to generalize. There is no single compactor type 
best suited for all soil types in all cases. For any particular job, the 
most suitable compactor is determined by such factors as desired density, 

lift thickness, and uniformity of compaction. 

&5 
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The unit weight of a compacted lift will decrease from the surface 
downward in proportion to the decrease in pressure intensity. Pressure 
intensity from a surface load on soil decreases rapidly downward, espe
cially in the more plastic materials. Thus, to obtain appropriate com
paction of a thick lift, a compactor that yields a high-i vtensity surface 
load must be employed. This, however, has the disadvantage of causing 
excessive sinkage, rutting, and pushing of soil ahead of the wheels. In 
some cases, considerable added power may be required to complete the 
first pass or it may be necessary to employ precompaction with lighter 
equipment. Obviously, such procedures greatly detract from the poten
tial economy of compacting in few thick lifts with heavy equipment 
rather than a number of thin lifts with lighter equipment. 

In the labora*nry, one may easily study the influence of compactive 

118 1001 2 3 45 

114 ' 55,blows114 9 

I 0 0 

102 } 7a \ \ 92 

12 blows U 

94z7zzzzz
12 16 20 24 2.000 50,000

3
Water content. percent dry weight Compactive effort, ft-lb/ft
Moisture-density of compacted soil 

Maximum density- compactive effort 

Blows Weight Compaction 
per of effort,*

Layers layer hammer, lb Drop, in. ft-lb/fl 3 

* 5 55 10 18 56,000 (mod. AASHO)
a 5 26 10 18 26,400 
o 5 12 10 18 12,200 (std. AASHO) 

Tests made on lean clay from Waterways Experiment Station field-compaction 
studies. Liquid limit 36 percent, plastic limit 13 percent, class ML-CL 

Fig. 7.10 Typical plots of compaction results. (After McRae [13.) 
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effort on the moisture-density curve. It is customary to compact soil in 
layers in a cylindrical mold using a drop hammer. If the number of 
hammer blows applied per layer is varied to establish compaction curves 
for differing levels of compactive effort, results similar to those in Fig.
7-10 will be obtained. With increasing compaction energy, not only does 
maximum dry density increase, but optimum moisture content decreases. 
When dry unit weight is plotted against logarithm of compactive effort, 
a straight-line relationship is given. The slope of the line is generally 
steeper for the more plastic, less easily compacted soils. 

It is important to note that a certain level of compaction in terms 
of dry density may be achieved at any of several compaction water con
tents by adjusting compactive effort. Thus, for the soil shown in Fig.
7-10, a dry density of 104 pef may be achieved with a relatively low com
pactive effort and a water content of about 17 percent. If the com
pactive effort is doubled, this density might be achieved with a water 
content as low as 11 percent. This suggests that one might compensate
for a moisture deficiency in the field by increasing roller weight. Unfor
tunately, for fine-grained soils the levels of both compactive effort and 
moisture content have an influence on soil structure. As a result, such 
important properties as strength and swell potential will not be the same 
simply because dry unit weight is the same. It may well be that the 
soil compacted with the heavy roller and moisture deficiency will show 
considerable instability during the life of the pavement structure. 

PROPERTIES OF COMPACTED FINE-GRAINED SOILS 
The purpose of compaction is to provide soil with stability. The sta
bility required of compacted subgrade soils differs in its nature for granu
lar and fine-grained soils. For granular soils, resistance to densification 
or "shifting" under imposed wheel loads is of primary importance. Such 
resistance can be achieved with high relative density, which in turn 
depends on good compaction of properly graded materials. For fine
grained, cohesive soils, resistance to deforrAation under impo-7.' !otds 
and volume change atte,,ding change in environmer ' 3, !n r Pre 
both important. AMoreover, both are more difficul ,'r,,. 
tainty than in the case of sands and gravels. T, .;eoh-*ve 
only be compacted to a required degree of , bo., this , t.11,i0 
resistance must be maintained at an acce-, .i , , ., o of 
the pavement. Thus, weakening by saturatio.- ;01 .,. wet 
periods or by capillarity and frost action, and th,. , W, ' ,e that 
this may cause, must be understood and accounted for. 'i Jhis end,
the stability and structure of compacted clays is discussed below. A 
discussion of fundamental aspects of soil structure and swelling potential 
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is found in Chaps. 2 and 3 and information on water'adsoiptionf and
frost action and their influence on soil stability is found in Chap. 5. 

74 STABILITY INDICES 

For fine-grained subgrade soils, an index of stability is resistance to exces
sive deformation under load or pressure. The definition of "excessive 
deformation" varies widely according to the stability problem at hand 
and the approach selected for its solution. For compacted highway sub
grade, a variety of methods have been developed for measuring relative 
stability. Most of these involve molding laboratory samples of the field 
soil in a manner and under conditions meant to simulate to some extent 
field conditions, testing for deformation or shearing resistance in a simple,
direct manner, and interpreting the test results in the light of past correla
tions with the performance of soils underlying pavements. It is not
presumed that any of the simple stability tests is a test for such funda
mental parameters of soil strength as angle of shearing resistance or 
cohesion. The proper and complete characterization of soil strength as 
such is a difficult and complex art, both in execution and in interpretation
of results. However, the simple laboratory stability tests have as advan
tages ease of performance, applicability to a wide variety of soil materials,
and extensive correlation with research on soil stability and soil behavior 
beneath pavements. Thus, they have special value for the evaluation of 
highway subgrade soils. 

Of the large number of stability tests that have been applied to 
highway subgrade, two are selected for this discussion, California bearing
ratio (CBR) and unconfined compressive strength (q.). The selection is 
based more on the popularity of the tests than on their ability to properly
characterize stability. CBR is probably the most widely used index of
stability. It is popular among highway engineers for use in pavement
design, is used in research on subgrade stability, and is referenced in a 
large volume of literature. The unconfined compression test is very dif
ferent in its nature and use. It was not designed to evaluate the sta
bility of subgrade soils, but is nonetheless commonly employed to com
pare them. 
 It is often used to evaluate the adequacy of soils stabilized 
with admixtures of such cementing agents as portland cement and lime. 

In referring to the results of stability tests on laboratory-compacted 
soils, it should be borne in mind that they are limited in their significance
by differences between laboratory and field compaction. This is particu
larly true for cohesive soils. For granular soils, when laboratory samples 
are prepared at relative densities close to the anticipated field densities,
laboratory strength correlates well with field strength under comparable
conditions. However, for fine-grained soils, strength is influenced not 
only by moisture content and relative density, but as well by soil struc
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ture, particularly at low strain levels and when the soil is at a moisture
 
content somewhat wet of optimum. Structure, in turn, is greatly influ
enced by compaction procedure, and altho,,gh attempts have been made
 
to duplicate the nature of field compaction in the laboratory, results show
 
that field behavior is simulated in the laboratory with only limited success.
 

California bearing ratio Several decades ago, as a result of an intensive 
study on failures in flexible pavements, the California Division of High
ways devised a new method of flexible pavement design. Basic to the 
method is a test known as the California bearing ratio test, usually 
shortened to CBR. The test is designed to indicate the relative sta
bility of soil that has been constructed with a particular density and 
water content and that has adjusted to its environment beneath the 
pavement. It provides for cempacting soil in a cylindrical mold and 
soaking the sample for 4 days with an imposed load roughly equivalent 
to that which would be given by a protutype pavement (Fig. 7-11). The 
compaction simulates construction and the soaking simulates a water
content adjustment roughly equivalent to that which would occur if the 
water table were 2 ft below the base of the pavement. The amount of 
volume change is recorded during the soaking period, and soils with swell 
exceeding 3 percent were rated as poor for subgrades. The "strength" 
test is a penetration test, whereby a circular piston is forced into the 
soaked soil at a constant rate. A load-penetration curve is developed
and this curve is compared to a standard curve obtained for crushed 

ITesting I 
ImahIno 

Penetration 
piston 

3 in area
 .
Dial holder 
* * Surcharge 

Surcharge 

-".Approx.
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. . .water --" Perforated H -" 
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Perforated. r 

Soaking CBR samples CBR test 

Fig. 7.11 The California bearing ratio test., (After Walker, Yoder, Foster, and 
Johnson [221.) 
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stone. For most cases, CBR is defined as the load at 0.1-in. penetration
for the soil compared to the crushed rock and expressed as a percentage.
Values range from 3 percent for poor subgrades to 80 percent or higher 
for good base courses. 

The California Division of Highways now uses an altcrnate method 
of pavement design, but the Army Corps of Engineers modified and 
adopted the t'qst and has conducted several valuable studies on its use 
for airfield construction. In addition, it is'used by nearly a score of 
state highway departments. The test is now standardized in all par
ticulars and carries the ASTM designation D 1883-67. 

Comparison of CBR values with the results of more elaborate and 
exacting strength tests indicates that CBR stability values correlate well
with the soil strength values at low to intermediate levels of strain. 
Thus, CBR emphasizes the low strength of soft soils and gives high sta
bility readings for stiff materials, especially those stabilized with the aid 
ofportland cement or lime. It is not uncommon to obtain erratic results 
with granular materials. 

Unconfined compressive strength The resistance of soils to failure in 
shear under a compressive load is derived from two sources, cohesion 
and intergranlar friction..4 Since strength from friction is a function ofthe pressure applied to the plane of shear, soil shear strength increases 
with increases in effective stress. It follows that placing a confining 
pressure on a sample will increase its strength to the degree that this 
confining pressure is effective stress. Values of cohesion change with 
void ratio, being higher for smaller void ratios. Hence, ifa confining 
pressure is applied to a sample and this causes the soil to consolidate, 
the cohesion component of strength can be expected to increase as well. 
The unconfined compression test, abbreviated q. (quick, unconfined),
does not evaluate these changes in strength with applied stress. How
ever, for materials in which the major component of strength is cohesion,
and for which one might expect limited volume change owing to confine
ment under field conditions, the test is a valuable indication of minimum 
strength for the material. Moreover, for many soils there is a correlation 
between compressive strength and modulus of elasticity, stiffness, so that 
q,evaluates as well the relative stiffness of the sample.

The unconfined compressivo strength test is conducted not unlike 
the usual compression test on cylinders of concrete. A small cylindrical
sample, 4 to 6 in. high and less than half as wide, is loaded from the top
until failure occurs as shown by a drop in load resistance or, for plastic
materials, by excessive strain. Readings taken at intervals during the 
al)plication of load allow the construction of a stress-strain curve anddefiniition f ultimate strength. For laboratory-compacted soils, samples 
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of suitable size may be prepared using the "Harvard Miniature" compaction apparatus, which consists of a small cylindrical mold and a tamper
with a spring-loaded plunger. Alternately, and often with better results,
soil extruded from the standard laboratory-compaction mold may bequartered with a band saw and trimmed to size with a soil lathe. The
soil may be soaked, cured, frozen and thawed, or subjected to any other 
treatment that might be helpful in simulating field conditions. Forstorage, samples can be protected from drying using alternate layers of 
paraffin and a wrap of impervious material. 

The test has been standardized, ASTM[ D 1633-63, for use with soil
cement mixtures and is also effectively used to evaluate lime-stabilized
clays as well as nonstabilized soils. The adequacy of the stabilized soil can be evaluated easily after appropriate curing, with or without soaking. Some highway departments require a particular level of q. for such
stabilized soils. Virginia, for example, seeks a minimum of 150 psi for 
lime-stabilized soils to be used as subbase. 

7-5 STABILITY AND STRUCTURE OF COMPACTED CLAY 
The stability of compacted clay depends not only on such factors as soiltype and achieved density but is also highly dependent on the structuredeveloped in the clay fabric. Thus, most of the following discussion 
concerns claylike soils rather than all fine-grained types. 
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Fig. 7-13 Effect of soaking and compac- Moisture expressed as percent of opti
tion moisture content on CBR. (Drawn mum for the compactive effort that 
from data by TurnbuU and Foster [191.) yields ?d,, =111.5 pcf 

A typical silty clay soil compacted with a constant compactive 
effort will yield a compaction curve such as that shown in Fig. 7-12. 

If stability, in terms of CBR and percent swell, is determined for samples 
molded at various points along the curve, it is found that "as-molded" 

CBR decreases with compaction moisture content. However, if CBR is 

determined for the same specimens after soaking for a 4-day period, a 

peak value roughly corresponding to optimum moisture content is noted. 

The samples compacted at low moisture contents show large amounts 

of swell during the soaking period, with percent swell decreasing with 

increasing molding moisture content until it becomes relatively constant 

for moisture contents greater than optimum. The data illustrate that 

clay compacted dry of optimum moisture content assumes a structure 

conducive to high strength and stiffness. However, this structure allows 

appreciable swell with exposure to water. The swell is disruptive and 

remolds the soil or separates particles to the extent that a large fraction 

of the initial strength is lost. Soils compacted wet of optimum, on the 

other hand, possess a structure more stable in the presence of water but 

less able to yield stability under load. Presumably, compaction near the 

optimum moisture content results in an intermediate form of structure 

that gives the best features of both conditions, strength and stiffness as 

molded, and resistance to stability loss and swell with soaking. 
Similar data are given by soil compacted at different compactive 

efforts and moisture contents, but to a constant densiy. The curves in 

Fig. 7-13 are for the soil used to develop the compaction curves in Fig. 

7-10. The lll-pcf density may be achieved at optinum moisture con
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tent,16 percent, using the 26-blow compactive effort as determined by 
the curve in Fig. 7-10. This yields a soil with a soaked CBR of approxi
mately 20 percent. However, it cannot be assumed that the 11l-pcf 
density always result, in this level of CBR, regardless of compaction 
moisture content. If the soil to be molded has a water content of 11 or 
18 percent, it may be more convenient to achieve the 111-pef density 
with the 55-blow effort than to change the moisture content prior to 
compaction. But the product of compaction will be the same in density 
only. Important differences in the structure produced in the soil will 
cause the soaked CBR to drop to a small fraction of the value for com
paction at optimum moisture content. This is an important practical 
consideration. If pavement design is based on the soaked CBR obtained 
for compaction at optimum moisture content and maximum dry density, 
preparation of the pavement subgrade must be not only by compaction 
to the proper density, but by compaction at a proper moisture content 
as well. 

An even more dramatic indication of the structure differences in 
clays compacted under different conditions is given by data on perme
ability. Structure is the most important single variable affecting the 
permeability of compacted clay. Clay compacted dry of optimum mois
ture content may have a permeability value two or three orders of mag-
nitude more than when compacted wet of optimum. If the compactive 
effort is held constant, a sharp change in permeability usually occurs in 
the vicinity of optimum moisture content. If compaction density is held 
constant by varying compactive effort, the marked permeability decrease 
may occur at moisture contents considerably higher than optimum for 
the density achieved [14]. 

]f the structure of compacted clay is viewed in terms of particle 
orientation, which may be either random or oriented as discussed in 
Chap. 2, then degree of orientation is found to increase with compaction 
moisture content as shown in Fig. 7-14. Lambe [10, 111 has illustrated 
this important change in structure with the schematic diagram of Fig. 
7-15 and described its effects on soil properties as given in Table 7-3. 
The orientation of particles at the beginning of the compaction process 
will generally be of the "flocculent" or randomly oriented structure com
mon to nearly all clays found in natural soils. The process of compac
tion, a combination of compression and shear, works toward particle ori
entation. The degree to which particle alignment is achieved depends 
on the nature, effort, and water content of the compaction. Compac
tion moisture content is of great importance because it determines the 
ease with which the particles may shift or move relative to each other. 
Water is adsorbed on the particle surfaces and tends to separate them 
and decrease net interparticle attractive force. Accordingly, density is 
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achieved more through particle realignment than through forcing parti
cles into positions of closer proximity to each other. When particles are 
forced together in the presence of a water deficiency, a strong potential 
for swell is produced, as noted in Table 3-7. Adsorbed water cannot be 
accepted by the particles without their separation, and the high suction 
potential of the compacted clay induces considerable adsorption. Parti
cle separation on swelling greatly weakens the structural framework of 
randomly oriented particles. 

Complementing the particle-orientation view of structure in com
pacted clay is the concept of cluster or packet structure. For many 
natural clays, especially those that have undergone extensive drying and 
reworking or weathering in soil zones subjected to seasonal changes in 
water content, there is an aggregation of individual clay particles into 
visible clusters, as illustrated in Fig. 2-9. The compaction of such clay 
is governed by resistance to deformation and packing of the clusters, as is 
the final structure of the fabric. The resistance to cluster deformation 
can be expected to decrease with increasing molding moisture content, 
allowing a given cluster to adjust to the contours of adjacent clusters. 
Accordingly, increasing with molding moisture content are density and 
particle orientation within clusters, and decreasing is permeability, which 
strongly depends on the amount and continuity of intercluster pore space. 
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Molding water content, percent Molding water content 

Fig. 7-14 ETcct of molding water content Fig. 7.15 Effects of compaction on strue
on particle orientation for compacted ture. (From Lambe fl1l.)
 
Boston Blue Clay. (From Lambe IiI].)
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Tille 7.3 Comparison of dry-of-optimum with wot.of.optimum compaction* 

Properly Comparison 

1. Structure 
(a) Particle arrangement Dry side more random 
(b) Water deficiency Dry side more deficient, therefore imbibe more 

water, swell more, have lower pore pressure
(c) Permanence Dry-side structure sensitive to change 

2. Permeability 
(a) Magnitude Dry side more permeable
(b) Permanence Dry side permeability reduced much more by 

permeation 
3. Compressibility

(a) 	Magnitude Wet side more compressible in low pressure range,
dry side in high pressure range

(b) Rate Dry side consolidates more rapidly

.(c) Rebound Wet-side rebound per compression greater
 

4. Strength 
(a) As molded
 

'(1) Undrained Dry side much higher
 
(2) Drained Dry side somewhat higher 

(b) After saturation 
(1) Undrained Dry side somewhat higher if swelling prevented;wet

side can be higher if swelling permitted
(2) Drained Dry side about the same or slightly greater

(c) Pore-water pressure Wet side higher
 
at failure
 

(d) Stress-strain modulus Dry side much greater
(e)Sensitivity Dry side more apt to be sensitive 

*From Lambe [0]. 

As optimum moisture content is'approached and exceeded, clusters soften 
to the point of becoming largely destroyed by the compaction energy 
so that density becomes controlled more by the separation and orien
tation of individual particles than by cluster packing. The dramatic 
decrease in permeability as optimum moisture content is exceeded prob
ably reflects this process. The cluster-structure c6ncept is not only 
especially applicable to explaining the hydraulic properties of compacted
clays, but applies as well to a mechanistic picture of the behavior of clays
treated with chemical stabilizing agents that cause strong flocculation 
and cementation. 

Method of compaction influences clay structure-in that it governs
particle orientation by shear deformation. Shear strains tend proto 
duce a parallel arrangement of soil particles. Thus, for soils compacted 
at or above optimum moisture content, for which interparticle attractive 
forces are not so great as to ensure flocculation under all compaction con

-( 1 
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Fig. 7.16 Influence of method of compaction on strength and shrinkage of silty 
clay. (After Seed and Chan [18.) 

ditions, the methods of compaction inducing the greater shear strains 
will produce the greater degree of particle orientation. The result is 
lower strengths and less swelling than for compaction yielding little shear 
strains. This effect is illustrated in Figs. 3-11 and 7-16. Seed and Chan 
[181 found that for laboratory samples compacted wet of optimum to any 
given water content and density, particle orientation tends to increase 
and strength to decrease in the following order of laboratory-compaction 
methods: static, vibratory, impact, and kneading. The implications for 
field-compacted subgrades arc clear; one may expect somewhat different 
behavior from clays compacted in the field by different types of equip
ment, even though moisture content, dry density, and soil type remain 
the same. 

7-6 THE FAMILY-OF-CURVES METHOD FOR STUDY OF STABILITY 

Because of the importance ta, the behavior of compacted clay of,both 

molding moisture content and dry density, it is of considerble advan
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Fig. 7-17 Molding moisture content, dry density, and soaked CBR relationships for a 
lean clay (ML-CL) compacted at various compactive efforts. Blows refer to number 
of blows per compacted layer, as in Fig. 7-8. (From Turnbulland Foster (19].) 

tage to be able to study the influence on stability of these factors as sep
arate variables. This can be done utilizing the family-of-curves method 
of compaction-data analysis developed by Turnbull and McRae [20J.
By this method the usual moisture-density curves are developed for the 
soil, but for three levels of compactive effort as shown in Fig. 7-10. It is 
important that the efforts used cover the practical working range of water 
content and density to be expected in the field. From tests on the sta
bility of soil specimens from several points on each compaction curve, 
stability vs. water content of compaction for each compactive effort is 
obtained as shown in Fig. 7-17. Then, CDII value vs. dry density may 
be plotted for each moisture content of interest. 

The curves in Fig. 7-17 show the effect of molding moisture content 
and compacted density on the stability of the soil. Thus, if a C3R value 
of 10 is sought as a minimum and if the soil to be compacted has a mois
ture content of 16 percent, a coml)acted dry density of at least 108 pef 
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is called for. Conversely, if it is determined that a density of 105 pcf 
was achieved in the field at a moisture content of 18 percent, a CBR 
value of 12 might be expected. The family of curves permits. an evalu
ation of the extent to which control of water content or dry density or 
both is necessary in compacting a given soil in the field to achieve a 
given degree of stability. 

A common practical use of such curves is easily given. In Fig. 
7-17, the 55-blow curve represents the "modified AASHO" compactive 
effort; thus, maximum modified density is about 117 pcf. It is common 
in airfield construction to specify 95 percent "modified AASHO" density 
for the subgrade compaction requirement, in this case 111 pcf. This 
density can then be plotted on Fig. 7-17 as shown and at a glance the 
engineer can make recommendations as to allowable range of compaction 
moisture contents in order to achieve a certain minimum CBR. For 
example, if moisture were controlled between 12 and 16 percent (4 percent 
range in moisture being about a practical minimum in the field), then the 
engineer would be assured of having a minimum CBR of about 4 when 
the subgrade became saturated. Because of the nature of this soil, at 
these high densities, control of moisture is critical because "soaked" sta
bility is largely lost if compaction moisture goes to 18 percent. 

The family of curves in Fig. 7-17 suggests that it is possible to 
"overcompact" or "overstress" a soil. Note that for moisture contents 
of 16, 18, and 20 percent, there is a density beyond which stability 
decreases. Thus, if the moisture content of the soil is 1S percent and a 
compacted density of 105 pcf is anticipated for pavement-design pur
poses, compaction to 110 pcf by using a high compactive effort may lead 
to serious problems. This phenomenon results from inducing high pore 
pressures and swelling potential in the soil, which ultimately lead to 
decreased stability. 

In establishing field-compaction requirements on the basis of a 
single laboratory moisture-density curve, it is tacitly assumed that the 
field-compaction curve duplicates the laboratory curve at least in the 
region of optimum moisture content. Using the family of curves method 
for compaction specification, greater or lesser compactive effort is allowed 
as long as a satisfactory product is obtained. However, there is still an 
important hidden assumption: that the "line of optimums," as shown in 
Fig. 7-17, coincides for both the laboratory- and the field-compacted soil. 
This often is not the case. The relative position of the lines in relation 
to the ZAVD curve varies for various field- and laboratory-compaction 
methods and for various soil types. Thus, the success of predicting field 
properties of compacted clays from laboratory-compaction studies is 
limited. 

7
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FIELD-COMPACTION PROCEDURES AND REQUIREMENTS 

Field engineering for sound earthwork construction during th normal 
cut-and-fill operatious of highway construction is one of the most impor
tant and difficult tasks of the engineer. Variability of material and 
environmental conditions on the job, and of equipment from job to job, 
requires the continuous exercise of engineering judgment at the construc
tion site. Special problems in working conditions and materials are 
almost as much the rule as the exception. At times, the solution to 
such problems must be based on visual inspection alone. At most other 
times, the available test results on quality require considerable interpre
tation. It is not a discredit to state highway departments that they 
differ in their specifications and procedures for earthwork construction. 
These differences are required to properly handle different materials 
under varying environmental conditions. M\oreover, local experience 
has been applied to evolve many local practices for handling specific 
problems. Hence, national standards are neither extant nor desirable. 

The compaction procedures and requirements of the various state 
highway departments have been reviewed by Wahls, Fisher, and Lang
felder in a report to the Bureau of Public Roads [211. Their thorough 
discussion concludes with valuable recommendations for current practice. 
Many of these and some of their observations have been incorporated 
into the material that follows. However, students with special interest 
should not neglect study of the report proper to supplement this brief 
discussion with the many significant details that could not be included 
here. 

7-7 COMPACTION METHODS AND EQUIPMENT 

Material to be compacted may be the subgrade soil in cut sections, 
embankment soil and subgrade in fill sections obtained either from cuts 
or borrow pits, and pavement undercourses such as base and subbase. 
Natural subgrade is generally compacted to a depth of at least 6 in. 
Fill is usually distributed into uniform layers no more than 8-in. thick 
with a bulldozer, road grader, or scraper. When lift thickness is specified, 
it is usually in terms of the uncompacted material. It is found that for 
heavy clays, thicknesses greater than 6 in. may be difficult to work. 
Compaction usually results in a layer depth of from two-thirds to three
fourths the depth of the loose spread. For base-course materials, coin
pacted thickness is usually specified, with a maximum of 6 in. commonly 
allowed. 

When the soil to be compacted is too wet, drying is enhanced by 
aeration through manipulation with discing, harrows, or cultivators. 
For heavy clays, satisfactory drying may be impractical and the soil 
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must either be compacted wet of optimum moisture content, placed in 
positions where compaction is of little consequence, treated with addi
tives such as lime, or wasted. 

When additional water is required, moisture is usually added after 
the soil has been spread loosely in place using a tank truck and sprinkling 
system and auxiliary equipment such as discs, harrows, or mixers. Dis
tribution is carried out according to the characteristics of the soil, as 
indicated in Table 7-4. If the soil is obtained from a borrow pit, better 
moisture control is obtained when the water is added at the pit. In 
either case, close attention should be given the procedures and equipment 
used; proper mixing of soil and water is critical. 

Compaction is usually accomplished with a maximum of 6 to 10 
complete coverages of the compaction equipment. An increasing num-

Table 7-4 Generalized correlation of soil classification and equipment and 
methods for incorporating water prior to compaction* 

Type of soil Equipment and methods 

Heavy clays Difficult to work and to incorporate water uniformly. 
Beat results usually obtained by sprinkling followed by 
mixing on grade. Heavy disc harrows are needed to 
break dry clods and to aid in cutting in water, followed 
by heavy-duty cultivators and rotary speed mixers. 
Lift thickness in excess of 6-in. loose measure is difficult 
to work. Time is needed to obtain uniform moisture 
distribution 

Medium clayey soils Can be worked in pit or on grade as convenience and 
water-hauling conditions dictate. Best results are 
obtained by sprinkling followed by mixing with cultiva
tors and rotary speed mixers. Can be mixed in lifts 
up to 8 in. or more loose depth 

Friable silty and sandy These soils take water readily. They can often be 
soils handled economically by diking andi ponding or cutting 

contour furrows in pit and flooding until the desired 
depth of moisture penetration has taken place. That 
method requires watering a few days to 2 or 3 weeks in 
advance of rolling (depending on the texture and com
pactness of the soils) to obtain uiiiforin moisture dis
tribution. These soils can also be handied by sprinkling 
and mixing, either in-put or on-grade, and require rela
tively little mixing. Mixing can be done with culti
vators and rotary speed mixers to depths of 8 to 10 in. 
or more without dilliculty 

* From tighway Res. Bd. Bdull. (31. 

...... 
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ber of passes beyond this amount usually proves uneconomical. As 
illustrated in Fig. 7-9, the required number of passes to achieve a par
ticular density is strongly a function of the weight of the roller. Heavy 
rollers achieve adequate compaction with fewer number of coverages 
than do light rollers. However, as mentioned in Sec. 7-3, sinkage, rutting, 
and shoving of material become a problem if roller weight is too large. 

Because it is in the contractor's best interests to compact efficiently, 
enforcing minimum state standards on compaction equipment is seldom 
a problem and overstressing material during routine compaction seldom 
occurs. However, loads from very heavy hauling and paving equipment 
may overstress and fail some embankments, especially those constructed 
of silty materials. Accordingly, maximum allowable wheel loads for such 
equipment should be specified. 

The effectiveness of compaction varies with type of compaction 
equipment and such equipment parameters as size and weight of roller. 
The major equipment types are smooth-wheeled rollers, pneumatic-tired 
and sheepsfoot rollers, and vibratory compactors, which may consist of a 
vibrating plate or roller. For cohesive soils the kneading action pro
vided by sheepsfoot and pneumatic-tired rollers works well. Silty soils 
may also be compacted efficiently with sheepsfoot and pneumatic
wheeled rollers or smooth-wheeled rollers may be used. Generally, 
smooth-wheeled rollers, which compact primarily through the action of 
static weight, are most used for finishing a compaction surface at the 
end of a day's operations. For compacting granular soils, vibratory 
compactors give excellent results. The smooth-wheeled paving roller 
is sometimes used also, and pneumatic rollers will give satisfactory results 
if the granular material contains some fines. .Moststates specify some 
minimum equipment standards for at least one type of equipment, usually 
pneumatic-tired or smooth-wheeled rollers, and for construction of at 
least one component of the pavement section, commonly the base course. 
Further, most specifications provide for compaction equipment to be 
approved by the engineer. 

Rolling pressures are applied for a relatively short time, depending 
on roller speed, usually 2 to .5mph. The sheepsfoot roller is a steel drum 
with projecting lugs or feet that apply a high pressure, normally more 
than 200 psi. Efficient compaction occurs when there is a gradual
"walkout" of the roller lugs with successive coverages. This has led 
to the concept that the sheepsfoot compacts from the bottom up, but 
actual field measurements suggest that this common idea is erroneous. 
The pneumatic tire is an excellent compactor for a variety of soil and 
construction conditions. These rollers may be either single-wheeled or 
multiple-wheeled types with tire inflation pressures of 70 to 00 psi and 
gross weights in excess of 10 tons. They apply moderate pressure to a 
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relatively wide area so that the pressure can be supported by the sub
grade without failure. Smooth-whcehd rollers normally weigh about 
10 tons and apply a pressure of about 300 to 325 psi. They are not as 
generally satisfactory for earthwork as other rollers unless the layers 
to be compacted are thin and well leveled; howcvcr, they do tend to 
bridge low spots and produce a smoother finished grade. 

For vibrating compactors, vibration is produced by offset cam 
arrangements that supply frequencies between 1,500 and 2,000 cpm. 
For granular materials, thicker lift can be compacted with vibratory 
equipment than with conventional rollers. Also, there is indication that 
less degradation occurs in the softer types of aggregate such as limestone. 
Degradation is a process whereby excessive amounts of fines are produced 
by the breakdown of aggregate under repeated load. For aggregates of 
relatively soft stone, it can be a serious problem during base-course 
construction. 

An excellent general discussion of compaction equipment is con
tained in Refs. 7 and 21. In addition, data dealing with performance 
characteristics of the wide variety of available equipment may be 
obtained from equipment manufacturers. 

7-8 COMPACTION REQUIREMENTS 
A compaction requirement may specify the procedure by which com

paction is to be accomplished, the quality of the compacted material, or 
a combinatioa of procedure and end result. "Procedural specifications" 
may include moisture control, lift thickness, type and size of equipment, 
and number of coverages or some visual criterion such as the walkout 
of a sheepsfoot roller. "End-result specifications" are in terms of dry 
density achieved, usually expressed as a percentage of laboratory maxi
mum dry density, and they may include some procedural requirements 
such as compaction moisture content and lift thickness. 

Procedural requirements have the advantage of not requiring con
trol testing of the finished product. However, the variability of soils 
makes difficult the establishment of general procedures that will be satis
factory throughout the job. Thus, reliance on equipment and procedural 
specifications is most often limited to closely controlled raw materials 
such as in base courses, which normally meet certain gradation and 
quality requirements. Procedural requirements may be established on 
the basis of a test section in the field when sufficient quantities of a 
particular soil exist to justify its construction. End-result specifications 
take into account material variability by expressing requirements in 
terms of those that have been achieved for the material with laboratory 
or field testing. Still, a number of problems are introduced by the 
required control testing. 
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Density requirements Density control specifications are invariably 
applied to embankments, almost always ro.lied on for subgrades, and 
usually applicd to base and subbase construction. For subgrades and 
embankment.i 95 percent of the maximum dry density achieved in the 
laboratory with standard AASIHO compaction is the usual field require
ment. Subgrade requirements are always at least equal to and are 
sometimes greater than requirements for embankments. Base-course 
requirements are normally more stringent. A greater percentage of the 
standard AASHO density, often 100 percent, or a percentage of the 
modified AASHO density, usually 95 percent, may be required. How
ever, the AASHO impact tests can be applied to the coarse materials 
of bases only with considerable difficulty, and so it is not uncommon for 
alternate tests such as laboratory vibration or procedural requirements 
to be used. 

Occasionally, variations in compaction requirements are introduced 
with changes in soil type or maximum dry density. Such changes are 
not justified on a rational basis, but have arisen primarily from local 
experiences and from the need to deal with such problem soils as elastic 
silts or swelling clays. 

Moisture-content requirements It is less common to apply quantitative 
moisture requirements to compaction than to specify density. Often, 
moisture control is left to the judgment of the engineer on the job. 
Experienced engineers and technicians can judge the relative moisture 
conditions of soil by feel and by visual examination. Also, moisture 
control is not critical for some soils such as -granular materials. How
ever, it is best to have rigid control procedures in instructions to field 
personnel and the contractor. These are of value in any legal controversy 
and lift a large burden of responsibility from the inspector or project 
engineer. In'exceptional cases, the specific control procedures may be 
waived . r compromises may be indicated in the specifications. 

The important influence of molding moisture content on the 
physical properties of compacted fine-grained soils has been emphasized 
in previous discussion. Specifications should require compaction in the 
vicinity of optimum for the field-compaction conditions. Unfortunately, 
this will in general differ from the laboratory optimum, so that when 
standard laboratory tests are used to obtain quantitative specifications, 
a large allowance must be made for the fact that with moisture-sensitive 
soils such as silts, contractors may have difficulty achieving the proper 
density unless compaction is near optimum ior the field working condi
tions. Thus, it is common to allow as much as 3 to 5 percent moisture 
either side of the laboratory optimum in quantitative specifications. 
Since the more moisture-sensitive soils generally have a lower optimum 
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moisture content, specifications expressed in terms of percentage of 
optimum rather than percent moisture may be used. Thus, for sub
grades and embankments, Virginia allows plus or minus 20 percent of 
optimum, not to exceed 5 percent moisture content from optimum.
This means that a soil with an optimum moisture content of 28 percent 
must be compacted within the range of 23 to 33 percent, whereas a soil 
with an optimum moisture content of 20 percent must be compacted 
within the range of 16 to 24 percent. 

In extreme climates such as the humid areas of Washington or 
Oregon or the arid regihns of Arizona and New Mexico, compaction may
have to proceed under very wet or very dry conditions for construction 
to be practical. This is not serious if embankment and pavement design
is coordinated with the properties of the soils compacted at the prevailing 
envircamental conditions. 

As suggested by laboratory data, swelling clays should be com
pacted wet of optimum in order to minimize swelling potential. In 
humid regions this normally occurs because of the naturally wet con
dition of such soils. Indeed, workability from the standpoint of equip
ment mobility and spreading the lift may govern the upper limit of the 
compaction moisture content unless epecial stabilization techniques, such 
as the use of lime, are employed. In extremely arid regions or in embank
ments under heavy overburden pressures, swelling potential assumes less 
importance and a strength advantage may be gained by compacting dry 
of optimum. 

The specification and control of moisture for field compaction is as 
difficult as it is important. Although test sections may be built and 
rolled to determine desirable compaction densities, it is difficult in the 
field to alter moisture content and study the influence of these adjust
ments on soil properties. The "family of curves" method is probably 
the best approach to the study of the influence of moisture on compac
tion properties, but it is impractical for routine highway construction 
work because of the large amount of time and sample required, the vari
ability of subgrade materials encountered during normal construction 
operations, and the lack of positive correlation between laboratory- and 
field-compaction results. 

Use of laboratory-compaction results The usual procedure for establish
ing compaction requiremeits and exercising field control is to reference 
moisture and density requirements to the standard impact laboratory
compaction test, AASHO T 99. The test is performed on representative 
primary materials obtained prior to the onset of construction. Control 
and acceptance procedures are then based on field density as a percent
of the standard test and moisture content is referred to the optimum 
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obtained in tile laboratory. The laboratory moisture-density curves are 
generally available to field engineers for use as control curves. Field 
density and moisture content achieved by the contractor may then be 
measured and compared to the control curve that appears to be most 
representative of the material at hand. To aid in selecting the appro
priate laboratory curve for the field soil, identification of the location 
where the initial sample was taken and a description of the soil sampled 
is included with the curve. A collection of jar samples of soils for which 
the curves were established may be kept at the job site as well. 

Basing earthwork requirements and control on laboratory tests has 
both advantages and disadvantages. The chief advantage is that the 
laboratory work must be done regardless of any decision to use the data 
in the field in order to obtain soil parameters for pavement design, to 
recognize problem soils and techniques for their handling at an early 
stage, and to locate borrow areas and select suitable materials for com
ponents of the pavement. It is recognized that the densities and physi
cal properties of soil samples compacted by laboratory methods may 
differ appreciably from densities and properties of the same soils com
pacted by i~eld equipment. However, a lack of both precision and accu
racy often marks field control tests and it is thought by many that the 
amount of variation between laboratory- and field-compaction results for 
the same soil, or subtle variations in the soils sampled as opposed to 
those compacted in the field, may be of little significance in the face of 
the data variations for control tests. Still, applying laboratory moisture
density curves to soil encountered in the field is a considerable problem 
in many places. The primary soil materials are often mixed in earth
moving operations so that none of the laboratory curves directly apply 
to the material being used as subgrade. Furthermore, the variability of 
natural soil deposit:s causes a constant change in the raw materials being 
utilized for subgrades and embankments. Finally. in many places, and 
especially for base and subbase materials, the field soil contains large 
percentages of rock fragments. Laboratory impact compaction quickly 
becomes less suitable as this percentage increases. 

There is little doubt that the use of laboratory data should be 
abandoned in favor of field test sections to establish construction pro
cedures and evaluate compaction requirements for individual projects. 
However, if soil variability in the field is so great as to make difficult 
the application of appropriate laboratory control dLta, it will be equally 
difficult to construct the necerso ry number of meaningful field test sec
tions. Thus, for variable subgrades and the cut-and-fill embankment 
construction of hiahway work, some manner of referencing compaction 
requirements to laooratory work will prbbably continue to have wide
spread use. 
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FIELD-COMPACTION TEST METHODS 

Before introducing the subject of establishing compaction requirements 
on the basis of field-compaction test results, rather than laboratory 
results, it is pertinent to review the common field-compaction control 
test procedures. These procedures are an integral part of most methods 
for establishing requirements in the field. Accordingly, this section con
siders fir-t quality-control procedures for establishing the density of the 
finished product and second, the several techniques for establishing com
paction requirements utilizing field test results. 

It should be constantly held in mind that the primary objective of 
field-compaction testing is control of the contractor's treatment of the 
construction material during construction, not after it. The total rejec
tion of large quantities of earthwork, or insistence through ignorance on 
an unrealistic level of stabilization for the material at hand, inflicts 
heavy damage on the contractor. The expense of this will ultimately 
be felt by the contracting agency. For subsequent work by that agency, 
contractors will bid at high levels to allow for the contingency of rejec
tion of their finished product. Accordingly, it is in the interest of both 
the agency and the contractor for the quality control to be reasonable, 
realistic, and effective. Further, quality-control procedures should not 
result in large delays in. construction or in pointing out deficiencies in
construction too late for corrective measures to be taken. For example, 
if insufficient density has been attained in a compacted lift because of 
an inadequate number of coverages, it behooves the inspector to deter
mine this before further compaction can be achieved only at great incon
venience to the contractor. 

7- QUALITY-CONTROL TEST PROCEDURES 

Quality-control test procedures usually include the measurement of dry
density and comparison to some maximum density that is known to be 
obtainable for the material. The comparison is spoken of in terms of 
percent compaction, which for this purpose is defined as the ratio of the 
dry density obtained in the field to the established maximum, expressed 
as a percentage. Dry density is normally found by measuring mass unit 
weight and dividing by 1 + w. Thus, moisture-content measurements 
are also required even when water-content requirements are not specified 
quantitatively. Testing time, which can cause construction delay, is an 
important factor in selecting the test procedures. Most of the conven
tional density tests become less reliable when rock-size particles-hre 
encountered. 

"Proof rolling" or test rolling by means of heavy pneumatic-tired 
rollers is also used as a quality-control test. Tables of operational speei
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fications and equipment for proof rolling have been prepared [21]. Proof 
rolling is most often used after subgrade compaction and before base
course placement, but it may be used also on natural subgrade in cut 
areas to determine the need for compaction. It is especially useful for 
naturally wet soils where areas of low density and/or excessive moisture 
will become apparent. For dry soils, the subgrade may show sufficient 
strcngth under proof rolling but still prove unstable when subject to 
wetting during service. When proof rolling is employed, it is usually 
used in conjunction with density testing. 

Despite the numerical nature of specifications and test results on 
compacted density, considerable engineering judgment enters into the 
quality-control procedure. It has been said that on many projects an 
experienced inspector could pass or fail a compacted lift simply by con
fining his testing to the firm or soft spots that invariably appear at iso
lated locations in the section. It is known that when statistical proce
dures are used for selecting test locations, wide variability in results on 
density often occurs. This is a matter of considerable concern, since not 
only is sufficient compaction sought, but nonuniform or variable com
paction should be controlled. To this end, the inspector must constantly 
observe areas that traditionally give trouble. Johnson and Sallberg [7] 
note that these areas may occur where 

1. Oversized rock is contained in the fill. 
2. Frozen materials were placed. 
3. Material differs markedly from normal materials. 
4. Improper type and rating of compactor was employed. 
5. Compactor may have lost ballast. 
6. Compactors have been turned at end of trip. 
7. Junctions occur between tamped and rolled or vibrated soils. 
8. Embankment operations are concentrated. 
9. Dirt-clogged rollers (sheepsfoot type) were used. 

10. An insufficient number of passes were applied. 
11. Lift thickness was excessive. 
12. Moisture content was insufficient or in excess. 

Conventional field-density tests Most of the conventional field-density 
tests require digging a hole into the compacted material, determining the 
weight and water content of the soil removed, and finding the volume of 
the hole created. The various methods differ chiefly in technique for 
measuring hole volume ant method for the rap.id determination of water 
content. 

The sand-replacement test (ASTM D 1556-64) is probably the most 
popular and the most accurate of the methods for measuring the volume 
of the hole. A dry, uniform sand calibrated as to the density it assumes 
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when poured from a standard container is used to fill the hole. With 
determination of the weight of sand used, hole volume can be computed. 
The test takes from 30 min to an hour to perform. Other techniques, 
none of which is necessarily more rapid or accurate, include refilling the 
hole with water contained in a rubber pouch inserted to line the hole 
(ASTM D 2167-66), or refilling with viscous oil, plaster, or paraffin. 

Because of the time required, the standard laboratory technique for 
determining moisture content in a thermostatically controlled oven can
not be used for field-density work. Instead, the soil may be dried over 
an open flame, with the aid of forced-draft heaters, or by pouring alcohol 
over the sample and igniting. Such techniques work best for coarse 
materials and may be relatively unreliable for fine-grained soils. The 
Speedy Moisture Tester, on the other hand, gives fairly good results for 
fine-grained soils but is unsuitable for coarser materials because of the 
small sample utilized. Fortunately, variations of 1 percent or so in water 
content do not greatly affect the computed dry density. Also, the speed 
and small sample required for these rapid methods allow economical 
replication of determinations. 

Nuclear field-density tests As innovations in construction methods and 
equipment continue to increase the rate of highway construction, it

58 becomes increasingly important to improve on rapid methods for con

trol testing. The most significant breakthrough in this field in recent 
years has been the use of nuclear methods. They are not only far more 
rapid than conventional methods, but they offer as well a greater degree 
of freedom from human error and require less judgment on the part of 
the operator. The major disadvantages are the need for training tech
nicians in their use, the high cost of the equipment, and the time and 
effort requircd to check out and calibrate new equipment and repair older 
equipment. Still, as agencies and their personnel gain experience with 
the method, its acceptance among inspector: and contractors alike is 
rapidly increasing. 

For density, the nuclear method is based on the absorption of 
gamma rays. A source in the instrument emits gamma rays (photons) 
into the soil. Through a seriei of collisionis with the electrons of the 
materials making up the soil, the photois may be scattered in all direc
tions and some will be absorbed owing to their energy loss with each 
collision. A detector is placed a cortain distance from tho source and 
the number of photons reaching the detector ik counted. With a con
stant source, the photon coutt should delpend only on the geometry of 
the instrument and the absorption cap:city of the soil. This capacity 
will vary with soil density so that, for a fixed instrument geometry, there 
is a definite re!ationship between ,oil dhnsity and detector count. 

For moisture content, the nuclear method is based on the fact that 
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neutrons emitted from a source are more effectively slowed by hydrogen 
atoms in a soil-water medium than by any of the other atoms normally
present. For neutron speed to be greatly reduced, it must collide with a 
nucleus nearly equal to that of the neutron. This is the case with hydro
gen. Thus, when a detector for slow neutrons is placed a fixed distance 
from a neutron source, the count obtained %%ill relate to the hydrogen in 
the soil, which is present primarily in water. Accordingly, a direct rela
tionship between count and the amount of water present may be obtained. 

Nuclear devices may be either in the form of probes designed to be 
lowered into the ground or surface gages which operate by emitting rays
into the soil that are scattered or reflected back after interaction with 
the soil. For compaction control, surface gages are usually used. The 
unit-weight tests can be made in about one-tenth of the time required
for conventional methods. However, the operator cannot control the 
depth or volume of soil being tested; it will depend on the dimensions of 
the gage and the moisture content and unit weight of the soil. In unit
weight tests, sampling depth decreases as density increases, with maxi
mum depth usually 4 to 6 in. Likewise, moisture sample size decreases 
with increasing moisture content, with maximum depth varying from 
5 to 15 in. 

Nuclear gages must be calibrated for the construction materials 
with which they arc to be used, especially in the case of density measure
ments. Hence, they can be used most efficiently on relatively uniform 
material such as base and subbase. Detailed calibration can be 
neglected when the density measurement: need only be made on a com
parison basis. For example, if a field test section is used to establish 
required density, and if measurements on the test section are made with 
a nuclear device, one may proceed with confidence with comparative
nuclear measurements on the subsequent coastruction as long as the 
character of the materials and density requirement is not altered. For 
bases and subbases, for which this procedure is most applicable, this
greatly overcomes the objection that coarse particles interfere with den
sity measurements. 

The increasing use of nuclear methods in conjunction with field test 
sections may lead to the elimination of standard laboratory moisture
density curves for compaction control. Moreover, because nuclear mea
surements can be made rapidly, with perhap-s 10 measurements made in 
the time normally required for the conventional density tests, density
specifications of the future are likely to include statistical concepts. 

7-10 FIELD IMPACT COMPACTION TESTS 

To overcome the considerable difficulty of relating laboratory moisture
density curves obtained for samples of primary materials prior to con
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struction to the mixed and variable soils often encountered m the field,
several techniques have been devised for establishing in the field and
during construction operations the compaction characteristics of the soilat hand. These methods are necessarily rapid, since the delay of using
standard laboratory test procedures, even when a field laboratory isavailable, is out of the question. However, all the methods a-e based 
on the impact technique of laboratory compaction.

The three tests discussed below theare Ohio typical moisture
density curves method, the Hill method, and the constantdry weight (CDW)compaction test. The Ohio typical curves method is the earliest to be
developed and is still in use today. It has been found in Virginia, for
example, that it can easily be applied to areas other than Ohio with few
modifications in the "typical" curves. The Hilf method mostis the
elegant and precise of the three methods and is used by the Bureau of
Reclamation. The recently devised CDW test is probably the mostrapid of the methods, but requires some judgment on the part of the 
operator as 
met 

tr the proper molding moisture content for the soil. Theods are only briefly outl:ied below to emphasize the principles onwhich they are based and their relative advantages. For details on their
procedure. the reader is referred to Refs. 2, 7, 9, and 25 for the Ohio
typical curves method, Refs. 5 and 7 for the Hilf method, and Ref. 17for the CDW method. 

Ohio typical moisture-density curves method The Ohio typical curves
method was developed by K. B. Woods and R. R. Litehiser [25]. It isbased on the finding that moisture-density curves have characteristic
shapes. Hence, if these shapes are known, one need only determine one
point on the curve to define maximum density and optimum moisture 
content. 

On the basis of 10,149 tests, a set of 26 typical curves (Fig. 7-18)has been developed. Note that the curves are for wet density vs. mois
ture content instead of the customary dry density. Accompanying the curves is a table giving the maximum dry density and optimum moisture 
content corresponding to each density Towet curve. determine the 
curve that applies to a given soil, two steps must be followed. Soilnitst be compacted into a test mold using the standard impact methodand the wet density determined. This may be done with soil removedfrom a test hole dug to determine field density by one of the conven
tional methods. The second step is to determine moisture content. For
this, Ohio uses a penetration-resistance test using a Proctor Penetration
Needle, a spring-loaded device with a small-diameter plunger that measures deformation resistance of the compacted soil. As with the typical
moisture-density curves, typical penetration-resistancee-moisture curves 
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are available. Finding the two curves that best fit the data obtained
then defines the moisture content. Since alternate methods of rapidly
finding moir ture cont3nt, such as the Speedy Moisture Tester, are not
difficult, it is not necessary to rely on the penetration-resistance approach.
In any case, once moisture content is known in addition to wet density,
the plot of typical curves and the accompanying table can be consulted 
to determine the compactin characteristics of the soil. If this is donein conjunction with a fiele.-density test, percent compaction is readily 
calculated. 

Use of the typical curves method, usually with some modification,
has expanded from Ohio to many geographic areas. Wyoming adopted
17 of the curves, added 3 more, and modified them for application to
their area. Experience in Virginia has been that with some minor corrections, the curves apply very well to Virginia soils except when the soil 
is on the wet side of optimum moisture content or dry of optimum by 
more than 3 percent moisture. 

The curves cannot be expected to apply to unusual materials such 
as uniformly graded sand, highly micaceous soils, diatomaceous earth,
volcanic materials, or soils for which the specific gravity of the solids 
differs greatly from 2.67. 
Hilf method The Hilf method was developed by J. W. Hilf [5] with the
Bureau of Reclamation for rapid compaction control for fine-grained soils.
The method does not require water-content determinations, can be com
pleted in an hour or less, and gives the inspector the exact percentage of
standard maximum dry density in a compacted fill and a close approxi
mation of the difference between optimum moisture content and that ofthe soil in place. The test is basically a three-point compaction test

using the impact procedures and compactive effort of the standard

AASHO test, but slightly modified equipment. Its chie disadvantage is
the complicated manner in which the data obtained must b- manipulated.

The data obtained consist of field density, in terms of wet unit

weight, and the results of three impact compaction trials. These trials

yield three points for a wet-unit-weight-moisture-increment 
 curve.
lMoisture increment is in ternms of water added to the soil. For the
firet point, no moisture is added, for the second, 2 percent of the sample
wet weight, and for the third 4 percent of the sample wet weight or, if
the 2 percent increment caused density to decrease, some moisture decre
ment obtained by drying. A parabola is then constructed through the
points by carefully outlined procedures or. for more approximate work,
a compaction curve is drawn freehand. Maximum wet unit weight for
the soil is considered tho peak point of this curve and is compared to
in-place wet utrit weight to obtain percentage of standard maximum dry 
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density. This is done graphically. Finally, the difference between opti
mum water content and in-place water content is approximated using the 
moisture increment corresponding to the peak wet density with the addi
tion of a correction obt!'-ned from a standard series of curves. 

The method may give excellent results for earthwork control for 
highway construction, but to the author's knowledge it has not yet been 
applied'on a routine basis. The complicated data processing is certain 
to slow its acceptance by inspectors. Further, it can be argued that 
since the degree of correlation between results given by impact compac
tion and those from compaction with field equipment is not great to 
begin with, a high level of precision in arriving at percent compaction is 
not justified. 1. 

Constant dry weight method The constant dry weight (CDW) method 
was developed by R. Schonfeld [17] with the Ontario Department of 
Highways. It is rapid, independent of laboratory work or any standard 
curves or charts except for a simple "dipstick," and requires no weighing 
or moisture determination. Basically, it is a volumetriu test that com
pares the volume of a soil sample from a compacted lift with the volume 
achieved with the same sam-!e after standard compaction in the standard 
mold. The volume of sample obtained from the subgrade is determined 
using one of the conventional tield-density methods. After the sample 
has been compacted into the mold, its volume is found with the aid of a 
calibrated gage or dipstick. Percent compaction is then computed as 
the ratio of the volume of the sample in the mold to that in the test hole 
expressed as a percentage. 

The procedure requires that the moisture content of the sample 
from the test hole be carefully observed and, if it is not close to opti
mum, adjusted. There is considerable evidence that experienced inspec
tors can identify the optimum moisture condition in soils with which 
they are familiar. Cohesive soils can be examined in terms of degree of 
cohesiveness. If a Y-,n. thread can be rolled, the soil is too moist 
because optimum is invarably less than plastic limit. If the soil is too 
dry, it will not retain its shape when molded into a ball and the pressure 
released. For nonplastie soils, evidence of dilatancy is looked for. If 
vigorous shaking of the sample causes a sheen from moisture at the sur
face of lumps, it is too wet. Granular soils may be compacted at a 
water content somewhat above saturation, since drainage (luring the test 
will yield a moisture content commensurate with maximum density. 
Compactive effort is adjusted according to the volume of the sample by 
adjusting the number of hammer blows according to a set of tabulated 
values. 

The CDW test has been only recently developed so t'lat its use is 
not yet widespread. However, its accuracy and precision appear to be 
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greater than might be expected from the empirical methods of adjusting 
compactive effort and moisture content. Its advantages of simplicity
and speed suggest that it may become popular. As statistical proce
dures for compaction control become more accepted, such rapid methods 
will increase in importance. 

7-11 THE CONTROL-STRIP TECHNIQUE 

For granular base and subbase materials and uniform subgrades for 
which the soil is obtained from borrow pits, the most reliable means for 
establishing satisfactory constructibn procedures and acceptance criteria 
is by use of field test sections. They do not depend on the questionable 
correlation of the results of impact test methods with compaction by
field equipment and are especially applicable to the granular material 
of bases, where impact tests are most limited. Further, field test sec
tions establish an achievable control density; there is no doubt in the 
mind of either the inspector or the contractor that a density close to 
that attained in a test section is a practical requirement for subsequent
construction ith the same material. It is doubtful if test sec',ions will 
ever prove practical for variable subgrades or cut-and-fill embankment 
construction. Als6, a rapid means for testing density must be available. 

the speed of nuclear testing and the requirement that such test 
data be only relative, a considerable advantage for the use of nuclear 
gages, are resulting in the increased use of the field test section method 
of construction control. 

One such method, the control-strip technique, provides a good 
example of the use of field test sections. The technique has been used 
by some states, notably Ohio, for many years. Its use by Virginia has 
recently been described in detail by Anday and Hughes [11 and will be 
outlined here. 

For the Virginia control-strip technique, a roller pattern is obtained 
on a control strip, a 300-ft section of one-lane roadway, with the con
struction material placed on a firm subgrade or subbase at the jo', site. 
The material is placed at optimum moisture content as established in the 
laboratory. Compactive effort is increased by successive rolling with 
equipment of a specified weight. Three density tests are performed with 
nuclear equipment after each rolling increment, which may be two or 
more passes at first, but it is reduced to one coverage as maximum den
sity is approached. The average of the three tests is then used to deter
mine the density increment from the additional rollinik. If the increase 
in dry density is less than 1.0 pcf per pass, two additional passes are 
required and if these additional passes do not add at least 2.0 pef to the 
dry density, rolling is discontinued and it is considered that maximum 
dry density has been achieved. After the maximuri density has been 
reachcd, 10 random moisture and density tests are run to providc a good 
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value of dry density that may be used for control of subsequent con
struction. The completed control strip is then part of the construction 
and for the rest of the project, larger "test sections" of 2,000 ft of one
lane roadway are designated for compaction control on the basis of the 
results obtained for the control strip. These sections are tested randomly 
at five locations and, from statistical analysis, compliance is considered to 
consist of having an average density for the five tests at least 98 percent 
of the average on the control strip, with each individual test value at 
least 95 percent of the control-strip average. However, control on mois
ture content or equipment is not exercised for the test sections. If the 
section does not meet the density criteria, additional rolling and retesting 
is required. New control strips are requested when (1) a change in the 
source of the material is made, (2) a change in the material from the 
same source is observed, or (3) 10 test sections have been approved with
out the construction of additional control strips. 

Nuclear equipment must be used with this method; otherwise the 
time required for the many tests would be prohibitive. This results in 
the disadvantages to the enforcing agency of bearing the cost of the 
equipment and having inspectors trained in its use. Also, nuclear test 
methods do not measure the distribution with depth of the density in 
the compacted lift and readings are most influenced by conditions at the ! 
surface. Thus, if "crusting" occurs, it may pass undetected. Crusting, 
however, should not be a problem when proper materials and equipment 
are used. A considerable advantage is that calibration of the nuclear 
devices is not critical as long as the sensitivity of the calibration curve is 
adequate. Finally, there is little doubt that the use of statistical quality
control procedures is an important advancement in earthwork control 
methods. 

PROBLEMS 

7-1. Using the conventional procedure, plot the dry-density-moisture-content curve 
for the test results given below and determine the following: 

(a) Optimum moisture 
(b) Maximum dry density 
(c) Saturation moisture content at maximum dry density 
(d) Degree of saturation at maximum dry density 

Water content, % Wet unit weight ZA VD 

12.0 96.2 124.4 
16.0 113.7 115.2 
20.0 122.3 107.3
 
24.0 121.5 100.4
 
28.0 115.2 04.3 
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7-. List the following soils in the order of decreasing dry density after standard com
paction at optimum water content: 

(a) A-8, A-l-b, A-5, A-2-4 
(b) GW-GM, CH, SC, CL-ML 

7.3. How is it possible for a contractor to achieve 100 percent standard AASHO dry 
density at a water content substantially less than optimum?
7-4. Why is it important that a contractor achieve not only the specified dry density
for a clay soil, but that he achieve this dry density at a compaction water content not 
far from "optimum"?
 
7-5. When soil is compacted, changes occur according to changes in conditions of
 
compaction, other things being equal. 
 For example, increasing compactive effort 
causes an increase in the dry density achieved. Also, changes in soil type, such as per
cent fines in a granular soil, may cause a change in the density of the final product.
For the change in conditions mentioned below, indicate with the word increase or 
decrease their effect on the compacted soil property mentioned, assuming other things 
to remain the same. 

(a) Change in dry density with increase in compactive effort 
(b) Change in optimum water content with increase in compactive effort 
(c) Change in dry density for increasing soil plasticity
(d) Change in optimum water content for increasing soil plasticity
(e) Change in percent swell with increasing moisture of compaction
(f) For an aggregate, change in dry density for increasing C, 

an so 
aircraft. The subgrade soil for the runway extension is fine grained and gave the fol
lowing laboratory results when compacted using modified AASHO compaction 
techniques: 

74. It is desired to lengthen airport runway that it may accommodate jet 

Maximum dry density - 118.7 pcf
Optimum water content = 16.3% 

The contractor used heavy equipment during construction and preparation of the 
actual subgrade so that he actually achieved the following: 

Dry density reached by field compaction = 118.6 pcf
Actual water content of subgrade compaction - 12.4% 
(a) Give two good reasons why the prepared subgrade is unsuitable for use. 
(b) If the laboratory-compacted soil was 84 percent saturated with moisture,

what was the percent saturation of the field-compacted soil in the "as-compacted" 
condition? 

(c) Considering "as-compacted" properties, indicate how the properties of the 
field-compacted soil compare with those of the laboratory-compacted soil considering
the following: void ratio, stiffness, strength, and swelling potential.

(d) Consiering "in-service" or "soaked" properties, indicate how the properties
of the field-conpacted soil compare with those of the laboratory-compacted soil con
sidering the following: void ratio, strength, and stiffness. 
7-7. Using the family of curves given in Fig. 7-17, determine the soaked CBU that 
might be expected for the soil when compacted to 95 percent "standard AASIIO" 
maximum dry density at a water content of 16 percent. 
7-8. For compaction control using the Ohio typical moisture-density curves procedure, 
the following tcst data were obtained on compacted subgrade: 

Volume of field-density test hole (sand-cone procedure) 0.055 its-
Weight of soil removed fron field-density test hole - 6.60 lb 
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Moisture content of soil from field-density test hole - 16.5%Weight of soil in standard compaction mold after AASHO T 99 compaction
4.15 lb 
Determine the percent compaction achieved by the contractor. 
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CHAPTER IV 

SIGNIFICANCE OF TESTS ON
 
SOIL MATERIALS
 

4.01 GENERAL.--Highway and airport engineers and soil
 
technicians are acquainted with the basic tests performed in
 
soils laboratories. Frequently, however, the acquaintance is
 
superficial because of lack of experience with the tests.
 
Many technicians are quite skillful in performing the tests
 
but cannot interpret the results. The American Society of
 
Civil Engineers published, in the September 1957 issue of the
 
Journal of the Highway Division, a progress report on
 
"Significance of Tests for Highway Materials--Basic Tests."
 
This report was prepared so that those using the tests could
 
appreciate the significance of the results.
 

Because it is important to know the significance of tests
 
as well as the mechanics of performing them, three of the tests
 
on soils described in the ASCE report are included in the
 
following paragraphs. They are the mechanical analysis,
 
consistency tests and indices, and the moisture-density test.
 
These descriptions have been revised to update changes in tests.
 
The test for specific gravity, not included in the ASCE report,
 
also is described in this chapter.
72
 

A. PARTICLE SIZE ANALYSIS OF SOILS
 
(Sieve and Hydrometer Analyses)
 
ASTM Test Designation: D 422*
 
AASHTO Test Designation: T 88*
 

4.02 SIGNIFICANCE OF TEST.--The mechanical anaZysis of a
 
soil is the determination of the percent of individual grain
 
sizes present in the sample.
 

The results of the tests are of most value when used for
 
classification purposes. 
 Further use of the gradation should
 
be discouraged unless verification by studies of performance or
 
experience permit empirical formulae. 
Only rough approximations
 
of strength or resistance properties should be attempted. Quite

often it will be found that the larger the grein size, the
 
better are the engineering properties. Also, It is a known
 
fact that detrimental capillarity and frost damage are not a
 
problem with the coarse (sandy) material, whereas they can be
 

*ASTM and AASHTO tests differ in some details.
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very dangerous with the fine-grained silts and clays.

empirical relationships have been developed such as the

Some
 

criterion commonly used for determining the susceptibility of
soil to pumping under rigid pavements. Highway specifications

for subbase and base materials also use the grain size analysis

for quality measurement.
 

For soil stabilization, use is frequently made of grain

size analyses for mix design and control. 
 One criterion for
asphalt stabilization is a requirement for a minimum percent of
sand and gravel size. The percent of cement to be used in soilcement mixtures can be estimated on the basis of the grain size.
For mechanical stabilization or aggregate bases (well-graded,

granular material with or without a chemical admixture) the
results of the gradation tests are used to determine the size
and percent of aggregates or fines that are needed for a dense,

impermeable material.
 

On occasion, the degree of permeability (measure of the
amount of water that will flow through a material) is estimated
 
on the basis of grain size. 
 Here again, certain generalities
are possible but accurate estimates are not. The larger
grained soils will more readily permit the flow of water than
finer-grained ones, i.e., 
sands are more permeable than silts,
and silts are more permeable than clays. An example of the

variation from this generality is a well-graded, granular

material which can be sufficiently impermeable to serve as a
 
core for an earth dam.
 

4.03 
SYNOPSIS OF TEST METHODS.--The mechanical analysis
consists of two parts: 
 one, the determination of the amount of
 coarse material by the use of sieves or screens; and two, the
analysis for the fine-grained fraction commonly employing an
 
hydrometer analysis.


The sieve analysis is a simple test consisting of sieving
a measured quantity of material through successively smaller

sieves. 
 The weight retained on each sieve is expressed as a
 
percentage of the total sample.
 

The hydrometer analysis is conducted on a sample of the
material that passes a 2.0 mm 
(No. 10) sieve.* The test is
based on the principle that the soil can be dispersed uniformly

through a liquid. 
The specific gravity of the soil-liquid
mixture is then measured at various time intervals. Stoke's

Law is used to compute the rate of settling of the various
sizes; i.e., 
the larger grains settle more rapidly than the
smaller grains. The computations include corrections for
 
temperature, viscosity of the liquid and the specific gravity
 

*Note: 
 AASHTO Designation T 88 contains alternative hydrometer

methods; one using material passing a 2.0 mm (No. 10) sieve,

the other using material passing a 0.425 mm (No. 40) sieve.
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of the soil particles. The results are first expressed as a
 
percent of the sample used in the hydrometer analysis, and then
 
converted to percentages of the total soil sample if there is a
 
coarse grained fraction.
 

4.04 TYPICAL TEST RESULTS.--The results of the mechanical
 
analysis can be presented in either of two forms. One is a
 
table in which there is listed the percentage of the total sample

that will pass a given sieve size or is smaller than a specified

grain diameter. The second form is 
a plot of the sieve number
 
or grain size vs. the percentage passing the given sieve (smaller

than the given diameter). For this latter form, grain size is
 
niormally plotted on a logarithmic plot due to the wide range in
 
values, while the percentage finer is plotted on an arithmetic
 
scale.
 

Nomenclature hzs been established for materials within
 
certain grain-size Limits. In decreasing order of size these
 
groups are as follows:
 

ASTM Designation D 422
 

Gravel, 75 mm to 4.75 mm (3-in. sieve to No.4 sieve)

Coarse Sand, 4.75 mm to 2.00 - (No. 4 to No. 10)
Medium Sand, 2.00 mm to 0.425 mm (No. 10 to No. 40)
Fine Sand, 0.425 mm to 0.075 mm (No. 40 to No. 200)
Silt size, 0.075 m to 0.005 mm (No. 200 to -_) 

Clay size, smaller than 0.005 mm
 
Colloids, smaller than 0.001 mm.
 

AASHTO Designation T 88
 

Particles larger than 2.0 mm (No. 10 sieve)

Coarse Sand, 2.0 umm to 0.425 mm (No. 10 to No. 40)

Fine Sand, 0.425 mm to 0.075 mm (No. 40 to No. 200)
 
Silt, 0.075 mm to 0.002 mm (No. 200 to -- )
 
Clay, smaller than 0.002 nm
 
Colloids, smaller than 0.001 mm.
 

Soils designated as sandy will contain more than 50 percent

sand or gravel size. Silty soils will contain from 40 percent

to as great as 100 percent silt size. Clays will contain as low
 
as 30 percent or as high as 100 percent clay and colloids.
 
Gravelly soils will normally contain'at least 15 percent gravel
size material.
 

4.05 INFLUENCES OF THE METHODS OF TEST.--For the sieve
 
analysis, care must be taken to remove clay an4 silt that may

be adhering to the sand and gravel. In preparing the sample

for testing, one must avoid fracturing some types of soft
 
gravel and stone particles. For the very fine sands [0.150 mm
 
or 0.075 mm (No. 100 or No. 200 sieves)] it will be desirable
 
to wash the sample through the sieves.
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The hydrometer analysis is particularly susceptible to
poor results due to technique. The following are major sources
 
of error:
 

1. 	Improper deflocculation (failure to separate the
 
material into individual grains).


2. 	Improper mixing of soil and liquid.

3. 	Careless placement and removal of the hydrometer.
 

Figure iV-1. Separated soil after sieving. 

B.. 	 SPECIFIC GRAVITY OF SOILS
AASHTO Designation: T 100* 

ASTM Designation: D 854* 

4.06 SIGNIFICANCE OF TEST.--The specific gmVity of a soil
is the ratio of the weight in air of a given volume of soil
particles at a stated temperature to the weight in air of an
equal volume of distilled water at a stated temperature. The
specific gravity is used frequently in relating a weight of
soil to its volume. 
The unit weight of moist soil--needed

in most pressure, settlement, and stability problems--can be
computed with known values for specific gravity, degree of
saturation, and void ratio. 
 The 	specific gravity is used in
the 	computations of many laboratory tests on soils.
In many soils the presence of a number of minerals, each
having a different specific gravity, may present difficulties.
This is why the test method requires that the Method of Test
for Specific Gravity and Absorption of Coarse Aggregate, ASTH
Designation C 127 or AASHTO Designation T 85, be used for thecoarse portion when the soil has material retained on the 4.75 
mm (No. 4) sieve. The specific gravity for the soil then is 

*These methods differ only in requirements given for desiccator,
oven thermometer, and weighing.
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determined from the weighted average of the values for the"
 coarse and the fine portions, using the following formula:
 

Combined specific gravity •
 

gc gf 

in which pc  percent of coarse portion expressed as a
 
decimal 

gc - specific gravity of coarse portion
pf  percent of fine portion expressed as a
 

decimal
 
gf - specific gravity of fine portion
 

4.07 
SYNOPSIS OF TEST METHOD.-The prescribed weight of the
sample [all Passing the 4.75 mm (No. 4) sieve or the 2.0 
mm
(No. 10) sieve depending upon the purpose of the test] is placed

carefully in
:76 a calibrated pycnometer. Distilled water is
added to fill the flask about three-fourths full. 
 The entrapped
air in the soil then is removed by partial vacuum (air pressure
not exceeding 100 mm of mercury) or by boiling. 
The calibrated
pycnometer then is filled with distilled water and weighed.

The specific gravity is computed, using the determined weights

and temperature corrections.
 

4.08 
TYPICAL TEST RESULTS.--The specific gravities of
soils range from below 2.0 for organic or porous particle soils
to over 3.0 for soils containing heavy minerals. 
Host soils,
however, have specific gravities in the range of 2.65 to 2.85.
A soil containing different minerals can have a range of
specific gravities, depending on the care used to obtain a

representative sample.
 

4.09 INFLUENCES OF THE METHOD OF TEST.-Accurate results
depend upon extreme care in obtaining weight and temperature
measurements. 
A small error may be quite significant in the
results. 
Calibration of the pycnometers, complete removal of
entrapped air, and drying of the samples should be done with
 
precision.
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C. 	CONSISTENCY TESTS AND INDICES
 
(Atterberg Limits)


Liquid Limit ASTM Designation: D 423*
 
AASHTO DecIenation: T 89*
 

Plastic Limit and ASTM Designation: D 424t
 
Plasticity Index AASITO Designation: T 90t
 
Shrinkage Limit ASTM Designation: D 427t
 

AASHTO Designation: T 92t
 

4.10 SIGNIFICANCE OF TEST.--The consistency tests or the
 
Atterberg Limits consist of the liquid limit, the plastic

limit, and the shrinkage limit. A value frequently used in
 
conjunction with these limits is the plasticity index. 
The
 
engineering properties of soil vary with the amount of water
 
present, and results of the three consistency tests, expressed
 
as moisture contents, are arbitrarily used to differentiate
 
between 	the various states of the material. The liquid limit
 
is the moisture content at which the soil changes from 
he
 
liquid to the plastic state. The plastic limit is the border
 
between 	the plastic and semi-solid, and the shrinkage limit 
delineates the semi-solid from the solid state. 
 The plasticity

index is the arithmetic difference between the liquid and
 
plastic 	limits; i.e., it is the range of moistur content over
 
which a material is in the plastic state.
 

The most conmon aplication of the test results to highway

problems is in soil classification with those soils with 

comparable limits and indices classed together. 
Generally,

soils with high liquid limits are clays with poor engineering

properties. A low plasticity index indicates a granular soil
 
with little or no cohesion and plasticity. Both the liquid

limit and the plasticity index are used to some degree as a
 
quality 	measuring device for pavement materials, in order to
 
exclude 	those granular materials with too many fine-grained

particles that have cohesive plastic qualities.
 

4.11 SYNOPSIS OF TEST METHODS.--The liquid limit test
 
consists of molding a soil pat in 
a brass cup, cutting a groove

in the pat with a special cutting tool and dropping the cup orto
 
a solid base from a constant beight. The liquid limit is that
 
moisture content at which the groove closes for a length of
 
13 mm (1/2 in.) under 25 impacts.


The plastic limit test consists of rolling a soil sample

into a thin thread. The soil thread is made by rolling a wet
 
sample on a plate with the hand. 
This procedure is repeated

until the sample crumbles when the diameter of the thread is
 

*ASTM Designation D 423 and AASHTO Designation T 89 differ in a
 
number of details.
 
'A9TM Designations D 424 and D 427 differ from AASHTO Designations

T 90 and T 92 only in minor details.
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equal to 3 mm (1/8 in.). The moisture content of the soil in
 
this latter condition is the plastic limit of tho soil.
 

The shrinkage limit is conducted by saturating a soil
 
sample, placing the mat:erial in a small dish of known volume,
 
and weighing. The specimen is then placed in an oven and
 
dried to a constant weight. During the drying period, the
 
sample shrinks and loses volume at a rate more or less propor
tionate to the volume of water evaporated until the chrinking
 
stops abruptly. Tle shrinkage limit is the moisture content of
 
the saturated sample at the time the shrinkage ceases.
 

During recent years, many laboratories have abandoned the
 
use of the shrinkage limit. In the highway field, classification
 
is most commonly made on the basis of the Transportation Research
 
Board system, which requires the gradation, the liquid and
 
plastic limits, and the plasticity index.
 

4.12 TYPICAL TEST RESULTS.--The liquid limit varies widely
 
and values as high as 80 to 100 are not uncommon with values of
 
40 to 60 more typical for clay soils. For silty soils, values
 
of 25 to 50 can be expected. The liquid limit test will not
 
produce a result for a sandy soil, and the results are reported
 
as "non-plastic."
 

The plastic limit of silts and clays will not vary too
 
widely and will range frow 5 to 30. Normally, the silty soils
 
will have the lower plastic limit. Since a pure sand is non
plastic, the thin thread cannot be rolled and the material is
 
termed "non-plastic." For the shrinkage limit, clays may range
 
in values from 6 to 14, with silty materials most frequently
 
showing values between lq and 30. Pure sand will show no
 
decrease in volume during the drying period.
 

The plasticity index can be as high as 70 to 80 for the very

plastic clays. Commonly, clays will have P.I.'s between 20
 
and 40. The silty materials normally range in P.I. between 10
 
and 20. For quality evaluations, soils are sometimes restricted
 
to those materials with a liquid limit of 25 or less and a
 
maximum P.I. of 6, i.e., a predominantly granular material.
 

4.13 INFLUENCES OF THE METHODS OF TESTS.--For the liquid
 
limit the most common sources of error include (1) inaccurate
 
height of drop of the cup, (2)a worn cup due to scratching
 
with the grooving tool, (3) too thick a soil pat, (4) the rate
 
of dropping the cup and (5) the human element in deciding when
 
the groove has closed 13 mm (1/2 in.).
 

In many laboratories where production is a major concern,
 
the test is conducted using only one moisture content, taken when
 
the material is considered to be at the liquid limit. In the
 
more precise test, at least three moisture contents are deter
mined, one below the liquid limit, one at or near the liquid
 
limit and the third higher than the liquid limit. The results
 
are plotted by placing the moisture content on an arithmetic
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plot with the number of blows on a semi-log basis. This permits 
a more exact establishment of the liquid limit.
 

D. MOISTURE-DENSITY TEST
 
ASTM Test Designations: D 698 and D 1557
 
AASHTO Test Designations: T 99 and T 180
 

4.14 SIGNIFICANCE OF TEST.--The moisture-density test is 
designed to aid in the field compaction of soils so as to 
develop the best engineering properties of the material. It is 
assumed that the strength or shearing resistance of the soil
 
increases with higher densities. Thus, the test is designed to
 
get the best results from the soil available.
 

The "standard" moisture-density test (ASTM D 698; AASHTO
 
T 99) as conducted in the laboratory uses a constant laboratory
 
compactive effort, and it is assumed that it is similar in
 
magnitude to the weight, impact and action of the average
 
construction equipment. As might be anticipated, a greater
 
compactive effort will bring an increase in density, and such
 
a procedure was followed in developing the so-called "modified"
 
moisture-density te,3t (ASTM D 1557; AASHTO T 180). Presumably,
 
heavier construction equipment would be required to obtain the

"modified" density than would be needed to get "standard"
 
density.
 

Another important factor is that the presence of a certain
 
amount of water is needed in order to get the densities desired.
 
For simplicity, the water can be assumed to act as a lubricant.
 
However, too much water tends to force the particles apart

and the higher densities cannot be obtained. Therefore the
 
laboratory test not only defines the density that should be
 
obtained by the construction equipment, it also delineates how
 
much water should be used during the compaction.
 

Given a density (termed maximum density) and the proper

moisture content (termed optimum moisture content) the construc
tion forces can compact the soil into the best condition
 
practicable. As a check, field forces employ a density test
 
to determine the density obtained by the construction equipment.
 
If the results are lower than the values permitted by the
 
specifications, the material should be recompntzA.
 

4.15 SYNOPSIS OF TEST METHOD.--ASTM Designations D 698 and 
D 1557, and AASHTO Designations T 99 and T 180, each contain 
four methods (identified as Methods A, B, C, and D) for 
determining the relationship between the moisture contents and
 
densities of soils. The differences in these procedures are
 
shown in Table IV-I.
 

The total sample is permitted to dry in air until a damp

condition is reached. From this, a sample of material is 
selected, the quantity depending on the method to be used. The 
soil is then compacted in the specified number of layers into 

3 6 
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TABLE IV-1 
ALTERNATIVE PROCEDURES FOR MOISTURE-DENSITY TESTS 

hietri £"AMD 1557metric M50ql0 T 99 "WrSSI To1 

ethod A I C 0 A a C D 

mamet weight, k8 2.50 2.50 2.50 2.50 4.54 4.54 4.54 44 
gamer drop 

height, cm 30.5 30.5 30.5 30.5 45.7 45.7 45.7 45.7 
Hold diameter, m 102 15? 102 152 102 153 103 152 
goil material 

passing sieve 4.75 m 4.75 &6 19.0 r 19.0 e 4.15 We 4.75 1 19.0 W 19.0 -
NO. of layers of 

3 5 5 5 50oilinmold 3 3 3 
No of blows per

leer 25 5 2 56 56 25 5625 25 


CM. r 698 SI V 1557
Customry .NO T 9 10TIN
 

Method A I C D A 5 C I 
umer weight. lb 5.5 5.5 5.5 5.5 10 10 10 10 
Ramer drop
 

height, in. 12 12 12 12 is 1 1s 18 
Hold diameter in. 4 6 4 6 4 6 4 G, 
Soil material 

passtnt sieve go. 4 No. 4 3/4 Is. 3/4 In, No. 4 No. 4 3/4 In. 3/4 Ia. 
No. of layers of 

$ol in mold 3 3 $ 3 5 5 S S 
No. of blows par 

5 25 56 25 56 25 56layer 25 

a metal, cylindrical mold of designated volume. A metal rammer
 
is dropped from a specified height on to the soil in the mold.
 
The prescribed number of blows per layer is used. The weight
 
of the soil in the mold is determined, and with the volume of
 
the mold known, the density is computed by dividing the weight
 
by the volume. A moisture content determination is made on
 
the sample in the mold. The soil !s then removed from the mold,
 
pulverized, an increment of water mixed into the sample, and
 
the compaction procedure repeated. The test continues until
 
the weight of the compacted sample in the mold is equal to or
 
less than that obtained in the pre.eding step.
 

4.16 TYPICAL TEST RESULTS.--The computations include a 
plot of the moisture content versus the density obtained with 
that moisture content. Calculations are then made of the 
density of the soil grains only, i.e., excluding the weight of 
the water. This density is also plotted versus the moisture 
content and is termed the "dry density" curve. The resul'ting 
plots are curved lines showing higher densities with increased 
moisture content up to some peak, and then lower densities with 
increased moisture content. The density at the peak of the 
dry-density curve is called the "Maximum Density" and the
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moisture content at that point is termed the "Optimum Moisture
 
Content."
 

The following is a list of the range of values that might
S be anticipated for the standard moisture-density test'.
 

Clays 

Silty Clays --

Sandy Clays --

Maximum density 


Optimum moisture content 

Maximum density 


Optimum moisture content 

Maximum density 


Optimum moisture content 


1 440 - 1 680 kg/m3
 

(90-10 3h/ft ) 
20 to 30Z
 
1 600 - 1 840 kg/m
 
(100-115 lb/ft')
 
15 to 25%
 
1 70)- 2 160 kg/ms
 
(110-135 lb/ft)
 
8 to 15%
 

For the modified procedure uving an,:Increased compactive

effort, maximum densities of 160 
o 320 I.g/ms (10 to 20 lb/ft')

larger can be anticipated with optimum moisture contents of 3
 
to 10 percent lower.
 

For sandy or gravelly soils with no fines, there is no
 
significant change in density with the use of water unless
 
inundation methods are used.
 

Many compaction specifications require that a percent of the
 
maximum density be achieved. This percent varies from 95 to 100
 
percent for the more granular materials and 90 to 95 percent for

the fine-grained silts and clays. 
The percent of maximum 

density is the ratio of the density obtained to the maximum
 
density expressed as a percentage.
 

4.17 INFLUENCES OF THE METHODS OF TEST.--The test is not
 
particularly susceptible to dangers from poor laboratory

technique. The degree of accuracy of the field density test,

and that used in the laboratory will be similar.
 

However, certain laboratory precautions must be taken. In
 
the mixing of the water into the soil, as thorough a mix as

possible is necessary. In taking the moisture sample, care
 
should be taken to obtain a r-presentative sample, For very

granular soils with a large portion retained on 
the 4.75 mm

(No. 4) sieve, an adjustment is necessary to compensate for the
 
removal of this material prior to testing.


There is considerable argument as to the adequacy of the
 
laboratory compaction as compaved to that obtained by construc
tion equipment. The question arises as to 
the size, weight, and
drop of the rammer, as well as the manner in which the :oil is
 
compacted. However, as 
long as the specifications require the
 
standard test, the argumcnt is 
not a factor to the construction
 
forces in their routine operations.
 

The field dnsity test to determine the density obtained
 
by the construction equipment bas been nuccessfully conducted
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using any one of four different devices for measuring the
 
volume of the hole from which a sample has been removed.

four techniques include nuclear, calibrated sand, a viscous

The
 

liquid, and water encased in a light rubber membrane. A fifth

method involving the removal of a sample by driving a thin
walled sampler into the soil is satisfactory for fine-grained

silts and clays but not for material containing a significant
 
amount of gravel or rock fragments.
 

.Ii 
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CHAPTER Vii 

CALIFORNIA PEARING RATIO OF
 
LABORATORY-COMPACTED SOILS
 

A. GENERAL
 

7.01 DEVELOPMENT AND DEFINITION.-The CaliforniaBearing 
Ratio (CBR) Method with its numerous variations is probably the
 
most widely used method of designing asphalt pavement structures.
 
This method was developed by the California Division of Highways
 
around 1930 and has since been adopted and modified by numerous
 
states, the U.S. Corp of Engineers, and many countries of the
 
world. The Corps of Engineers adopted this method during the
 
l940s. Their test procedure was most generally used, with and
 
without certain modifications until 1961 when the American Society
 
for Testing and Materials adopted the method as ASTM Designation
 
D 1883, Bearing Ratio of Laboratory-Compacted Soils. The ASTM 
procedure differs in some respects from the Corps procedure and
 
from the American Association of State Fighway and Transportation
 
Officials (AASHTO) procedure, adopted in 1972 as AASHTO Designation
 
T 193. The ASAI! procedure is the easiest to use, and is the
 
version detcibed in this publication.
 

The Cj-'Es a comparotive measure of the shearing resistance of
 
a soil. T, used in the design of asphalt pavement structures.
 
This tesL c.n.its of measuring the load required to cause a
 
plunger of sLa~.ard size t, penetrate a soil specimen at a specified
 
rate. The CPP. is the load, in megapascals (pounds per square inch),
 
required to force a piston into the soil a certain depth, expressed
 
as a percentage of the load, in megapascals (pounds per square
 
inch), required to force the piston the same depth into a standard
 
sample of crushed atone. Usually depths of 2.5 or 5 mm (0.1 or
 
0.2 in.) are used, but depths of 7.5, 10 and 12.5 mm (0.3, 0.4,
 
and 0.5 in.) may be used if desired. Penetration loads for the
 
crushed stone have been standardized. The resulting bearing value
 
is known as the California Bearing Ratio, which is generally
 
abbreviated to CBR, with the percent omitted.
 

7.02 SCOPE.-This test method is intended to provide the
 
relative bearing value, or CBR, of base, subbase, and subgrade
 
materials. Procedures are given for laboratory-compacted swelling,
 
nonswelling, and granular materials. These tests are performed
 
usually to obtain information that will be used for design purposes
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7.03 AUXiLIARY SOIL TESTS.-There are certain routine soil
 
tests that should be performed prior to conducting the CBR test.
These tests are as follows: -

ASTM MASHTO 

Sieve Analysis of Fine and Coarse
 
Aggregate 
 C 136 T 27 

Liquid Limit of Soils 
 J) D 423 T89
 

Plastic Limit and Plasticity Index
of Soils D 424 T'90 

Particle Size Analysis of Soils
 
(only for classification purposes) 
 D 422 T 88 

Moisture-Density Relations of Soils
 
using 5.5-lb (2.5-kg) Raner 
 D 698 T99 

Moisture-Density Relations of Soils
 
using 10-lb (4.5-kg) Ranner 
 D 1557 T 180
 

84 B. DETERMINATION OF CBR FOR REZDLDED SPECIMENS
 

7.04 GENERAL.-The CBR value for a soil will depend upon its
density, molding moisture content, and moisture content after

soaking. 
Since the product of laboratory compaction should

closely represent the results of field compaction, the first two ofthese variables must be carefully controlled during the
preparation of laboratory samples for testing. 
Unless it can be
ascertained that the soil being tested will not accumulate
 
moisture and be affected by it in the field after construction, the.

CBR tests should be performee on soaked samples. 
As an example,
there is considerable evidence that subgrades beneath Full-Depth

asphalt pavements* do not accumulate enough moisture above the
 
construction moisture content to affect their strengths adversely.
 

7.05 EQUIPMENT.

1. Loading achine-A loading machine with a capacity of
 
at least 44.5 kN (10,000 lbf) and equipped with a

movable head or base that travels at a uuiform (not
 

*Full-Derch(R) asphalt pavement is one in which asphalt mixtures
 
are empioyed for all courses above the subgrade or improved

subgraJe. A Full-Depth asphalt pavement is laid directly on
 
the prepared subgrade.
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pulsating) rate of 1.27 mm/min (0.05 in./min), for use 
in forcing the penetration piston into the specimen.

The machine shall be equipped with a load indicating

device. that can be read to 44 N (10 lbf) or less. 

2. Hold-A mold of metal, cylindrical shape with an inside

diameter of 152.4 + 0.13 mm (6 + 0.005 in.). It shall 
be provided with a metal extension collar 51 mm (2.0 in.)

in height, and ,aperforated metal base plate 9.5 mm (3/8

in.) in height. The perforations in the base plate shall
 
not exceed 1.59 mm (1/16 in.) in diameter.
 

3. 	 Spacer Disc-A circular metal spacer disc 150.8 m (5
15/16 in.) in diameter and 61.4 mm (2.416 111.) in height. 

4. 	Ramer--A metal rammer as specified in either ASTM Method 
D 698 cr Method D 1557. Automatic rammers or the sliding
weight rammer may be used, provided the compactive effort 
given is the same as that given by the comparable ramners 
described in Methods D 698 or D 1557. 

5. 	 Expansion Measuring Apparatus-An adjustable metal stem 
and perforated plate, with perforations in the plate not
 
exceeding 1.59 mm (1/16 in.) in diameter, and a metal
 
tripod to support the dial gauge for measuring the amount
 
of swell during soaking.
 

6. Weights-One annular metal weight and several slotted 
metal weights weighing 2.27 kg (5.0 lb) each, 149.2 mm 
(5 7/8 in.) in diameter, with a center hole 54.0 mm (2 
1/8 in.) in diameter. 

7. 	Penetration Piston-A metal penetration piston 49.6 mm
 
(1.95 in.) in diameter, 1935.5 MM2 (3 in. 2) in area and
 
not less than 102 mm (4 in.) long. If from an
 
operational standpoint it is advantageous to use a 
piston of greater length, the longer piston may be used. 

8. 	Gauges-Two dial gauges reading to 0.025 mm (0.001 in.). 

9. Xiscellaneous-Other general apparatus such as a mixing

bowl, straight-edge, scales, soaking tank or pan, oven
 
filter paper, and dishes.
 

7.06 SOIL PREPARATION.

1. Prepare the soil sample [35 kg (75 lb) or more] in
 
accordance with ASTM Method D 698 or D 1557 (AASHTO

Method T 99 or T 180).
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-2. 	If the soil sample is damp when received from the field,
 
dry it until it becomes friable under a trowel. Drying
 
may be in air or by drying apparatus such that the
 
temperature does not exceed 60*C (140*F).
 

3, 	 Thoroughly break up aggregations in such a manner as to 
avoid reducing the natural size of individual particles. 

14. For fine-grained soils, pass an adequate quantity of
 
the pulverized soil through a 4.75 mm (No. 4) sieve
 
and discard any coarse material retained on the sieve.
 

5. 	For granular soils, pass an adequate quantity of the
 
pulverized soil through a 19 mm (3/4 in.) sieve and
 
discard any coarse material retained on the sieve.
 
If desirable to maintain the same percentage of
 
coarse material [pas3ing 50 mm (2 in.) sieve] as in
 
the original field sample, replace the material
 
retained on the 19 mm (3/4 in.) sieve as follows:
 

Pass an adequate quantity of the pulverized 
soil through nested 50 mm (2 in.), 19 mm 
(3/4 in.), and 4.75 mm (No. 4) sieves. 

Discard the material retained on the 50 mm. 
86 (2 in.) sieve. 

Replace the material passing the 50 mm (2 in.) 
sieve and retained on the 19 mm (3/4 in.) sieve 
with an equal weight of material passing the 
19 mm (3/4 in.) sieve and retained on the 
4.75 mm (No. 4) sieve.
 

7.07 	PROCEDURE FOR CONDUCTING THE COMPACTION CONTROL
 
TEST.-


The 	compaction control test used with the California
 
Bearing Ratio (CBR) test is Moisture-Density Relations of Soils 
Using a 10 lb (4.54 kg) Rammer and an 18 in. (457 mm) Drop, ASTM 
Designation D 1557, or Moisture-Density Relations of Soils Using 
a 5.5 lb (2.5 kg) Rammer and 12 in. (304.8 mm) Drop, ASTM 
Designation D 698.. These tests are reproduced in Appendix A. 

7.08 	 PREPARATION OF TEST SPECIMENS.

1. 	Select a representative sample weighing at least 4.5 kg
 
(10 lb) for fine-grained soils or 5.5 kg (12 lb) for
 
granular soils, and mix thoroughly with water. The
 
mixture may be cured by placing in a covered container 
until 	the moisture is uniformly distributed.
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2. 	If the specimen is to be soaked, obtain a.sample of the

soil-at least 100 g for fine-grained soils, 500 g for
 
granular soils-for moisture determination at the
 
beginning of compaction. Take another sample from the

remaining material after compaction. Weigh the sample

immediately, then dry it in an oven at 110 + 5*C (230 + 
9*F) for at least 12 hours, or to constant weight. 

3. If the specimen is not to be soaked, take a moisture
 
content sample after penetration from one of the cut
 
faces.
 

4. Assemble the 152.4 mm (6 in.) mold, extension collar,

and perforated base plate by clamping the mold with
 
fitted extension collar to the base plate.
 

5. 	Insert the spacer disc over the base plate, and place
 
a 152.4 mm (6 in.) diameter coarse filter paper on top

of the disc.
 

6. 	Compact sample using compacting efforts and molding

water content as indicated by the moisture-density
 
test (Method B or D of ASTM D 698 or ASTM D 1557).
 

90 	 7. After each sample has been compacted in the mold, remove
 
the extension ring; strike off excess soil with a
 
straightedge; remove the base plate; and extract the
 
spacer disc.
 

8. Weigh the mold and compacted soil to determine the
 
density of soil.
 

NOTEt If the specimen is not to 
be soaked, omit Steps 9 through 18. 

9. 	Place filter paper on the base plate; invert the 
cylinder so that the bottom during compaction is now 
on top; re-attach to the base plate; and place filter
 
paper on top of soil in mold.
 

10. 	Place the perforated plate, with adjustable stem
 
attached, on the filter paper.
 

11. 	 Place surcharge weights on the perforated plate to 
produce an intensity of surcharge loading equal to the 
weight of the base material and pavement within + 2.27 kg
(+ 5 lb), but not less than 4.54 kg (10 Ib). 
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12. 	 Immerse the mold and weights ia water to within 13 mm
 
(1/2 in.) of the top of the mold. Place blocks under
 
the mold to allow free access of water to the bottom
 
of the specimen, and put water inside the mold to the
 
same level as water on the outside of the mold.
 

13. 	 After immersion, measure the height of the stem or spindle 
above the edge of the mold with the dial micrometer and
 
tripod assembly. This is the initial measurement for
 
swell.
 

14. 	 Allow the specimen to soak for 96 hours (four days),
 
maintaining constant water level outside and inside the
 
mold.
 

15. 	Repeat step 13 to obtain the final swell measurement.
 
Compute the swell as a percentage of the initial
 
specimen height.
 

Example
 

Swell Data
 

Reading after 4 days 10.29 mm (0.405 in.)
 
Original reading 9.86 -m (0.388 in.)
 
Swell (difference) 0.43 mm (0.017 in.) 


swell M) = swell 100 - 100 x 0.43 0.34% 
ht. 	of specimen x 127
 

16. 	Remove the mold from the water, and pour off free water
 
from inside the mold, being careful not to disturb the
 
soil.
 

17. 	Remove the surcharge weights, perforated plate, and
 
filter paper, and allow the specimen to drain for
 
15 minutes.
 

18. 	Weigh the specimen to determine the soil density. The
 
specimen is then ready for the penetration test.
 

7.09 PROCEDURE FOR PENETRATION TESTING.-


NOTE: This procedure is the same for all
 
types of remolded specimens. Moreover, it
 
is also applicable for undisturbed and
 
field in-place tests after the testing
 
surface has been prepared.
 

1. 	Place one 1.27 kg (5-1b) annular disc surcharge weight on
 
the soil surface.
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2. 	Place the mold in the loading frame or hydraulic press,

and adjust its position until the piston is centered on
 
the specimen.
 

3. 	Seat the penetration piston with a 44 N (10 lb) load, and
 
set both the load dial and strain dials to zero. This
 
initial load is required to ensure satisfactory seating

of the piston and should be considered as the zero load
 
when determining stress-penetration relations.
 

4. 	Add penetration surcharge weights to produce an intensity

of loading equal to the weight of the base material and
 
pavement [within+ 2.27 kg (+ 5 lb)], but not less than 
4.54 kg (10 lb). If the sample has been previously soaked,
the 	surcharge should be equal to the soaking surcharge.
 

5. Apply the load to the piston at a uniform rate of 1.27 mm
 
(0.05 in.) of penetration per minute. 

6. Record the total load readings at the following 
penetrations:
 

0.6 	mm (0.025 in.)
1.3 	mm (0.050 in.)

2 1.9 	mm (0.075 in.) 
2.5 	mm (0.100 in.) 
3.2 	mm (0.125 in.) 
3.8 	mm (0.150 in.) 
4.4 	mm (0.175 in.) 
5. 	 mm (0.200 in.)
6.4 	mm (0.250 in.) 
7.5 	mm (0.300 in.)


10. mm (0.400 in.) 
12.5 mm (0.500 in.)
 

[The load readings at penetrations of 10 -m (0.400 in.)

and 12.5 mm (0.500 in.) may be omitted.)
 

7. 	 Release the load; remove the mold from the loading device; 
remove the weights; and detach the base plate.
 

8. Determine moisture content of the top 25 mm (1 in.) layer.
Take a moisture content sample from the entire depth if
 
average moisture content is desired.
 

9. From the loads obtained in 6, the CBR of the sample is 
determined, as illustrated in Section C.
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C. CALCULATIONS 

7.10 STRESS-PENETRATION 	CURVE.-After the test has been
 
completed, the penetration load in megapascals (psi) is calculated
 
and the load-penetration curve plotted on cross-section paper. 
In
 
order to obtain true penetration loads from the test data, the zero
 
point of the curve is adjusted to correct for surface
 
irregularities and the initial concave upward shape of the curve if

It is present. If the curve is uniform as in example No. 1 of
 
Figure VII-3, the CBR value is calculated from the recorded loads.
 
For surface irregularities as in example No. 3 of Figure VII-3
 
extend the straight line portion of the curve 
to the base to obtain
 
a corrected origin, or zero. 
If the curve has a reverse bend, or
 
concave upward shape, as in example No. 2, draw a line tangent to

the steepest point of the curve (point A), 
and extend the line to

the base to obtain a corrected origin or zero point (point B).

Then read the corrected load values for 2.5 mm (0.1-in.) penetration

(point C) and 5. mm (0.2-it.) penetration (point D).
 

PENETRATION, INCHES
0 0.1 0.2 0.3 0.4 0.5
 

10 
 0 100 

_ 	 EXAMPLE NO. 1 

REQUIRED 201200
 

SS
 EXAMPLE NO. 37  - 1000 0
 
Z 

EXAMPLE NO. 2- 0 
0CORRECTED 5.08mm (0.2 In.)

PENETRATION 

-0o0
 

3 	 CORRECTED 2.54mm (0.1 in.) V 

Z 2 C 	 CORRECTED FOR CONCAVE 
UPWARD SHAPE - 200 Z 

I CORRECTED FOR SURFACE IRBEGULARITIES 

0 	 I I I 00 B 2.5 5 7.5 10 12.5 
PENETRATION, MILLIMETERS 

Figure VZZ-3. Correction of load-penetration curves. 
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7.11 CALCULATION OF CALIFORNIA BEARING RATIO.-The CBR valueis defined as a ratio comparing the bearing of a material with the

bearing of a well-graded crushed stone. The penetration loads for 
crushed stone are presented in the following table:
 

Penetration Standard Load 
 Standard* Load
 
mm (in.) N (lb) NPa (psi) 
2.5 (0.1) 13345 (3000) 6.89 (1000)
5. (0.2) 20017 (4500) 10.34 (1500)

7.5 (0.3) 25355 (5700) 13.10 (1900) 

10. (0.4) 30693 (6900) 15.86 (2300)

12.5 (0.5) 34696 (7800) 17.93 (2600)
 

*Plunger cross-section area - 1935.5 mm2
 

(3 in. 2 ).
 

The CBR is determined from the corrected load values at 2.5
and 5 mm (0.1 and 0.2 in.) penetrations by dividing the loads at
2.5 and 5 mm (0.1 and 0.2 in.) by the standard loads of 6.89 and
10.34 HPa (1000 and 1500 psi), respectively. Each ratio is
multiplied by 100 to obtain the CBR in percent. 
The CBR is
usually selected at 2.5 mm (0.1 in.) penetration. If the CBR at
5 mm (0.2 in.) penetration is greater, the test should be rerun.

If check tests give similar results, the CER at 5 mm (0.2 in.)

penetration should be used.
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CALIFORNIA UIZANG RATIO TEST DATASHET 

Holding Date Penetrattnn Date
 
Project _ _ _ _ _ _ 
Sample No. Compacted at -

A. Weight of Compacted Sample. Hold and Ba's Plate; kg
B. Tare Weight of Vold, and Base Plate; kgC. Weight of Sample; kg
D. Height of Compacted SaPle; mm 
Z. Volume of Sample; cmu
 
F. Unit Wet Weight; kg/cm
G. Hoisture Content; z •
H. Uit Dry Weight; kg/cm_
 

Expansion and Consolidation Data 

N. Surcharge Weight kg R. Z Expansion or Cona.0. Dial Reading at Start _-
P. Dial Reading at Fin sh _ _ _ m R lO_Q. Difference M D x 1oo 
S. Weight of Sample, Hold and Bage Plate after Saturation; kg 

Moiature Samples 

Top 25 - Bulk of Sample 

Pan No. Pan No.
Wet Wt. g Dry Wt. g W_Vet Wt. g Dry wt. IDry Wt. - Tare Wt. Dry Wt. - Tare Vt. 

Percent oisture Percent Hoiture 

T. Sum of Net Wet Weights 
U. Sum of Net Dry Weights +
 

Panetration Data
 

Load, Load.
 
Pon. kN (lb) 
 Pa (psI) Corrected C.S.R.0.6 me (.025 in.): £ Crr.Load Std.1.3mm n. : !Pan. M.050'a(pai) H a (p) C.B.R.

1.9 m (.075 in.): j 2.5 - (.100 in.) 6.89 (1000)2.5 am .100 in.): 5. m (.200 in.) 10.34 (100)3.2 .125 In. 
 7.5 we (.300 in.) 13.10 (1900)3.8 mm(.150 in.): 10. me (.400 In.) 15.86 (2300)
4.4e. (0.175 n.): 12.5 me (.500 in.) 17.93 (2600)
5. mm (.200 In.)
6.4 m (0.250 in.) NOTEs C - A-B F7.5m (.3 in.) E 

10 m (.400 in)
12.5 m .500 In.): G-U- 1 00 8 X100 

Figure VZZ-4. 
Sample form for recording CBR test iniormation.
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96 	 A 10-ton diesel roller compacts hand-broken stone base for Kabupatan road incentral Java (photo taken by Scott Wilson 
Kirkpatrick and Partners, United Kingdom, for the World Bank). 
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J. A. SHUSTER 
B.S.C.E., M.S.C.E., A.S.C.E., Senior Staff Engineer, Woodward.Clyde and Associates, Oakland, Califorina 

MECHANICAL DURABILITY OF LATERITIC GRAVELS 
FROM SOUTHEAST ASIA; SUGGESTED TESTS 
AND TEST STANDARDS FOR HIGHWAY USES 
An investigation has been conducted to ,determinethe test(s) poten
tially most suitable for evaluating the mechanical durability of 
lateritic gravels for use in road construction. The relative dur
abilitv of these materialswas also investigated and compared with 
past performance and durability of lateritic gravels in existing 
pavement sections in Thailand. The probable range of durability 
as well as dumability test techniques and tentative test standards 
for these materials, when used in pavement sections, were estab
lished. 

INTRODUCTION quate mechanical soundness of the aggregate 
1. In the last decade many countries in the when used in a highway surface or base course. 
tropical regions of the world have undertaken TEST AGGREGATES 
extensive road construction programmes. Later- DEFINITION AND DESCRIPTION O MATERIALS 
ite and lateritic gravel are commonly used con- 4. For the purpose of this paper, and to 
struction materials in many of these countries. ensureens consistencyur inposethe interpretationiterpreandof theto-
Little is known of the performance of these results presented herein, laterite and associated 
lateritic materials in modern pavement sections lateritic materials are defined as follows (Ref.
subjected to heavy traffic. The applicability of 
European and United States design and con
struction standards for use with lateritic aggre- Laterite - a hardened material formed by the 
gates has been questioned, as these standards primary (i.e., sesquioxides present in parent 
were, by and large, developed empirically in material) weathering of residual soils; or by 
temperate climates using non-lateritic materials, the secondary (i.e., sesquioxide supplied by

lateral ground water movement) enrichment
2. One of the characteristics which govern and cementation of transported or residual 
the performance of an aggregate in a highway soils. 
base course is its mechanical durability or 
ability to resist degradation when subjected to Plinthite - a non-hardened or poorly hardened 
repeated traffic loading. Because of the petro- material formed by incomplete laterization of 
logically heterogeneous nature of most lateritic soils, similar in chemical and mineral com
gravels it is felt that existing tests and standards position to laterite. 
for mechanical durability should be examined Lateritic soil - soil of any physical composi
to determine their suitability for use with tion, in which the majority, by weight, of 
lateritic aggregates. the sample is composed of hardened laterite 
3. This paper is based on an investigation of any form. 
which was undertaken as part of a major re- All of the lateritic materials defined above 
search project on lateritic materials. This pro- occur in widely varying climatic and geo
ject was jointly sponsored by the Government morphological conditions. Their origins and 
of Thailand and the United States Agency for characteristics have been discussed in detail in 
Int:rnational Development (Ref. 1). The pur- the literature. Ref. I contains a complete pre
pose of this investigation was to examine the sentation and bibliography on this subject. 
slubject of durability of lateritic gravel aggre- 5. The term 'latcritic gravel' as used in 
,lates: particularly to determine tests and test the present text refers to a lateritic soil in which 
standards which may be used to insure ade- the laterite occurs as unconsolidated concre-
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tions in a soil matrix. The concretions may be 
either a result of residual weathering or second-
ary enrichment and cementation of transported 
soils. In general the latter materials are more 
physlcally and chemically heterogeneous. 
6. Lateritic gravel deposits observed 
throughout Southeast Asia frequently varied 
from half to one meter in thickness and were 
overlain by as much as two meters of top soil. 
The profiles frequently became clayier with 
depth. The deposits were in general very erratic 
in both thickness and uniformity; thus leading 
to the widespread construction practice of 
stockpiling and blending prior to use. 

SELECTION OF TEST MATERIALS 

7. In order to make the results of this 
study most useful and widely applicable, care-
ful consideration was given to the selection of 
materials. Since the principal uses of lateritic 
soils in Southeast Asia are in the construction 
of roads and airfields, the potential use of a 
material for this purpose was the major criteria 
for selection. Materials were selected to cover 
the range of uses in such construction from 

100 	 select fill (poor quality) to aggregate bases 
(best quality), 
8. Before making the selection, over one 
hundred lateritic gravel sources were tested 
from throughout Thailand to locate sources of 
materials which provided the widest possible 
range of resistance to degradation by abrasion, 
wetting, and drying, compaction and alkaline 
effects. Seven sources were selected with ap-
parent durability characteristics ranging from 
very good to very poor. Large sampls were 
obtained from these sources for testing during
the main test programme. A good petrologi-
cally homogeneous limestone was also obtained 
for simultaneous control testing. TABLE I 
gives general engineering data for the eight test 
materials. In the remainder of the discussibn, 
these materials will be referred to by the Arabic 
numeral corresponding to those given for the 
materials in TABLE I. 

TEST PROCEDURES AND TESTS 
9. The test programme reported herein was 
composed of three separate activities, 

(a) 	The evaluation of various accepted mech
anical durability tests with respect to their 
suitability for use with lateritic gravels.

(b) 	A comparison between the effects of re
peated mechanical stress, under laboratory 
conditions, and the results of the various 
durability tests on the same materials. 

(c) 	 A comparison between the observed long
term performance of over 100 base and 
subbase aggregates, beneath flexible pave
ments in Thailand, and the results of the 
various durability tests on the same 
material. 

The following paragraphs will describe each, of 
these activities in more detail. 

EVALUATION OF MECHANICAL DURABILITY TEST
 
PROCEDURES
 
10. The Los Angeles Rattler test (LAR)
(A.S.T.M. C131-64T) and the California 
Coarse (D,) and Fine (DI) Durability tests* 
(Calif. 229-C) were studied to determine their 
suitability for evaluating the mechanical dur
ability of lateritic gravel aggregates. For the 
purposes of this investigation a suitable test 
was defined as one which would provide re
suits that apparently correlated well with the 
resistance of an aggregate to degradation under 
repeated mechanical stresses such as those im
posed by traffic. 
11. To be useful a test must not only 
measure the correct engineering properties of 
the material but it must measure them under 
conditions compatible with the actual field ap
plication. Therefore variables involving sample
preparation and composition were believed to 
be important in evaluating the suitability of the 
above tests for use with lateritic gravels. 
12. Because of the nature of their formation 
concredons in lateritic gravels are frequently 
petrologically heterogeneous. This is evident 
particularly from the differences in properties 
between the various concretion sizes within the 
same material, with the particles in the coarser 
fractions being denser and apparently more 
durable than the particles in the finer fractions. 
In some soils, ferruginous concretions may be 
essentially absent in fractions smaller than 
about the No. 30 sieve; the finer fractions be

*The coarse and line durabilitv test procedure 229-C is available from the State of California Departmcnt of 
Public Works. Dirision of Highway&. Sactarcrto, California, U.S.A. 

Volume 4, No. 5, September, 1970 	 33 



TABLE I 
GENERAL ENGINEERING PROPERTIES OF LATERITIC TEST GRAVELS Q. 

Aggregate Numbers 

U.S. Sieve No 1 2 3 4 5 6 7 a 44 475 
%'in. 100.0 100. 100.0 100. 100.0 100.0 100.0 100.0 - 95 
% In. 894 84.1 76.7 77.5 92.0 83.0 76.9 78.4 130 
No. 4 59.9 63.7 57.1 61.1 64.9 62.9 56.1 55.3 - 65 
No.8 41.2 50.7 48.1 55.0 42.9 55.6 34.3 45.8 - 55 
No. 16 36.1 46.6 44.2 50.8 37.8 52.7 254 26.8 447 
No. 30 34.5 44.8 42.2 50.8 36.7 52.0 24.7 10.0 - .. 46 

No. 50 3313 43.3 38.0 47A4 35.8 50.3. 247.4 -41 

No.100 30.7 41.0 30.5 30.9 344 45.0 23.2 6.2 - 31 I 
No.200 24.1 35.3 23.2 278 31.1 24.9 13.5 5.4 22 
0.010 mm 25.4 28.5 9.7 21.0 19.2 9.9 4.8 - 15 
0.005 mm 2.1 27.0 3.1 20.1 13.3 3.7 4.4 - - 14 
0.001 mm 21.9 22.5 7.0 17.5 13.1 7.3 3.6 - - 12 

LL 55.0 77.0, 24.9 39.1 43.0 20.6 13l.5 N*42.0, 27.0 . 
PL , 44.0 38.2 14.3 25.8 27.0 18.7 16.0 NP 25.0 - 22.0 ! 

SL 22.0 20.0 11.0 160 14.0 17.0 11.0 NP 19.0 14.0 
P, 11.0 33.8 10.6 13.3 16.0 1.9 2.5 NP 17.08 .0 
BLS 6.3 11.0 24 5.5 10.0 1.6 24 NP 11.0 9.5 

NP =non-pastic 

Sand Equivalents and Aggregation Index (Ref. 2) 

SE 10.0 7.0 9.1 5.8 10.9 12.2 15.1 18J 
Al 1.48 . ... 1.23 1.04 .- - -

- Apparent Specific Gravity end Absorption - -. 

3.04 3.14, 2.92 2.7 2.38 2.83 3.09--
Abs. (M) 10.15 4.01 -2.94 4.71 7.30 2.01 4.25 . - -

I-f 
x 

40 
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TABLE II 

ARTIFICIAL SAMPLE GRADATIONS USED IN DURABILITY STUDIES 

Key Word(s) In. x %In. 

Very,coarse 100.0 
Coarse 80.0 
Intermediate 0.0 
Well 33.3 
Fine 10.0 
Very fine 0.0 

Be
Standard 100.0 
Standard C* 0.0 
Standard D,.* 77.5 

%In. x No. 4 

0.0 

10.0 
100.0 

33.3 
10.0 
0.0 
0.0 

100.0 
22.J 

Text 4
 

No. 4 X No. a 

0.0 

10.0! 
0.0 

33.3 
30.0 

100.0 
0.0 
0.0 
0.0 

*The Standard B end C gradings refer to the A.S.T.M. Standards of the same letters for the LAR test.
The Standard Dr refers to the unbiased California Standard Grading for the Dr tests. 

ing composed predominantly of siliceous miner-
als. In addition to the predominance of in-
durated ferruginous concretions, which form 
the basis for calling the material lateritic 
gravel, sound quartzitic river gravels or other 
materials may be present in varying amounts 
in some deposits. When present in significant 
amounts these siliceous materials may have a 
marked influence on the properties of the soil. 
13. Observa:ions of present road construc-
tion practices with lateritic gravels throughout
Southeast Asia have indicated that the mater-
ials are usually used or rejected on the basis of 
tests on pit-run or 'naturally graded' samples.
Road construction programmes may not pro-
vide sufficient funds or time to allow process-
ing of the material to improve its quality, 
14. The fact that lateritic gravels are fre-
quently petrologically heterogeneous and used 
in the in situ or 'naturally graded' condition led 
to the decision to compare the standard test 
procedures and the effects of the two variables, 

TABLE Ill 

NATURAL SAMPLE GRADATIONS 

Sieve Fraction 1 2 3 

U In. x %In. 18.0 32.2 44.8 
%In. X No.4 50.2 41.4 37.8' 
No.4 x No.8 31.8 26.4 17.4 

Volume 4, No. 5, September. 1970 

gradation and petrologic composition, on the 
LAR and D. test results. 
15. Aggregates 1, 2, 6, and 8 were tested 
in a wide range of gradations in order to evalu
ate the sensitivity of the tests to gradation.
These different aggregates were used in order 
to cover the range of results which may be 
associated with lateritic gravels of widely vary
ing quality. The gradations selected represent 
the extreme range of possible gradations, as 
well as the standard test grading, and the 
natural (pit run) grading. The artificial grad
ings used are presented in TA*BLE II,and the 
natural gradings in TABLE III. All tests were 
run according to standard procedures with the 
exception of the LAR test on samples with 
non-standard gradings in which 10 steel balls 
were used regardless of grading.
16. In order to evaluate the sensitivity of 
the LAR and the D, test results to variations 
in petrologic composition at constant grading, 
a very weak, soft laterite (aggregate 4) was 

USED IN DURABILITY STUDIES 

Aggregate Number 

4 5 6 7 1 

50.0 14.0 38.3 35.1 39.8 

36.4 47.5 45.3 31.7 42.6 
13.6 38.5 16.4 33.2: 17.6*, 

3$
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combined with a hard durable crushed lime- settled fines is noted after the 20 min settling
stone (aggregate 8) in various proportions. All period. The higher this level the lower the D,

of the samples were graded with the natural test result.
 
grading of aggregate 4 (TABLE I1). The pro- 19. For materials such as limestone, which

portion of the two materials present in any are generally petrologically homogeneous

given sample was constant in all fractions. The throughout all particle sizes, the gradation of
 
per cent of each aggregate present in each of the sample apparently has little or no effect on 
the five samples was as follows: D, test results. However, with heterogeneous 
Aggregate 8 100 90 50 10 0 materials such as lateritic gravels, the effect of
Aggregate 4 0 
 10 50 go too changing the grading is essentially that of 
17. The Dr test was run by the standard changing the materials petrologic composition.
 
procedure, with the exception that the samples Changing both variables simultaneously pro
were air dried at 60 to 70"C instead of oven duces widely varying results. The D0 test re
dried at 105"C. This was done to preclude the sults are summarized in TABLE IV. The differ
possible irreversible dehydration of halloysite ence between results for the four materials is
 
(4H=0) to halloysite (2.0), should it be indicative of the range of variability which may
 
present in the sample. This mineral is included be expected in lateritic gravels from Thailand.
 
in the kaolinite clay mineral group which com- Fig. I indicates typical results of varying com
poses most of the clay minerals in the lateritic position at constant gradation. It appears that
 
gravels observed. The change from halloysite the D. test is very sensitive to the presence of
 
(4H.0) to halloysite (2H.O) is known to poor materials, even in relatively small quan
affect the engineering properties of the clay. tities.cause Suchfailuresmall quantities of material couldthe of an otherwise good base 

Coarse durability test course if the poor material degrades to silts 
18. Briefly, the standard D, test proce- and clays while in service.
 
dure requires that the aggregate larger than 
 103'
the No. 4 sieve be washed clean of all fines. Los Angeles rattler tests 

The washed coarse sample is then mechanically 20. The LAR test is a well known and ac
shaken in a container, partially filled with dis- cepted procedure; hence a detailed discussion
 
tilled water, for 10 min. During this agitation of the test procedure will not be presented,

period the particles abrade and fines are pro-
 With the exception of the previously men
duced. The agitation water and fines are then tioned use of 10 steel balls for all non-standard
 
put into a graduate and allowed to settle under gradings, all tests were run according to the
 
controlled conditions for 20 min. The level of standard LAR test procedure. The LAR test
 
the interface between the clear fluid and the appears to be slightly more affected by grading
 

TABLE IV 
COARSE DURABILITY (D,) TEST RESULTS FOR VARIOUS GRADATIONS 

Grading Aggregate Number
 
Key Word(s) 1 2 6 8
 

Very Coarse 24.0 24.0 56.5 90.0
 
Coarse 12.0 24.0 
 66.5 82.0
 
Intermediate 11.0 12.0 53.0 80.0
 
Well 10. 11.0 61.5 80.0
 
Fine 10.0 7.0 50.0 80.0
 
Very fin.*., 7.0 43.0 30.0
Natural 9.0 * 15 . 64.0,:.I.,I: ... . 81.A ,_.,
 

Standard 220.12.5 i, ." 69.0 3L5 

1 AvsrtAUAN ROAD ;REsEAtci# 

/I s
 

-0 
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so
 

$% 00 

I ~ ~ 11 ~ 4 ~O ~ 0 Il7 8:II § 10l IMESTON4E
104 I104 1 0 : S 51:0 4 3O| O | LATrEIITIC GRAVEL (k) 

PERCENTOF MATE[RIALPRESENT IN SAM4PLES 

fig. I -Affect of Petrologic Composition on D. and Los Angeles Rattler Test Results 

than does the D. test. It is suggested that the 
cushioning effect of more fine material may 
esult in a reduction in the percentage loss.Th 

This could account for the apparently conflict-
ing results of the D,. and LAR tests, indicated 
by a comparison of the values obtain.-d for the 
4very fine' grading on aggregate number I 
(TABLE IV and TABLE V). Visual comparison 
of the materials tcads to substantiate the 
evaluation of quality given by the D, test re-
sults. 
21. The data presented generally represent 
an average of the results of two or more tests. 
Normal experimental deviation could account 
for observed variations in both the D, and 
LAR tests performed on aggregate 8 (control 
limestone) at all gradations. The results given 
in TABLE V indicate the variability which may 
be expected with the LAR test when run with 
10 steel balls regardless of grading. Fig. 2 
illustrates the results obtained with I1I and 8 
ball test charges, respectively, which tend to 

Volume 4, No. 5, September, 1970 

bracket the non-standard, natural graded, re
sults with a 10-ball test charge. 

re ai e s n t vty o t e A a d
-" 
D,, tests to petrologic composition is shown in 
Fig. 1. A major difference between the D, and 
LAR tests appears to be that the LAR test 
does not evaluate the nature of the fines pro
duced during disintegration of the sample. As 
a hypothetical example, a shale and a coarse 
sandstone may give similar LAR results; how
ever, the nature of the fines produced during 
disintegration is very different. If incorporated 
in a pavement, these materials might yield con
sidrably different performance under similar 
conditions. The insrvice degradation of the 
shale to silts and clays would have a more 
detrimental effect than would the degradation 
of the coarse sandstone to sand. An aggre
gate's tendency to produce silt or clay when 
abraded in the presence of water is evaluated 
in the D, test, but not in the LAR test. 
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TABLE V 

LOS ANGELES 

-


RATTLER (LAR) TEST RESULTS FOR VARIOUS GRADATIONS 

Grading Aggregate Number 

Key Word(s) 1 2 6 "
 

Very Coarse 55.0 22.0 31.0 18.0
 
Coarse 56.0 24.0 34.0 
 23.0
 
Intermediate 47.0 27.0 28.0 20.0
 
Well 51.0 30.0 31.0 23.0
 
fine 47.0 33.0 29.0 23.0
 
Very Fine 38.0 29.0 22.0 18.0
 
Standard 1 59.0 25.0 38.0 22.0
 
Natural 55.0 28.0 30.0 22.0
 
Standard C 41.0 22.0 23.0 18.0
 

D. AND Dt RESULTS VERSUS EFFECTS OF REPEATED on pavements by traffic, on lateritic gravel it
 
STRESS was felt desirable to perform a series of con
23. In order to evaluate the relationship be- trolled cyclic triaxial tests on several of the
 
tween the D, and D1 test results and the effect test aggregates with widely varying properties.

of cyclic dynamic loads, such as those imposed This test series was performed on the follow

70 

s00 105 

U a 

0
 
so - 

4O
 

I0 
i 0a 

a We* GRADING 

a 0 "Co GeADINS 

!0
 

-6 so " _0 o 1 

.... .. . IO 20 . .. .. 30 40 so 0.. iS . . 80 ... .. 3•SOn so+ . . 0 
;STANDARD L.A.R. TESyT "I"& "C" GRADINGS 

,ig. 2- Standard vs Non Standard los Angeles Rattler Tests on he sme Material 
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ing four latcritic aggregates: LR47B (similar 
to aggregate 4), LR44, I and 6. For control 
purposes all tests were repeated on the control 
limestone aggregate number 8. All samples 
were graded identically (see TAIBLE VI) prior 
to compaction by the special non-destructive 
procedure described below. In addition to 
grading control, the same material (aggregate
6) was used in every sample for the passing 
No. 8 fines regardless of the coarse aggregate 
used in the sample. This care in preparation 
of the samples was intended to ensure miniimum 
variations in the grading and plasticity of the 
samples, as well as eliminating the effects of the 
fine material as a variable in evaluating the test 
results. 

TABLE Vl 

INITIAL GRADING OF ALL ARTIFICIALLY GRADED* 

SAMPLES 


Sieve No. 	 Percent Passing by
Dry Weight 

, in. 100.0 

%106 67.2-67.5
in.No.4 	 45.7-46.4 

No. 8 31.3.32.2 

No. 16 22.2-23.4 

No.30 20.8. 22.0 

No. 0 20.21.6 

No.100 19.7- 20.8 

No. 200 16.8-17.4 


*These samples were open graded with the sand size, 
between about the No. 10 and No. 200 sieves missing.
This is typical of many naturally occurring lateritic 
gravels. 

24. In addition to the samples prepared for 
triaxial testing (two samples of each aggre-
gate), other samples were prepared identically 
for washed sieve analysis and coarse and fine 
durability tests (D,. and D,). When the tests 
did not require all of the sieve fractiuis. the 
material used was proportioned identica!ly to 
the grading. 
25. All of the samples for triaxial testing 
were compacted dry. in very thin lifts, by 
vibration tinder a slight vacuum. This elaborate 

OF LATERIC GRAVELS 

compaction procedure was followed for three 
reasons. 
(a) 	 To avoid change in grading of the samples 

due to destruction of the aggregate dur
ing compaction. 

(b) 	To ensure uniform samples and avoid 
segregation of the fines in any part of the 

sample. 
(c) 	 To ensure, as nearly as possible, identical 

relative densities. 'Relative densities' are 
not the same as comparative dry densities 
which, among other things, are a function 
of the absorption and specific gravity of 
the samples. These properties for the 
materials tested are highly variable as can 
be seen in TABLE I. The absolute value 
of the relative density was not obtained; 
however, it was estimated to be about 60 
per cent. 

26. After compaction, the triaxial specimens 

were saturated prior to testing. One of the two 
samples prepared for each aggregate was tested 
to determine Mr*. The other sample was tested
to failure in consolidated, drained triaxial shear 
with a confining pressure of 5 p.s.i. Aftercompletion of 5000 cycles of loading, at a rate 

of 30 c/min, the M, specimen was also tested 
to failure in a similar manner. A washed sieve 
analysis test was conducted on the M, speci
men after testing. 
27. All of the Mr tests were conducted with 
a major principal stress of 12 p.s.i. and a prin
cipal stress ratio of 2.4 (confining pressure of 
5 p.s.i.). The coarse porous materials were 
cycled in a saturated condition with drains 

open to avoid the build-up cf excess pore water 
pressures. After failure, these samples were
tested by washed sieve analysis to determine if 
any changes in grading had occurred during 
cycling. The M, and strength data are pre
sented in TABLES VI! and VIII and Fig. 3 and 
4. The modified fineness modulus referred to 
in TABLE VII and Fig. 4 is the standard fine
ness modulus, as defined in A.S.T.M. C-125, 
modified to include the No. 200 sieve. A de
crease in the fineness modulus indicates an 
overall increase in fines. It was used here in 
lieu of a direct comparison of sieve . alysis 

The NI is the modulus of resiilence defined us the primary stress impulse divided by the recoverable strain 
which ft Induces. Reference 3 contains a complete discussion of the hi test and its interpretation. 
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fSHUSTER _ DURABILITY OF LATERIV GRAVELS 

.TABLE VIII 
i .STRESS.STRAIN RELATIONS BEFORE AND AFTER LOADING 

Precyclic Postcyclc
 
Conditions at Ultimate Conditions at Ultimate
 

Strength Strength
 

Friction Dry Density, 
S;mple Angle (0) (p.C.f.) Stress (p.s.f.) Strain (%) Stress (p.a.f.) Strain (%) 

8 41 116 2640 10.9 2640 6.7 
44 39 113 2420 14.1 2520 i14 

6 38 i18 2220 8.4 2260 8.0 

47B 37 98 1120 12.5 2420 4.9 
1 37 94 2060 11.2 2120 7.1 

founded on a dense silty quartziuic sand fub- range of non-lateritic aggregates. Their con
grade. The cumulative traffic over these sec- clusions, and resulting specifications, allow the 
tions during the lifetime of the pavement had use of materials with D. and Dt vaijes greater 
been equivalent to a design traffic number than 35 in untreated aggregate base courses. 
(DTN) between 85 and 150. The limited field observations made during the 
32. The California Highway Department, investigation reported herein agree with the 
the agency which developed the D, and Df California Standards and suggest that until 
tests, has conducted extensive carefully docu- additional data become available these stan
mented studies of the relation between dur- dards be accepted for use with lateritic as well 
ability test results and performance for a wide as non-lateritic aggregates. 

|0~ ~ ,~ I~,sY.. 
x AGGREGATE I 

0 a AGGREGATE 6 
A a AGG0EGATE 44 

o 	 8 AGGREGATE %71 
zu AGGREGATEI 

III
 

,.0 	 Sao 20 So 00 00 oo 
Ii UA 

r 

, L, *Fig. 3-:-Platen to Pljan/Modulus of Resilence for Saturated"Artliimllly 'I" !''Graded Se.le 
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REUCTION IN MODIFIED PIIENSS MODULUS AFTER 500 CYCLES
 

Fig. 4-California Durability vs Change In Modified Fineness Modulus after 5000 Cycles of 12 ps.i. 109 
St.ss at a Principal Sff ss Rat:o of 2.4 

CONCLUSIONS AND RECOMMENDATIONS as the minimum sieve size because mostlateritic gravels observed were 'gap
wee nCONCLUSIONS AND RECOMMENDATIONS REGARDING gaedit h te pare

TEST METHODS 	 graded', with the particle sizes between 
TEST 	 METllDStabout the No. 10 and No. 200 sieves fre
33. All test procedures investigated thppear quently missing. The result is a gravel
 
to be generally suitable for evaluating the 'floating' in silt or clay. Use of the No.
 
mechanical durability of lareritic materials. )10sieve will result in including the smaller
 
However, the D, and Df tests appear to be nodtz!es, frequently the weakest, in the
 
better for the evaluation of aggregates, for use durability test.
 
beneath flexible pavements, than the LAR test. (b) Oven drying of samples prior to conduct-

The following modifications of the standard ing the LAR, the D,, or the D, test is not
 
procedures are recommended in order to ob- recommended primarily because of minertain more meaningful test results on lateritic alogic changes which may occur. For good
 
gravel aggregates. quality, coarse-grained materials oven dry.
 
(a) 	 The natural pit run or the 'as used' grad- ing appears to have no significant effect
 

ing of the material coarser than the No. on the LAR or D, test results (Ref. 1).

10 sieve should be used in preparing However, for coarse-grained lateritic
 
samples for the D, and LAR tests. Since materials containing a high proportion of
 
lateritic gravels are petrologically hetero- weak laterite or plinthite (such as later
gencous, an artificial laboratory grading ites from poorly drained tropical rain
 
may not give results representative of the forest areas) oven drying may cause par
material as it will be used. The No. 10 ticle cementation, mineralogic alteraticy.

sieve, rather than the No. 4, was selected of clays and alteration of iron minerals.
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If such changes occur, they will affect the 
LAR, and especially, the D,. and Dr test 
results. The effect will be toward indica-
ting a highe.r durability than actually
exists. 

(c) 	 It is recommended that the LAR test be 
run with 10 standard steel balls, regardless
of sample grading. The effect of varying
the number of balls was observed to be 
more severe than the effect of changingthe grading. Changing both gradation and
the number of balls may lead to widely
differing results on the same material. In
general, the LAR test run with 10 balls 
on the naturally graded material yielded 
results midway between the standard 'B'(11 	 ball) and 'C' (8 ball) grading resulhs 
for the same material. Furthermore, it issuggested that the natural grading and 10 
ball 	procedure be called the 	'L' grading. 

34. The LAR test results for lateritic gravels
from Southeast Asia may range from 20 to 60,
when tested with the V' grading. The D, may 
vary from 5 to 80 and the Df from 15 to 70.
These ranges are based on results from over
500 durability tests on lateritic gravels from
throughout Southeast Asia. Thus, lateritic
gravel aggregates range in quality from very
weak to comparable to good limestone. The 
data indicate that both the LAR and D,. testscorrelate with the apparent mechanical dur-
ability of laterite gravels. However, the D,. 
and D, tests on the air-dried natural (or as-
used) grading, are believed to provide a better
and more consistent measure of the 	 relative
durability of these materials in service than does 
the 	 LAR. These tests measure not only theresistance of the material to rubbing abrasion 
in the presence of water, but also evaluate the
quality and quantity of the fines produced bythis 	abrasion. The two tests together measure 
the relative mechanical durability of the entirematerial from 	the j in. through the No. 200sieve.ent 

35. Though these tests appear to provide
good and valid information, there is some 
problem with the repeatability of the Dr testwhen run on sonic lateritic soils. This is be-
lieved to be due primarily to the small sample
size used in the test, and the extreme sensitivity
of the test. In order to resolve this problem 

Volume 4, No. 5. September, 1970 

it is recommended that duplicate Dr tests be 
run on lateritic soils and the results averaged.
Although the 	D,. test is affected by 	 the same
factors which affect the Dr test, the test portion
is over ten times as large and the coarser frac
tions of laterite generally are better formed and 
more homogeneous thethan finer fractions. 
This accounts for the fact that 	 the repeat
ability of the D, test is much better than that 
of the Dr test. 
36. The California Division of Highw.eys
has concluded that no direct correlation exists
betwen these tests and the LAR test. An ex
amination of the data obtained during the pre
sent investigation confirms this conclusion. 

CONCLUSION REGARDING EFFECTS OF DURABILITY ON
AGGREGATE BEHAVIOUR UNDER REPEATEDMECHANICAL STRESS37. Because of the extreme care in selection 
and preparation of the samples it is believed 
some specific conclusions can be drawn from
the results obtained on this test series, though
the number of tests is relatively small. 
(a) There is apparently a direct correlation 

between the D and Dfof the sample, and 
the degree of disintegration incurred by
cyclic loading. The changes which occur
red after only 5000 cycles of relatively
low stress loading are shown in Fig. 4. An 
M,'s of aggregates 1 andexamination 8 indicate thatof the ultimate strengths and 
the 	highly durable control limestone and
non-durable lateritic gravel were of very 
norl teriic g re offvery
nearly the samc. strength and stiffness
due to the difference in friction aale be 
tween the two materials. However, there 
was over 50 times more reductio, in the 
modified fineness modulus (NfFM) of the 
lateritic material than of the limestone. 
I he change in MFN shown for Aggre

gate I represents a change of about 5 perrm the original MFM. Considering ,ie low stress and relatively fewcycles, this is fell to be excessive. A base
material may be subjected to millions of 
cycles of a 40 to 50 p.s.i. major principal
stress during its lifetime. In short, the 
samples had very nearly identical engin
ecring p-opcrties and performance except
for their difference in durability and the 

43 
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great difference in disintegration attribute 
to it. 

(b) 	All of the samples had an increase in stiff-
ncss (MI) with increasing cycles. This 
increase varied from 25 to 80 per cent of 
the original M, value. It shouid be noted 
that for three of the samples 50 per cent 
of this change occurred in less than 10 
cycles, and for the other samples it occur-
red in less than 150 cycles. The increased 
stiffness may be observed in the effect on 
the stress-strain curves of all of the mater-
ials. The following test results for sample 
47B illititrate this effect for various num-
bers of cycles of repeated stress, 

No. of Strain at Ultimate Stress, 
Cycles % of Original 

0 	 too 
20 	 25 

5000 	 27 

38. It is significant to note that the varia-
tion in Dr given in TABLE VII is entirely due 
to the variation in durability of the soil frac-
tion between the No. 4 and No. 8 sieves as the 

REFERENCES 

material smaller than the No. 8 was identical 
in every sample. The samples tested by the D, 
test were composed entirely of the individual 
aggregatc tested and predictably the results 
shown in TABLE VII emphasize the difference 
indicated by the Df results. 
GENERAL CONCLUSIONS REGARDING THE 
MECHANICAL DURABILITY OF LATERITIC GRAVELS 
39. Lateritic gravels which are sufficiently
well developed and of good enough quality to 
be considered for use in airfields or highways,
exhibit mechanical durability properties which 
are comparable to those of non-lateritic mater
ials. The D,, and D, test procedures recoin. 
mended in this paper correlate well with the 
observed performance of the materials tested. 

40. Limited cyclic load test data and field 
observations indicated that the present Cali
fornia test standards for the D, ana Dr tests 
are probably suitable for lateritic gravel aggre
gates. These standards require a minimum 
value of 35 for the D,. or Dr test result to 
ensure satisfactory durability of materials used 
in 	 a base course beneath a paved s,:rface.
Higher values would be desirable for materials 
used on unsurfaced roads. No requirement is 
specified or believed necessary for subbase 
materials. 
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CHAPTER 2
TAST PROCEDURES FOR EVALUATION OF TROPICAL SOIl, PROPERTIES

INTRODUCTION the field is obvious. However, it should be noted that the

problem was restricted only to the compaction since the
Well established testing procedures used in engineering four.day soaked CDR for both samples was the same. It is
evaluations of temperate soils are not always suitable for not known if the as-molded CDR would have been the sameevaluating tropical soils. Sometimes a modification of the for both samples but it is known that the in-situ CBR's atstandard tests are necessary in order to obtain a proper the site were in the order of 16.evaluation. For example, experience with tropical soils has It is important that such moisture-sensitive sodls beshown that the procedure of manipulating and pre-heating identified in preliminary investigations in order to avoidpreparations of temperate soils will change the properties of delays during the construction phase. An "aggregationtropical soils unless the procedure is altered, index" is recommended to determine the propensity of aThe changes in engineering properties that occur with soil to change after dehydration. This index is defined aspre-heating prior to testing are usually irreversible. The the sand equivalent value of the soil in its natural stategradation, Atterberg limits and the moisture-density rela. divided by the sand equivalent of the oven-dried sample. Antionship are all affected. An example of such changes are index of two indicates a moderately sensitive soil and anshown in Figure 2.1. The sample was obtained from a index of l2 indicates ahgdy sensitive soil.construction site at the Juan Santa Maria International The effect of drying on the A.tterberg limits for severalAirport, San Jose, Costa Rica. The testing was conducted soils tested during the African study is illustrated in Tableby the Departamento Laboratorio de Materiales, de Obras 2.1. Tests were conducted initially without drying (at thePblicas y Transportes, San Jose. A special study was field moisture content), with air drying and with ovenundertaken since the contractor was unable to obtain the drying at various temperatures and drying time. The dataspecified compaction which had been determined in the appears to indicate that temperature causes the greatestlaboratory. The data shown on the left side of Figure 2.1 change and the time of drying issecondary.are the original test results while the data on the right are Variations also occur in the Atterberg limits dependingthe test results of the special study. In the latter test the upon the amount of manipulation of the sample prior tosample was not dried prior to testing. The compaction testing. Excessive manipulation prior to testing leads tocurve on the right represents the moisture-density relation, breakdown of the soil structure and disaggregation. Bothship of the material as it exists in the fielJ. The subgrade consequences produce fines which results in higher liquidhad a natural moisture content of 70 percent, therefore the limit values.difficulty in obtaining the specified laboratory density in The hydrometer analysis is a particularly difficult test 

in that it is often difficult to reproduce results. The strong 

WM. 
tendency of tropical soils to aggregate or flocculate presentsWI R n a problem in dispersing the soils prior to testing.

1.20 	 LL S PI 29 

No 97%-S8X ca. TEST PROCEDURES 

uo The following are the recommended testing procedures
I AIEO U.E to be used in engineering evaluation of tropical soils.Ls . IL6 Pt Recommendations and modifications are suggested in viewDA0 ca0 % of the nature of these soils mentioned above. 

Test AASHO British Std.
026 1)	Dry Preparationof Soil T 87-70 1377 Part2 

Samples Sec. 4 
Comments: It Is recommended that the soil be air dried
regardless of relative humidity and that oven drying bea avoided. 

a0 40 so s * s Test AASHO British Std. 
MOISTURE CONTENT. % 2) Wet Preparationof Soil T 14649 1377Samples 

Comments: It is recommended that the soil be air dried and 
oven drying be avoided. 

FIGURE 2.1 - COMPARISON OF PHYSICAL 
PROPERTIES TESTED WITH AND Test AASHOWITHOUT PRE-DRYING (COURTESY 3) PreparationofSoilSamples
OF DEPARTAMENTO LABORATORIO atNarjrajAloistureContent.DE MATERIALES, MINISTERIO DE Comments: This 'procedure has not been standardized byOBRAS PUBLICAS Y TRANSPORTES, either AASIHO or ASTM. it is a special preparationSAN JOSE, COSTA RICA) procedure and was developed to facilitate the testing of 

II 
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TABLE 2.1 
Change In Atterberg Limits After Drying 

at Various Temperatures and Time Periods 

Soil 
Samples 

As 
Received 

Air 
Dried 

6 
boursat S00C 

24 
housat S00 C 

6 
hoursat 10SoC 

24 
hoursat ISoC 

A 

B 

C 

D' 

LL 
PL 
LL 
PL 
LL 
PL 
LL 

63.4 
39.1 
54. 
22.4 
51.8 
29.8 
45.2 

62.2 
31.2 
47.6 
22.9 
44.6 
26.8 
40.0 

60.1 
27.2 
47.1 
22.2 
44.7 
23.9 
40.5 

60.7 
28.7 
44.8 
24.1 
45.5 
22.9 
41.9 

57.3 
27.4 
41.8 
23.1 
42.8 
19.8 
41.0 

55.1 
28.4 
41.9 
22.4 
42.9 
20.3 
37.6 

E 

F 

PL 
LL 
PL 
LL 

21.7 
36.5 
38.2 
29.0 

21.0 
34.5 
30.2 
26.5 

21.6 
36.1 
31.4 
26.2 

21.8 
36.8 
29.1 
26.5 

24.8 
36.0 
26.-
25.8 

20.7 
3S.2 
28.2 
24.7 

G 
PL
LL 

21.4
65.0 

16.6
62.9 

15.6 
58.3 

14.8
58.S 

14.1
49A 

13.8
46.0 

H 

J 

PL 
LL 
PL 
U. 

PL 

27.2 
61.6 
28.2 
4S.7 
23.2 

27.8 
53.4 
25.5 
44.2 
23.5 

29A 
54A 
26.2 
44A 
25.9 

28.5 
53.9 
24.8 
44.4 
25.9 

24A 
44.4 
23.6 
43A 
26.2 

25.9 
42.7 
23.8 
44.4 
26.1 
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tropical soils at their natural moisture content. This was 
necessary because some tropical soil, particularly andosols, 
exhibit changes in engineering properties with drying. Two 
factors which cause the change in properties with drying 
are: (I) the tendency to form aggregation on drying and 
(2) the loss of water in hydrated minerals. The first 
generally results in an increase in strength while this isnot 
necessarily true with the second effect, 

8) Pour off liquid slowly by gradually increasing tilt 
of pan until cloudy layer overlaying the sediment 
reaches rim of pan. 

9) Air-dry material to asmooth paste consistency and 
put in small mixing dish. 

For most lateritic soils, material in suspension will 
settle out. If there is ,io indication of this after several 

The following is the procedure for pieparing a sample
for the Atterberg limit tests: 

Wet Method: 
1) Break up the required amount of material with 

hours, the following methid may be used. 
Place filter paper in a funnel and place wet soil inside 

the funnel in a jar or othcr container and allow to stand 
until all the excess water is fi;tered off. 

rubber-covered iestle or rolling pin. The procedure of conducting the Atterberg test Is the 
2) Transfer sample to saucepan and cover with water, 

Let soak until all material is disintegrated. This 
same with the exception that the low count (high moisture) 
is established first. The material is allowed to dry and the 

3) 
may require .2to 12 hours, 
Place a No. 40 sieve in a saucepan and transfer 

second point is established. This procedure isfollowed until 
a flow-curve is developed that will define the moisture 

entire soaked sample into the sieve. Wash any content at 25 blows. The Plastic limit is then determined 
material itill adhering to the soaku,,b "an into the after the Liquid Limit Test. 
sieve by squirting water from a battery filler. For many of these tropical soils that change properties 

4) Pour clean water into pan containing sieve until the amount of +40 material is such a minor constituent 
level of water 
sieve. 

is about 1/2 inch above mesh in that it is often unnecessary to sieve the material prior to 
conductin! the liquid limit test. 

5) Agitate the sieve with one hand without lifting the The following is an outline of the procedure to follow 
sieve. Concurrently, stir material with the other when preparing a sample at its natural moisture content for 
hand until all fine material appears to have passed establishing the moisture-density relationship. 
through sieve. I) The sample at natural moisture content is passed 

6) Hold sieve slightly above water surface in pan and through a 3/4 inch sieve. 

7) 

squirt water from battery Idler onto sieve until 
retained particles and the sieve are clean. Discard 
material retained in sieve, 
Place pan where it will not be disturbed and block 
it up on one side so water on the other side barely 
reaches rim of pan. Allow soil to settle for several 
hours. 

2)The sample is split into five more or less equal parts 
each of which are sufficient for compaction in a six inch 
mold. 

3) Two percent moisture is added to one sample and 
allowed to cure in a plastic bag or scaled container for a 
minimum of 12 hours prior to compaction; 18 to 24 hours 
would coincide better with normal working hours. 

12 
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4) A second sample is then compacted at its natural 
moisture content with the appropriate compactive effort 
and prepared for CDR testing if required. 

5)The remaining three samples are pernitted to air dry
for different periods of time prior to compacting the 
sample. 

Test AASHO BritishStd. 
4) ParticleSize Analysis T 88.73 1377 Test 6 
Comments: It isnot recommended to dry the soil prior to 
testing. It is recommended that the mechanical analysis be 
performed at the natural moisture content. A moisture 
correction must be applied prior to computations. The 
appropriate apparatus for performing the sieve analysis is 
shown in Figure 2.2. 

I' ' 
Z iwith 

-- """ 

L[ ,- 
- !,, ' 

ptt ~~,(-- / ,,paction. 

T. 	~samples 
.,.. 

. " .I 

y' N-	 -200 
-. 


S,. 
- .... 

K,.:8).Specific 
v, :'-'': ',-.,,JjCo'mmenti:Sfished 

.. .,*-.... 

I 

FIGURE 2.2-	 WET TEST SETUP WITH MECHANICAL 
SIEVE SlIAKER (ASTM 1969) 
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Sodium hexametaphosphate should be used as the
 
dispersing agent in the hydrometer analysis. The dispersing

time should be 15 minutes. Experience has shown that
 
sedimentation tests are difficult to perform on tropical

soils. It should be remembered that Stokes' law of
 
sedimentation does not give the actual diameter of the
 
particles but only the diameter of an equivalent sphere. The 
diameter of aclay plate can be five times greater than the
 
one determined from Stokes' law. Any sedimentation test,
 
no matter how accurately performed, gives only a general

indication of the size and quantity of soil particles.


Test AASIIO British Std. 
5)Liquid Limit T 89-68 1.77 Test 2A
 
Comments: The "Single-point Method" evaluated during

the African study can be used. Figure 2.3 shows the
 
comparison of test results of the South American soils
 
obtained in the standard laboratory procedure plotted

against the results obtained with the African equation
 

LL= W(N)- 0 

25
where:
 
W= water content at Nblows percent
 
N = number of blows.
 

A maximum of five minutes mixing time is recom.
 
mended because tropical soils are susceptible to breakdown
 

manipulation.
 

Test AASHO British Std. 

Index 	 T90-70 1377 Test 6 
6) Plastic Limt 	 and Plastiity117

Test AASHO 
7)Moisture Density Relations T 99-70 2.
 

T 180-70 2.

Comments:After mixing the samples with the various
 
percentages of water the sample should be sealed in an
air.tight container and allowed to cure for aperiod of 12 
hours to insure a homogeneous mixture prior to com-

When sl i.ficant amounts of gravel size materials 

are present which are hard and impermeable large moisture 
are necessary. The following quantities are recom

mended for moisture determinations: 

10 grams for minus No. 40 material 

grams for minus No. 4 material
 
1,000 grams for minus 3/8 inch material
 
2,000 grams for minus 3/4 inch material 

Test AASHO British Std.
Grarity T 100.70 1377 Test 5
When the moisture density relation is estab. 

without drying the specific gravity should also be 
determined without allowing the sample to dry prior to 
testing. A moisture correction is used prior to compu. 
tations. 

Tea AASHO
9) California Bearing Ratio T 192.63 
Conments:The recommendations given for AASHO T 99 
and T 180-70 should be followed in compaction. If initial 
testing indicates, that the soil is moisture knsitive, the 
compaction should be accomplished without predtying. 
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FIGURE 2.3- COMPARISON BETWEEN 5 POINTS LIOUID LIMIT AND LIQUID LIMIT DETERMINED BY SINGLE
POINT METHOD , 

Test AAStIO 
10) Sand Equivalent Value T 176-70 11) Method of Test for Duability of Agreates* (Me.
Comments: The susceptibility to change of engineering chanical Agitation in Water) 
properties due to dehydration can be estimated by the
 
aggregation index, the ratio of the oven dried sand Water)
 
equivalent value to the sand equivalent value at the field SCOpe
 
moisture content. The sand equivalent test is run in
 
accordance with AASI1O T 176-70 except for the field This method describes the procedure for determining
 
moisture sample which is not dried prior to testing. An the durability factor of eggregates. The durability factor's a
 
aggregation index value greater than 2 indicates the soil value ,ndicating the relative resistance of an aggregate to
 
may be susceptible to change in engineering properties producing detrimental claylike fines when subjected to the
 
upon drying. prescribed mechanical methods of degradation.
 

The following three test procedures may not be readily Procedure 

available. These are reproduced in their entirety from the A. APPARATUS 
sources provided. 

Reproduction from test |.Mechanical washing vesse, ("p,.l"): A flat bottom,Method No. Calif. 229-C, July, 1963. 
Materials and Research Department - State of California, straight sided cylindrical vessel conforming to the specifi. 
rQeUrtment of l'ublic Works. Division of HilhWays. cations and dimensions shown in Fig. 2.4a. This vessel is 

14 
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FIGURE 2.4. - MECHANICAL WASHING VESSEL 

available to California State Agencies fot the Sere and 5.A graduated plasticfrbber cylinder, stopper, ir-

Supply Department of the Division of Highways (Stock gtor tube, weighted Coot assembly and siphon assembly allNo. 69,577 NR). conforming to their respective specifications and dimen
2. Vessel: A round pan suitable to collect the wash sionts shown in Fig. 2.4d. 

water from the washed sample. A sand equivalent test kit, which contains the neces
3. Agitator: A Tyler portable sieve shaker, modified as sany/equipment, except for a l-gal, bottle, is avaijable toahown in Fig. 2.4b and set to operate t 285 ;10 complete California State agencies from the Service and Supply 

cycles per minute. The two agitation periods specified Department cf the Division of Highways (Stock No. 

under E, Preparation of Sample, and F, Test Procedure arc 69,690 NR). Fit the siphon assembly to a l-gal. bottle offor this modified shaker. Other types of sieve shakers may working calcium cloride solution plac d on a shelf 3 
be used, provided the length of time andlor other factors ft. ± I in. above the work surface (Scc Fig. 2.4e). In lieu of 
ae adjusted so that results can be obtained which duplicate the specified qigal. bottle, a glass or plastic vat haing a 
the results obtained with the modified Tyler portable sieve larger capacity may be used proiCing the liquid level of the 
shaker. See Figure 2.4c for a photograph of the mechanical working solution is maintained between 36 and 46 inches 

washing vessel secured in position in the standard mecha. above the work surface. 
nical agitator. - 6. Measuring tin: A 3-oz. tinned box approximately

4. Graduated cylinders of 10 ml and 1,000 ml capa. 2T in. in diameter with Gill style cover, and having a 
cities. capoicity of 85 :t5ml. 

15 



120 

Compendium 10 	 Text 5
 

/,--	 BT . 

, . ..	 n_ 

FIGURE 2.4b - MODIFICATION 	OF TYLER SHAKER FOR TEST 

7. Funnel: A wide-mouth funnel approximately 4 in. in 
diameter at the mouth. 

8. Clock or watch: A clock or watch reading in minutes 
adseconds. 

9. Mechanical Sand Equivalent Shaker t . A shaker 
conforming to the specifications and dimensions shown in 
the State of California, Division of Highways, Materials and 
Research Department Plans Designation D-256 (See 

......................... .. Fig.2.4f). to use, fasten the mechanical sand... Prior 
equivalent shaker securely to a firm and level mount and 
disconnect the timer so that the sample can be agitated 
continuously for the prescribed I0.minute shaking time. 

10. Sieves: The sieves shall be of the woven wire type 
.... ....... ...... square openings and shall conform to the "Standard .iwith 
............ 	 Specifications for Sieves for Testing Purposes," AASHO 

Designation M.92. 
........ II. A balaaice or scale with a minimum capacity of 
........... .... • ..... 
i 

.........	 S,000 grams and sensitive to I gram.
 

B.MATERIALS 

1. Stock calcium chloride solution (same as stock 
solution used in Sand Equivalent Test) consisting or: 

454 g (I lb.) tech. anhydrous calcium chloride 
2,050 g(1,640 ml) U.S.P. glycerine 

47g(45 ml) formaldehyde (40 percent by Yohlme 
solution). 

I This mechanical shaker is - modification or shaker designs
originally developed by Henry Davis of the California Division of 
Highways. and by the Laboraturie Centrol dc% Ponts et Chassees, 
Paris. France, under the direction of Mr. R. Peltier. The mechanicalFIGURE 2.4c - MECHANICAL WASHING VESSEL shaker isavailable to California Diisilon oftighways agencies fromIN TYLER SHAKER 	 the Service and Supply Department, Stock No. 69.849 NR. 

16 
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Dissolve the calcium chloride in 1/2 gal of distilled or 

-through 
dentineralized water. Cool the solution, then filter it

Whatman No. 12 or equivalent filter paper. Add 
the glycerine and fornaldehyde to the fileted solution, 
mix well, and ddlc to I gal. with distilled or demincralized 

.water. District laboratorics should secure stock calciumchloride solution from the Service and Supply Department 
of the Division of highways (Stock No. 69,691). 

2. Working calcium chloride solution: Prepare the 
working calcium chloride solution by diluting one 
measuring tin full (85 ! S ml) of the stock calcium chloride 
solution to I gal. with water. Use distilled or demineralized 

*,, water for the normal preparation of the working solution. 
However, if it is determined that the local lap water is of
such purity that it does not affect the test results, it is 
permissible to use it in lieu of distilled or demineralized 
water except in the event of dispute.

3.Water: Use distilled or demineralized water for the 
normal performance of this test. This is necessary because 
tie test results are affected by certain minerals dissolved inIwater.However, if it is determined that the local tap water 
is of such purity that it does not affect the test results it Is 
permissible to use it in lieu of distilled or dernineralized 
water except in the event of dispute. 

C.TEST RECORD FORM 

Record test results on Form T.200 or T-361.
FIGURE 2.4e - SAND EQUIVALENT TEST APPARATUS 

EXCLUDING SHAKER D.CONTROL
 

This test may be normally performed without strict 
temperature control; however, in the event of dispute retest 
the material with the temperature of the distilled or 
demineralized water and the working calcium chloride 
solution at 72 ± 5 F. 

E.PREPARATION OF SAMPLE 

1.Prepare the sample as described in Test Method No.0 Calif 201. Care should be exercised in cleaning the coarse 
aggregate and breaking up of clods so that the method used 
does not appreciably reduce the natural individual particle 
sizes. 

2. Separate the sample on the 3/4.inch, I/2-inch. 
3/8.inch and No.4 sieves. Set aside that portion of the 
material retained on the 3/4-inch sieve. Weigh and record 
the weights of material retained on the l/2-inch, 3/8.inch 
and No.4 sieves. 

3. Preparation of Coarse Aggregate Test Sample. 
a. 	 Determine the grading to be used in preparing each 

preliminary test sample as follows: 
S,,,,
, 
 (I) If each of the aggregate sizes listed below 

represents 10 percent or more of the 314"x No. 4 portion, as 
determined from the weights recorded in paragraph 2 
above, use the oven dry weigts of material specified below 
for preparing each preliminary test sample. 

Aggregatc Oven dry 
size weight.p;ms 

3/4"x 1/2" 1.050t.I0 
I1/2" x 3/8" 550 to 
318" xNo. 4 900 5FIGURE 2.41- MECHANICAL SAND EQUIVALENT Test Sample Weight 	 2.500 ±25 

SHAKER
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(2) If any of the aggregate sizes listed in above 
represents less than 10 percent of tle 3/4" x No. 4 portion, 
use the same percentage of material from the deficient 
aggregate size or sizes as was determined from the weights
recorded in paragraph 2 above and proportionally increase 
the weight of the remaining size or sizes to obtain the 
2,500-gram preliminary test sample weight. 

test sample using the weights specified from reprcsc, ',Itivc
portions of each si/c of washed material. Occasin'tally it 
may be necessary to wash a third preliminary test sample to 
obtain the required weight of material of a specific size. 

(2) If the weights of material prescribed were adjusted 
as prescribed in the preparation of the preliminary test 
sample, use all of the material representing the defiient 

Example I-Lcs than 10% of 3/4"x 12" agcl'eate size materiat 
size or sizes obtained from washing the 
samples and proportionally increase 

two preliminary test 
the weight of the 

Asgregae 
size 

Percent 
each size 

Catrulation Oven dry
weight-gtrams 

remaining size or sizes to obtain the 2,500-gram washed test 
sample.

4. Preparation of Fine Aggregate Test Sample 
314" x 12" 6 .06 x 2500 15O ±t a. Split or quarter a representative portion from the 

112" x 3/8" 26 550(2500 . 150)S0+ 900 891 ::00 
material passing the No. 4 sieve of sufficient weight
obtain an oven dry weight of 500-25 grams. 

to 

3/8" x No.4 68 900(2500 - 150) 1459. b. Dry this preliminary test sample to constant weight 
550+900 at a temperature of 221 to 230 F. Cool to room 

Test Sample
Weight 2560±25 

temperature. 
c. Place thi preliminary test sample in the mechanical 

washing vessel, add 1,000±5 ml of distilled or 

b. Prepare two 2.500.gram preliminary test samples
using the prescribed grading. Dry the test samples to 
constant weight at atemperature of 221 to 230 F. 

c. After allowing the oven dried material to cool, place 
one of the preliminary test samples in the mechanical 
washing vessel, add 1,000 ±5 m of distilled or 
demineralized water, clamp the vessel lid in place and 
secure the vessel in the sieve shaker, 

demineralized water, clamp the vessel lid in place. Secure 
the vessel in the sieve shaker in sufficient time to begin
agitation after ten minutes±30 seconds has elapsed from the 
introduction of the wash water. Agitate the vessel for a 
period of two minutes ±5 seconds. 

d. After the two minute agitation period is completed, 
remove the vessel from the shaker, unclamp the lid and 
carefully pour the contents into a No. 200 sieve. Rinse any
remaining fines from the vessel into the sieve. Direct water 

Example 2-Less than 10% of 3/4" x 1/2" and 1/2" 
x 3/8" aggregate size materials 

Agregate Percent epriorsize each size Calculations Oven dryweight-lPams 

3/4" x 1/2"- 4 .04 x 2500 100±10
1/2" x 3/8"- 7 .07 x 2500 175±10 
3/8" x No. 4 89 2500-(100.175) 2225± 5
Test Sample 

weight 250025 

(from flexible hose attached to a f'.-cet) onto the aggregate
until the water passing through the sieve comes out clear. 

e. it may be necessary to flood clayey or silty samples 
to pouring them over the sieve to prevent clogging the

No. 200 sieve. Flood by adding water to the vesselfollowing the agitation period. This dilutes the wash water
and reduces its tendency to clog the sieve. Repeated
flooding may be necessary in extreme cases before all of the 
contents of the vessel can be poured over the sieve. 

f. Following the rinsing, transfer the material from the
sieve to a drying pan, and dry to constant weight at a 
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d. Begin agitation after a time of 1 minute ± 10 
seconds has elapsed from the introduction of the wash 
water. Agitate the vessel in the sieve shaker for two minutes 
15 seconds. 

e. After the two-minute agitation time is completed, 
remove the vessel from the shaker, unclamp the lid and 
pour the contents into a No. 4 sieve. Rinse any remaining
fines from the vessel onto the sieve and direct water (from a
flexible hose attached to a faucet) onto the aggregate until 
the water passing through the sieve comes out clear. 

f. Wash the second preliminary test sample in the same 
manner as prescribed above then combine all of the washed 
material obtained from both preliminary test samples and 
dry to constant weight at a temperature of 221 to 230 F. 

g. After allowing the oven dried material to cool, 
separate the washed coarse argrcgate on the 1/2.inch,
3/8-1nch and No. 4 sieves. Discard the material passing the 
No. 4 sieve, 

h. Prepare the washed test sample as follows: 
(1) If the preliminary test samples were prepared using 

the weights specified in a.(I) above, prepare the washed 

temperature of 221 to 230 F. It is necessary to wash the 
material from the No. 200 sieve in order to transfer the 
retained material to a drying pan. Leave the pan in a 
slanting position until the free water that drains to the 
lower side becomes cleat, then pour off this clear water. 
Use large shallow pans and spread the sample as thinly as 
possible to speed drying. 

g. After allowing the oven dried material to cool, 
mechanically sieve the washed test sample for 20 minutes 
using the following nested sieves: No. 8, No.16, No. 30, 
No. 50, No. 100 and No. 200. Place a pan below the 
No. 200 sieve to catch that portion of the material passing
the No. 200 sieve. Refer to Test Method No. Calif. 202 for 
general instructions on sieving procedure.

h. After sieving the washed test sampl!e recombine all 
of the material retained on each sieve with the material 
passing the No. 200 sieve that was caught in the pan.

i. Split or qualer sufficient amount of the wa.hed =.d 
sieved material to fill the 3.ounce measuring tin to the brim 
or slightly rounded above the brim. While filling tin 
measure, tap the bottom edge of the tin on awork table or 
other haid surface to cause consolidation of tie material 

19 
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-aid allowing the maimum anount to be placed in the 
measuring tin. Use extreme care in this procedure to obtain 
a truly representative sample. If the quartering method is 
used, follow the procedure as specified for "Hand 
quartering of samples weighing less than 25 lb." in Test 
Method No. Calif. 201. 
F. TEST PROCEDURE 

1. Test Procedure for Coarse Aggregate 
a. Place the plastic cylinder on awork table which will 

not be subjected to vibrations during the performance of
the sedimentation phase of the test. Pour 7ml of the stock 
calcium chloride solution into the cylinder. Place aNo. 8 
and No. 200 sieve on the pan or vessel provided to collect 
the wash water with the No. 8 sieve on top. The No. 8 sieve 
serves only to protect the No. 200 sieve. 

b. Place the prepared aggregate sample in the 
mechanical washing vessel. Then add 1,000±5 ml distilled 
or emineralized water, clamp the lid in place and secure the
vessel in the sieve shaker. Begin agitation after a time of 
1 min has elapsed from the introduction of the wash water, 
Agitate the vessel for 10 minutes ± 15 seconds, 

c. Immediately following the 10 min agitation period,
take the vessel from the sieve shaker and remove the lid. 
Then agitate the contents of the vessel by moving the 
upright vessel vigorously inahorizontal circular motion five 
or six times in order to bring the fines into suspension.

Immediately pour all of the contents of the vessel into 
the nested No. 8 and No. 200 sieves placed in the pan 
provided to collect the wash water. 

d. Add enough distilled or demineralized water to 
bring the volume of dirty wash water to 1,000 ±5ml. Then 
transfer the wash water to avessel suitable for stirring and 
pouring, 

e. Place funnel in the graduated plastic cylinder. Stir 
the wash water with the hand to bring the fines into 
suspension. While the water isstill turbulent pour enough
of the wash water into the cylinder to bring the level of the 
liquid to the 15 in. mark. 

f. Remove the funnel, place the stopper in the end of 
the cylinder, and prepare to mix the contents immediately. 

g. Mix the contents of the cylinder by alternately
turning the cylinder upside down and right side up,
allowing the bubble to completely traverse the length of the 
cylinder 20 times inapproximately 35 seconds, 

h. At the completion of the mixing process, place the
cylinder on the work table and remove the stopper. Allow 
the cylinder to stand undisturbed for 20 minutes ±15 
seconds. Then immediately read and record the height of 
the sediment column to the nearest 0.1 inch. 

I. There are two unusual conditions that may be 
encountered in this phase of the test procedure. One is that 
a clearly defined line of demarcation may not form 
between the sediment and the liquid above it in Lie 
specified 20-minute period. If this happens, and the test is 
being made with distilled or demineralized water, allow the 
cylinder to stand undisturbed until the clear demarcation 
line does form, then immediately read and record the 
height of the column of sediment and the total 
sedimentation time. If this should occur in a test being
made with tap water, discontinue the test and retest using 
an untested portion of the sample with distilled or 
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demineralized water. The second unusal condition is that
 
the liquid immediately above the line of demarcation may

stdl be darkly clouded at the end of 20 minutes, and the
 
demarcation Inc. although distinct, may appear to be in the
 
sediment column itelf. As for the first case, rerun the test
 
using anew sample with distilled or demincralized water if
 
ap water was used; otherwise read and record this line of
 

demarcation at the end of the specified 20-minute
 
sedimentation period as usual.


2. Test Procedure for Fine Aggregate 
a. Siphon 4 ±0.1 in. of woking calcium chloride
 

solution into the plastic cylinder.

b. Pour the prepared test sample into the plastic

cylinder using the funnel to avoid spillage (See Fig. 2.4g).

Tap the bottom of the cylinder sharply on the heel of the
 
hand several times to release air bubbles and to promote

thorough wetting of the sample.
 

c. Allow the wetted sample to stand undisturbed for
 
10 ± I minutes.
 

d. At the end of the 10-minute soaking period, stopper
 
the cylinder, then loosen the material from the bottom by

partially inverting the cylinder asid shaking it
 
simultaneously.
 

e. Place the stoppered cylinder in the mechanical satJ 
equivalent shaker and allow the machine to continuously

shake the cylinder and contents for 10 minutes ± IS
 
seconds.
 

I. Following the shaking operation, set the cylinder

upright on the work table and remove the stopper.
 

g. Insert the irrigator tube in the cylinder and rinse

material from the cylinder walls as the irrigator islowered.
 
Force the irrigator through the material to the bottom of

the cylinder by applying a gentle stabbing and twisting

action while the working solution flows from tC: irrigator

tip. This flushes the fine material into the suspension above
 
the coarser sand particles. (See Fig. 2.4h).


h. Continue to apply a stabbing and twisting action
 
while flushing the fines upward until the cylinder isfilled to
 
the 15-inch nark. Then raise the irrigator slowly without
 
shutting off the flow so that the liquid level ismaintained
 
at about 15 in. w.ile the irrigator is being withdrawn.
 
Regulate the flow just before the irrigator is entirely

withdrawn and adjust the final level to 15 in. 

i. Allow the cylinder and contents to stand 
undisturbed for ," - *utes ± 15 seconds. Start tie timing

immediately after withdrawing the irrigator tube.
 

j. At the end of the 20-minute sedimentation period,

read and record the level of the top of the clay suspension.

This is referred to as the "clay reading". If no clear line of 
demarcation has formed at the end of the specified 
20-minute sedimentation period, allow the sample to stand 
undisturbed until a clay reading can be obtained, then 
immediately read and record the level of the top of the day
suspension and the total sedimentation time. If the total 
sedimentation time exceeds 30 minutes, rerun the test using
three individual samples of the same material. Read and 
record the clay column height of that sample requiring the 
shortest sedimentation period only.

k. After the clay reading has been taken, place the 
weighted foot assembly over the cylinder with the guide in 
position on the mouth of the cylinder and gently lower the 
weighted foot until it comes to rest on the sand. 
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I. While the weighted foot isbeing lowered, keep one
of the centering screws in contact with the cylinder wall 
near the graduations so that it can be seen at all times. 

m. When 	 tie weighted foot has come to rest on the 
sand, read and record the level of the centering screw. This 
reading is referred to as the "sand reading". ISce Fig. 2.4i). 

n. If clay or sand readings fall between. 0.l.inch 
graduations, record the level of the higher graduation as the 
reading. For e.tample, a clay level at 7.95 would be 
recoided as 8.0. A sand level at 3.22 would be recorded at 

0. CALCULATIONS AND REPORTING 

. Durability Fac'or of Coarse Aggregate 
a. Compute the durability factor of the coarse 

aggregate to the nearest whole number by the following
formula: 

Dc =30.3 + 20.8 cot (0.29 + 0.15 H) 

Where: 

Dc a Durability Factor 

H = Height of Sediment in inches 


Solutions of the above equation are given in TableNo. 2.2. 
2. Durability Factor of Fine Aggregate 
a. Calculate the durability factor of the fine aggregate 

to the neArest 0.1 using the following formula: 

II
 

drea 
Df =din XO0 

Clay reading 
b. If the calculated durabnity factor is not a whole
 

number, report it as 
 the next higher whole number. For 
example, if the durability factor were calculated from the
 
example in paragraph 2n of Article F the calculatt4
 
durability factor would be:
 

Df= -- x 100 = 41.2
 
c. Since this calculated durability factor is not a wholenumber it would 	be reported as the next higher whole
 

number which is 42.

d. If it is desired to average a series of values, average

the whole number values determined as described above. Ifthe average of these values is not a whole number, raise it to
 
the next higher whole number as 
 shown in the following 
example: 

(I) Calculated Df values: 41.2,43.8,40.9. 

(2) After raising each to the next higher whole number 
they become: 42,44, 41. 

(3) 	 The average of these values is then determined.
 
42+44+41
42+4243 

3 
e. Since the average value is not a whole number It is

raised to the next higher whole number and the reported 
average durability factor is reported as "43" 

FIGURE 2.4g - TEST PROCEDURE FIGURE 2.4h - TEST PROCEDURE FIGURE 7.41 - TEST PRUCEDIJREFOR FINE FOR FINE FOR FINE 
AGGREGATE AGGREGATE AGGREGATE 
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TABLE 2.2
 

Durability Factor of Coarse Aggregate
 
Dc =30.3 + 20.8 cot (0.29 +O.15H)
 

Sediment Sediment Sediment Sediment Sediment 
heiht De height Dc height D € height Do height Dc 

(Inches) (inches) tinches? troches) (inches) 

0.0 100 3.0 53 6.0 39 9.0 29 12.0 Is 
0.1 96 3.1 52 6.1 38 9.1 29 12.1 Is 
0.2 93 3.2 52 6.2 38 9.2 28 12.2 18 
0.3 90 3.3 531 6.3 38 9.3 28 12.3 17 
0.4 87 3.4 5I 6.4 37 9.4 28 12.4 I7 

0.5 85 3.5 50 6.5 37 9.5 27 12.5 16 
0.6 82 3A 49 6.6 37 9.6 27 12.6 16 
0.7 80 3.7 49 6.7 36 9.7 27 12.7 is 
0.8 78 3.8 48 6.8 36 9.8 26 12.8 IS 
0.9 76 3.9 48 6.9 36 9.9 26 12.9 14 

1.0 74 4.0 47 7.0 35 10.0 26 13.0 14 
1.1 73 4.1 47 7.1 35 10.1 25 13.1 13 
1.2 71 4.2 46 7.2 35 10.2 25 13.2 13 
1.3 70 4.3 46 7.3 34 10.3 25 13.3 12 
1.4 68 4.4 45 7.4 34 10.4 24 13.4 12 

3.5 67 4.5 45 7.5 34 10.5 24 13.5 Ii 
1.6 66 4.6 44 7.6 33 10.6 24 13.6 11 
1.7 65 4.7 44 7.7 33 10.7 23 13.7 10 
1.8 63 4.8 43 7.8 33 10.8 23 13.8 9 
1.9 62 4.9 43 7.9 32 10.9 23 13.9 9 

2.0 61 S.0 43 8.0 32 11.0 22 14.0 8 
2.1 60 5.1 42 8.1 32 11.1 22 14.1 7 

126 
2.2 
2.3 

59 
59 

5.2 
5.3 

42 
41 

8.2 
8.3 

31 
31 

11.2 
11.3 

22 
21 

14.2 
14.3 

7 
6 

2.4 58 5.4 41 8.4 31 11.4 21 14.A 5 

2,5 
26 

57 
56 

5.5 
5.6 

40 
40 

8.5 
8.6 

30 
30 

3!.5 
11.6 

20 
20 

14.5 
14.6 

4 
4 

2.7 55 5.7 40 8.7 30 1.7 20 14.7 3 
2.8 54 5.8 39 8.8 29 11.8 19 14.8 2 
2.9 54 5.9 39 8.9 29 11.9 19 14.9 1 

15.0 0 

H. PRECAUTIONS 

1. Perform the test in a location free of vibrations, If any play isnoticed, replace the cam and/or bearing. 
because vibrations may cause the suspended material to 4. Lubricate the sieve shaker at least each three 
settle at agreater rate than normal, months. 

2. Do not expose the plastic cylinders to direct REFERENCES 
sunlight any more than isnecessary. A California Test Method 

3. Frequently check the play between the cam and Test Method No. Calif. 201 
eccentric on the modified Tyler portable shaker by grasping Test Method No. Calif. 202 
one of the hanger rods and attempt to move the sieve base. End of Text on Calif. 229.C 
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12) USING TIlE FIIA SOIL PVC METER 

(Reproduced from "Guide to Use of the FHA Soil PVC 
Meter, by G.F. Henry and M.C. Dragoo, Federal Housing
Administration, FIIA No. 595, Jan. 1965, Washington). 

A. General 

The FHA Soil PVC Meter (Figure 2.5a) is used to 
perform a swell index test. This test is essentially a 
measurement of the pressure exerted by a sample of
compacted soil when it swells against a restraining force 
after being wetted. The FHA Soil PVC Meter, in addition to
yielding PVC values, can be used to estimate the plasticity
index and shrinkage behavior of soils. These values are 
determined by comparing the results of the swell index test
with appropriate values contained in Figures 2.Sb, 2.5c, 
2.5d and 2.5e in this guide and reading the corresponding
extrapolations. 

The following categories of PVC have been established: 

PVC Rating Category V " 

Less than 2 
2 to4 
4 to 6 
Greater than 6 

Noncritical 
Marginal 
Critical 
Very critical 

4 

These ratings were established on the basis of the swellingand shrinking behavior of the soil. 

50 

FIGURE 2.a - PICTURES OF EQUIPMENT 
127 

44T 
0 

4o 

2o 
0 

'40 

30-

W 

20 

00 

0 1000 2000 3000 4000 5000 6000 7000 8000 
PRESSURE (Ib./sq.ft.) 

FIGURE 2.5b - PROVING RING CALIBRATION FROM 'FHA SOIL PVC METER PUBLICATION' FEDERAL HOUSING 
ADMINISTRATION PUBLICATION N? 701 (Lambe 1960) 
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B. Equipment 

I. PVC Meter
2. Spacers, plate, and clamp for alternate compactionmethod.. 

3. No. 10 Sieve 

4. Teaspoon
5. Compaction Hammer and Sleeve
6. Two Dry Porous Stones7. Knife, (preferably serated)
8. Straight Edge
9. Water in Squirt Bottle with Pointed End 

10. Wrenches 

C. Preparation of Sample 

For the test sample, take about a pint of soil from thesoil layer in which the foundation member will rest.
 
Although samples can be tested 
 at three relative watercontents (dry. moist, or wet), it is suggested that those
 
being tested for FHA purposes be tested in the air dried

condition only. The samples can be sufficiently air dried by
breaking the soil into small lumps and leaving it in the sun 
for afew hours. The following procedures are for soil in theair dried condition. For information about soil in other
 
conditions, see Lambe (1960).
 

D. Preparation for Compaction 

Disassemble the PVC Meter with exception of the rods
which can remain screwed into the base. Place proving ring
and top bar where it will not be jarred during compaction.

Wipe equipment with clean cloth. 

E. Compaction

DEFINITIONS:
 

Compaction ring largest ring; identified by letter "c" 

etched on outside periphery.Spacer ring smallest ring; identified by letter "a" 
etched on outside periphery.

I. To assemble meter for compaction, fit compaction
ring on base so that "c" is backwards and at the top. Align
bolt holes with those inbase. Place spacer ring oncompaction ring so that "s" isat the top (radial grooves are 
at top). Align bolt holes with those in base. Insert the 3 
bolts through both rings and the base and tighten firmly tobase. 

2. The soil sample is to be placed in the ring assembly
 
3 layers of equal amounts. Each layer is to be compacted
separately. Compaction is accomplished by use of the 

hammer, which is a tamping device encased in a metalsleeve. 
Compact each layer of the sample in the following 

manner: 
a. Place 3 heaping teaspoonsfull of sample In ring

asscmbly and smooth lightly with hammer to firm 
up the surface before applying the blows (This 
reduces the amount of soil "jumping" out of themold during compaction). Place apparatus on a 
solid level floor. 
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b. 	 Before each blow, lift sleeve /8 inch from soil and 
hold firmly against the inside of the spacer ring.
11144e sure sh'ere of haintiwr tests inri, ti,'es so 
that hammer does not damuge tlm in J'lhng,. lie 
sure to hold sleeve and hammer perpendicular and 
in line with supporting rods. Raise hammer to top
of sleeve and let it fall free (not striking sides of 
sleeve). Space blows evenly over surface of sample
by shifting hammer after each blow. Compact the
first two layers with 7 blows each of the 
compaction hammer and the last with 8 blows, 
Repeat this process for each layer. (See F for 
Alternate Compaction Method). 

4. At completion of the compaction of both the first
and second layers scratch the top surface of the layer with 
a knife to assure proper bond with the next layer. After 
compaction, the last layer should extend approximately 1/4
inch into the spacer ring. If it is significantly below this 
point, remove entire sample and recompact.

5. Put assembly on table and remove the 3 bolts. 
Rotate spacer ring (to break bond between ring and soil)
and remove carefully from base. Remove compaction ring 
containing sample in same way. Do not tilt compaction ring
or spill soil. 

6. Trim top of the sample with 2 knife. Hold knife
against the compaction ring at all times during trimming to 
avoid dislodging sample. Trim in a sawing motion taking off 
only a small amount of soil at a time. Rotate the ring as 
you trim. Work from the edge toward the center. When 
sample is almost level, do finaldeveling by drawing ametal 
straight edge over sample. 

7. The final surface of the soil sample should be lirm 
and smooth. Any voids should be Idled by pressing 
additional soil into them with the knife or spoon.8. Clean soil from base and from all holes in rings and 

bse.Ceaov soi from be afrom h oe s ringsandbase. Remove soil in the groove of the spacer ring and from 
the holes in the spacer ring and the compaction ring with a 
toothpick or paprclip. 

F. Alternate Compaction Method 

1. After fitting rings to base as explained in E,
paragraph I, place one spacer on each rod, then set the 
plate on the spacers. Bolt these securely to the rods. Attach
the clamp to the sleeve so that the sleeve extends about 1/4 
inch insider the spacer ring. Place the soil sample in the ring
assembly in the same manner as explained in E, paragraphs
I and 3f. 

2. Before each blow, turn the "foot" of the clamp so 
that It points in the direction of the spot to be compacted.
The sleeve and hammer must be held perpendicular and in 
line with the supporting rods. To assure this, the sleeve 
should be held firmly against the inside of the plate and the 
spacer ring. Raise hammer to top of sleeve and let it fall
free (not striking sides of sleeve). Space blows evenly over 
Surface of sample by shifting hammer after each blow. 
Compact the first two layers with 7 blows each of the 
compaction hammer and lhe last with 8 blows. Repeat this 
process for each layer. 

3. The remaining compaction process is the same as E, 
paragraphs 4 through 8. 
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G. Swelling 

I. Place spacer ring oil base with "s" (and radial
 
grooves) on top. Align bolt holes with those on base. Place
 
thoroughly dry porous stone in spacer ring. Move assembled
 
base to edge of working table. Place thumb under base and
 
other fingers over spacer ring and stone, holding them
 
firmly in place. Turn base upside-down retaining firm hold
 
on stone and spacer ring. Pick up compaction ring

containing sample trimmed side up and place flush against
 
porous stone in spacer ring aligning bolt holes in the two
 
rings. Move compaction ring with as little disturbance of
 
sample as possible. Turn base with rings, stone, and sample

rightside-up. Bolt rings tightly to base.
 

2. Place a dry porous stone on top of sample inside
 
compaction ring. Place 
 the rubber 0-ring on the base and
 
screw the lucite container onto it tightly to insure water
 
seal. Place metal cover on porous stone with the center
 
indentation at the top.


3. Place top bar with proving ring on the steel rods (Be
 
sure that the adjustable rod which extends down from the

proving ring dial does not strike the cover). Add washers
 
and nuts and tighten firmly.


4. Set proving ring dial to zero by moving the band 
around the dial. Tighten dial with the screw on band. Push
 
up on proving ring dial to see that it appears to-work
 
properly. Turn adjustable rod exactly into the center of the
 
indentation on top of the cover. Be sure that the cover is
 
centered exactly over the stone. Tighten lock nut on
 
adjustable rod firmly. Be sure adjustable rod does not stick
 
in cover (receptable for idjustable rod may require slight 


enlargement).division Turn adjustablepast zero. Tighten rod until dial rea onelock nut firmly agair, untiladjustable rod has no play. 
5. Record the time and the proving riti, reading. Add
 

water to sample by squeezing from squirt bottle into the
holes located at the top of compaction ring until water level
 
in lucite container has covered the spacer ring and tops of
 
the bolts. (This procedure is used to reduce the amount of
 
air entrapped in the ring assembly and thus insures that the 
sample has uniform access to water over its entire top andbottom surfaces). 

H. 	 Reading 

I. Allow soil to expand until completely stabilized or
 
for a maximum of 2 hours, then read dial to obtain PVC
 
swell index value. On the dial the number 1 equals 10 
divisions, the number 2 equals 20, etc. 

2. Next, find the number corresponding to the proving
ring dial reading on Figure 2.5b and subtract the one 
division that registered on the dial prior to swell. Read 
horizontally to intersection with sloping line. From point of 
intersection, read downward to "baseline w'iich inacaies 
pressure in lbs./sq. ft. 

3. Take this figure to Figure 2 .5c lind the number 
corresponding to It on left hand side of the chart. Read 
hoizontally to intersection with the sloping line marked 
"Dry and Moist". From point of intersection, red
downward to the baseline, which indicates PVC category.

4. Take the reading in lbs./lsq.ft. to Figure 2.5d to 
detemIne the plasticity index. 
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5. It is also possible to obtain the approximate PVC 
category and plasticity index by taking the reading from 
the proving ring dial directly to Table 2.3. 

TABLE 2.3 

Table for Converting Proving Ring Readings to 


PVC Category and Approximate Plasticity Index 


PROVING SWELL PVC PLASTICITY 
RING INDEX CATEGORY INDEX (%)

READING (#/SF) 

5 775 0.8 8.5 
6 925 1.0 9.5 
7 1075 1.2 10.7 
8 1250 1.4 It.7 
9 1375 1.6 12.7 

10 13550 1.8 13.8 

10.8 1675 2.0 14.6 

11 1700 2.0 14.8
12 187S 2.2 15.8 
13 2025 2.4 17.014 2 17S 2.65 18.0 
Is 2350 2.85 19.0 
16 2500 3.05 20.0 
17 2675 3.3 21.5 
18 2800 3.45 22.5 
19 2975 3.7 23.8 
20 31S0 3.9 2S. 

20.3 3200 4.0 25.5 
130 21 3300 4.1 26.022 3450 4.3 27.5 

23 3600 4,5 28.5 
24 3775 4.7S 29.8 
25 3925 4.95 30.8 

26 4075 5.15 31.8 
27 4225 SA 33.0 
28 4375 5.55 34.0 
29 4525 5.75 35.3 
30 4700 5.95 37.0 
30.2 4 725 6.00 37.1 

31 4850 6.2 38.0 
32 4975 6.3S 39.0 
33 5 125 6.5 40.4 
34 5275 6.7 41.7 
35 542 6.9 43.4 

36 5575 7.1 44.2 
37 5725 7.25 45.5
38 5850 7.4 46.6 
39 6000 7.5 48.040 6 150 7.65 493540.5 6225 7.7 50.0 

Prepared by the Architectural Section, Federal Housing
Administration Insuring Office San Antonio, Texas. 

13) 	 SUGGESTED METHOD OF TEST OF ONE-DI-
MENSIONAL EXPANSION AND UPLIFT PRE& 
SURE OFCLA YSOILS 

(Reproduced from "Special Procedures for Testing Soil and 
Rock for Engineering Purposes", 5th ed., ASTM Special 
Technical Publication 479, June 1970). 

Text 5 

1. Scope 

1.1 This method explains how to make expansion tests 
on undisturbed or compacted clay soil samples that have no 
particle sizes greater than -L in. (passing the No.4 
standard ASTM sieve). ]he test is made to determine (1) 
magnitude of volume change under load or no.load condi. 
tions. (2) rate of volume change, (3) influence of wetting

on volume change, and (4) axial permeability of laterally

confined soil under axial load or no-load during expansion.

Saturation (no drainage) takes place axially. Permeant
 

water is applied axially for determining the effect of 
saturation and permeability. The specimens prepared for 
this test may also be used to determine the vertical or 
volume shrinkage as the water content decreases. Total 
volume change for expansive soils is determined from 
expansion plus shrinkage values for different ranges of 

water content. 
1.2 Expansion test data may be used to estimate the 

extent and rate of uplift in subgrades beneath structures or
in structures formed from soils, and shrinkage tests may be 
used to estimate the volume changes which will occur in 
soils upon drying, provided that natural conditions and 
operating conditions are duplicated. 

2. Significance 

2.1 The expansion characteristics of a soil mass are 
influenced by anumber of factors. Some of these are size 

and shape of the soil particles, water content, density, 
applied loadings, load history and mineralogical and che. 
mical properties. Because of the difficulty in evaluating 
these individual factors, the volume-change properties 
cannot be predicted to any degree ot accuracy unless 
laboratory tests are performed. When uplift problems are 
critical, it is important to test samples from the sites being 
considered. 

2.2. The laboratory tests described herein are prima.
rily intended for the study of soils having no particles larger
than the No.4 standard sieve size (-i" in.). If the test is 
made on the minus No. 4 fraction of soils containing gravel
material (plus No. 4), some adjustment is required in any 
analysis. Gravel reduces volume change because it replaces

the more active soil fraction.
 

3. Apparatus 

3.1 Consolidometer- Conventional laboratory conso. 
lidometers are used for the expansion test. Coii:nlidometers 
most used in the United States are of the fixed-ring and 
floating.ring types. Figure 2.6 illustrates tle fixed-ring type.
Either of these is suitable. Both types are available 
commercially. In the fixed.ring container, all specimen 

movement relative to the container is upward during
expansion. In the floating.ring container, movement of the 
soil sample is from the top and bottom away from the 
center during expansion. The specimen containers for the 
fixed-ring consolidometer and the floating.ring consolido. 
meter consist of brass or plastic rings, and other component 
parts. Sizes.of container rings most commonly used vary
between 4 14-in.diameter by I !/4-in. deep and 2 Mi-in. 
diameter by 3/4.in. deep, although other sizes are used. 
Ilowever, the diameter should be not less than 2 in.and the 
depth not greater than three tenths of the diameter, except 
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FIGURE 2.6 - FIXED-RING CONSOLIDOMETER 

that the depth must not be less than 3/4 in. for specimens performed. Apparatus such as described in ASTM Methodof small diameter. Lesser depths introduce errors caused by D 2435, Test for One-Dimensional Consolidation Propertiesthe magnitude of surface disturbance, while large depths of Soils" issatisfactory and may be used.
cause excessive side friction. For expansion tests the larger 
 3.3 Device for Cutting Undisturbed Specimens - Thisdiameter consolidation rings are preferred as they restrain apparatus consists of acutting bit of the same diameter asthe soil action to a lesser degree. In a test using the the ring container of the consolidometer, acutting standfloating-ring apparatus, the friction between the soil with bit guide, and knives for trimming the soil. Wire sawsspecimen and container is smaller than with the fixed-ring or trimming lathes may be used ifauniform tight fit of theapparatus. On the other hand, the fixed-ring apparatus is specimen to the container isobtained.
 
more suitable for saturation purposes and when permeabi-
 3.4 Device for PreparationofRemolded Specimens lity data are required. Porous stones are required at the top Compacted soil specimens are prepared in the consolido.and bottom of the specimen to allow application of water. meter ring containtr. In addition to the container, theThe apparatus must allow vertical movement of the top apparatus consists of an extension collar about 4 in. inporous stone for fixed-ring consolidometers, or vertical depth and of the same diameter as the container. Amovement for top and bottom porous stones for float- compaction hammer of the same type required in Methoding-ring consolidometers, as expansion takes place. A ring A of ASTM Method D698, Test for Moisture-Densitygage machined to the height of the ring container to an Relations of Soils, Using 5.5 lb Rammer and 12-in. Drop.
accuracy of 0.001 in. is required; thus, the ring gage for
 
11-in. high specimens will have a height of 1.250 in.

Measure the diameter of the specimen container ring to 4. Procedure-Expansion Test 
0.001 in. 

3.2 Loading Device - A suitable device for applying 4.1 Preparationof UndisturbedSpecimrens - Performvertical load to the specimen isrequired. The loading device the tests on hand-cut cube samples or core samples of asize may be platform scales of 1000 to 3000 lb capacity that will allow the cutting of approximately 1/2-in, ofmounted on a stand and equipped with a screw jack material from the sides of the consolidometer specimen.attached underneath the frame. The jack operates a yoke (Alternatively, obtain a core of a diameter exactly thewhich extends up through the sc.Je platform and over the same as the diameter of the consolidometer specimenspecimen container resting on the platform. The yoke is container and extrude the core directly into the contaiiner.forced up or down by operating the jack, thus applying or This procedure is satisfactory provided that the samplingreleasing load to the soil specimen. The desired applied has been done without any sidewall disturbance andpressure, which is measured on the scale beam, becomes provided that the core specimen e .ctlyfits the container.fully effective when the beam isbalanced. Place the undistrubed oil block or core on the cutting3.2.1 Another satisfactory loading device utilizes platform, fasten the cutting bit to the ring container andweights and a system of levers for handling several tests place the assembly on the sample in alignment with thesimultaneously. Hydraulic-piston or bellows-type loaZing guide arms. With the cutting stand guiding the bit, trim theapparatus are also very satisfactory if they have adequate
capacity, accuracy, and sensitivity for the work being 4 AnnualBookofASThtStandards, Pazql . 
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excess material with aknife close to the culling edge of the 
bit,
leaving very little matcrial forthe bit to shave off as it 
is pressed gently downward. (Other suitable procedures to 
acconnodate guides for wire saws, trimming lathes, or
extrusion devices may be used in conformance with the use 
of alternative apparatus and samples). In trimming the 
sample, be careful to mtnimize distti-bance of the soil 
spcc imen and to assure an exact fit of the specimen to theconsolidomcter container. When sufficient specimen has 
been prepared so that it protrudes through the container 
ring, trim it flush with the surface of the container ring
with a straightedge cutting tool. Place a glass plate on the 
smooth, flat cut surface of the specimen, and turn the
container over. Remove the cutting bit, trim the specimen
flush with the surface of the container ring, and ccver it 
with a second glass plate to control evaporation until it is
placed in the loading device, 

4.2 Preparationof Remolded Specimens - Use about 
2 Ibof representative soil that has been properly moistened 
to the degree desired and processed free from lumps and 
frorp which particles or aggregations of particles retained by
a T6" -in.(No. 4).sieve have been excluded. Compact the
specimen to the required wet bulk density after adding the 
required amount of water as follows: Place the extension 
collar on top of the container ring and fasten the bottom of 
the container ring to a baseplate. Weigh the exact quantity
of the processed sample to give the desired wet density
when compacted to a thickness 1/4 in. greater than the 
thickness of the container ring. Compact the specimen to 
the desired thickness by the compaction hammer. Remove 
the extension collar and trim the excess material flush with
the container ring surface with a straightedge cutting tool. 
Remove the ring and specimen from the baseplate and 
cover the specimen surfaces with glass plates until the
specimen is placed in the loading device. If,after weighing
and measuring the specimen and computing the wet 
density, as described below, the wet density is not within 
I.Olb/ft3 of that required, repeat the preparation of the 
remolded specimen until the required accuracy is obtained. 

4.3 Calibration of Dial Gage for Height Aleasurements 
- Prior to filling the container ring with the soil specimen,
place a ring gage in the specimen container with the same 
arrangenment of porous plates and load plates to be used 
when testing the soil specimen. Place the assembly in the 
loading machine in the same position it will occupy during 
the test. After the apparatus has been assembled with thering gage in place, apply a load equivalent to a pressure of
0.35 psi (or 0.025 kgf/cm 2 ) on the soil specimen. The dial
reading at this time will be that for the exact height of thering gage. Mark the parts of the apparatus so that they can 
be matched in the same position for the test. 

4.4 Initial Height and Weight of Soil Specimen .-
Clean and weigh the specimen container ring and glass
plates and weigh th,:to t 0.01 g before the ring is filled. 
After filling and trimming is completed, weigh the soil
specimen, ring, and glass plates to :t 0.01 g. Determine the 
weight of die soil specimen. Assemble the specimen
container and place it in the loading device. If the specimen
is not to be saturated at the beginning of the test, place a 
rubber sleeve around the protruding porous plates and load 
plates to prevent evaporation. Apply the small seating loadof 0.35 psi (or 0.025 kgf/cma) to the specimen. By 
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comparing the dial reading at this time with the dial reading

obtained with the ring gage in place, determine the exact
 
height of the specimen. Use this information to compute

the initial volume of the specimen, the initial density, void

ratio, water content, and degree of saturation. The true
 
water content of the specimen will be determined when the
 
total dry weight of the specimen is obtained at the end of
 
the test.
 

4.5 Saturation aid Perneability Data - To saturate
 
the specimen attach the percolation tube standpipe, fill it
 
with water, and wet the specimen. Take care to remove any

air that may be entrapped in the system by slowly wetting

the lower porous stone and draining the stone through the

lower drain cock. After the specimen is wetted, fill the pan

in which the consolidometer stands with water. After
 
saturation has been completed, permeability readings can

be taken at 
 any time during the test by filling the
 
percolation tube standpipe to an initial reading and allow
 
the water to percolate through the specimen. Measure the
 
amount of water flowing through the sample in agiven time
 
by the drop in head.
 

4.6 Expansion Test: 
4.6.1 General Comments - The expansion characte.
 

ristics of an expansive.type soil vary with the loading

history, so that it is necessary to perform a separate test or
 
several specimens for each condition of loading at which
 
exact expansion data are required. However, oae procedure

is to test only two specimens: (I )loaded.and-expanded, and
 
(2) expanded-and-loaded. From these data, an estimate of
 
expansion can be made for any load condition as shown by

Curve C, Figure 2.7, in which Specimen No. I was loaded

and expanded by saturation with water, (Curve B) and
 
Specimen No. 2 was expanded by saturation with water and
 
then'loaded (Curve A).
 

4.6.2 Loaded and Expanded Test - To measure 
expansion characteristics where the soil specimen issaturat.
 
ed under full load ard then allowed to ex and, apply the
 
seating load of 0.35 psi (or 0.025 kgf/cm? ) 
to Specimen

No. 1,and secure initial dial readings. Then saturate the soil
 
specimen as described in 4.5. (The permeameter tube head
 
should be sufficiently low so that the specimen is- not
 
lifted). As the specimen begins to expand, increase the load
 
as required to hold the specimen at its original height. Then
 
reduce the load to 1/2, 1/4, and 
 1/8 of the maximum load 
and finally to the seating load of 0.35 psi (or 

-o
 

.- soled 
Is

1 10 , ,.,,,
2 ,h oio A-, 

5 

X 
a B	 

'fee
 
-0_4,-,","*
 

o 	 i A so 0
 
LOAD- PSI
 

FIGURE 2.7 -. LOAD-EXPANSION CURVES 

.28 



Compendium 10 Text 5
 

0.025 kgf/cm2 ) and measure the height with each load. I TA the mercury over the rim. Pour the excess mercury into the 
a grea'er number of loadings if greater detail in the test 
curve is required. Maintain all loads for 24 h, or longer if 
needed, to obtain constant values of he's,t. Remove the 

original container and replace the glass cup in the evaporat. 
ing dish. Then immerse the air-dried soil specimen in the 
glass cup Idled with mercury using the special glass plate 

specimen from the ring container and weigh it immediately over the glass cup to duplicate the initial mercury volume 
and again after drying to 105 C. Front the water content, 
dry bulk density, and specific gravity of the specimen, 
calculate the volume of air and, assuming it to be the same 

determination condition. (See Method D427 for general 
scheme of test and equipment.) Transfer te displaced 
mercury into a graduated cylinder, and measure the 

as the volume of air following the determination of volume, If the shrinkage specimen is cracked into separate 
permeability, calculate the water content and degree of 
saturation, 

parts, measure the volume of each part, and add the 
individual volumes to obtain the total. (A paper strip 

4.6.3 Expanded and Loaded Test - To measure wrapped around the specimen side and held by a rubber 
expansion characteristics where the soil is allowed to 
expand before loading, apply the seating load of 0.35 psi 

band is effective in holding the specimen intact during 
handling). 

(or 0.025 kgf/cm') to Specimen No. 2, and secure initial 5.2.2 If the height of the air.dried specimen is desired, 
dial gage readings. Then saturate the specimen as described place the specimen and ring container in the loading 
in 4.5. Allow the specimen to expand under the seating machine. Apply the seating 16ad of 0.35 psi (or 
load for 48 h or until expansion is complete. Load the 0.025 kgf/cm ), and then read the dial gage. 
specimen successively to 1/8, 1/4, 1/2 and I times the 
maximum load found in 4.6.2, to determine the recon. 6. Calculations 
solidation characteristics of the soil. Use a greater number 
of loadings, if greater detail in the test curve is required. 6.1 Expansion Test Data - Calculate the void ratio as 
Follow the procedures specified in 4.6.2 for making follows: 
loadings and all measurements and determinations. volume ofvoids h -

4.6.4 Individual Load-Expansion Test - When it is e= 
desired to perform separate expansion tests for other 
conditions of loading apily the seating load of 0.35 psi (or 
0.025 kgf/cm2) to the specimen and measure the initial 

height. Then load the specimen to the desired luding, 

volume of solids ho 
where: 
e a void ratio,h = height of the specimen, and 
ho = height of the solid material at zero void content 

saturate the specimen as described in 4.5, and nJlow the 
specimen to expand under the applied load for 48 h, or Calculate the expansion, as a peicentage of the original 133 
until expansion is complete. Measure the height of tite height, as follows: 
expanded specimen. Reduce the load to that of the seating
load, Allow the height to become constant and measure; 

ha-h 0 
Ae percent = h -h 0 

then remove the specimen from the ring and make the h, 
determination specified in 4.6.2. where: 
5. Procedure - Shrinkage Test Ae = expansion in percentage of initial volume, 

5.1 Specimen Preparation - When measurements of 
hl = initial height of the specimen, and 
h2 = height of the specimen under a specific load 

shrinkage on drying are needed, prepare an additional condition. 
specimen as described in 4.1 or 4.2. Cut this specimen from 
the same undisturbed soil sample as the expansion speci. 6.2 Pereability Test Data - Calculate the permea. 
mens, or remolded to the same bulk density and water bility rate by means of the following basic formula for the 
content conditions as the expansion specimens. Place the variable head permeameter: 
specimen in the container ring, and measure the initial x L, I H1 
volume and height as described in 4.4. Determine the water k - x in 
content of the soil specimen by weighing unused portions A& x 12 t Hf 
of the original sample of which the specimen is a part, 
drying the material in an oven to 105 C,and reweighing it. where: 

5.2 Volume and Height Shrinkage Deterninations - k = permeability rate, ft/year, 
To measure volume shrinkage, allow the specimen in the 
ring to dry in air completely or at least to the water content 

Ap - irea of standpipe fumishing the percolation head, 
in?, 

corresponding to the shrinkage limit (ASTM Method D 427, As - area of the specimen, n.a, 
Test for Shrinkage Factors of Soils). After the specimet, has 
been air.dried, remove it from tie ring container, and ob-

Is = length of the specimen, in., 
Hi = initial head, difference bI head between headwater 

tain its volume by the inercury-displacement method. and tailwater, in., 
5.2.1 To perform the mercury displacement measure. 

ment, place a glass cup with a smootldy ground top in an 
Hf final head, difference in head between headwater 

and tadwater, in., and 
evaporating dish. Fill the cup to overflowing with mercury, t = elasped time, years. 
and then remove the excess mercury by sliding a special 63 Shrinkage Test Data - Calculate the volume 
glass plate with three prongs for holding the specimen in shrinkage as a percentage of the Initial volume as follows: 
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as - 2 L x 00, 

where: 
As = volume shrinkage In percentage of initial volume,
vi = initial volume of specimen (height of specimen 

times area of ring container), and 
Yd = volume of air-dried specimen from mercury displa.

cement method, 

Calculate the shrinkage in height as follows: 
hi= - hd 
- hi x 100 

where: 

ahs = height of shrinkage in percentage of initial height,

hi = initial height of specimen, and 

hd = height of air-dried specimen. 


6.3.1 To calculate the total percentage change in
volume from "air-dry to saturated conditions," add the 
percentage shrinkage in volume on air drying As to the 
percentage expansion in volume on saturation Ae, as 
described in 6.1. This vake is used as an indicator of total
expansion but isbased on initial conditions of density and 
water content. Since expansion volume data are determined
for several conditions of loading, the total volume change 
can also be determined for several conditions of loading,

6.3.2 To calculate the total percentage change in 
height from saturated to air-dry conditions, add the 
percentage shrinkage in height Lhs to the percentage
expansion Ae when the specimen issaturated under specific
load conditions, 

7. Plotting Test Data• 

7.1 Epansion Test - The test data may be plotited as 
shown on Fitre 2.7. 

8. Reports 

8.1 Expansion Test - Include tie following informal. 
ion on the soil specimens tested in the report: 

8.1.1 Identification of the sample (hole number,
depth, location). 

8.1.2 Description of tie soil tested and size fraction of 
the total sample tested. 

8.1.3 Type of sample tested (remolded or undisturbed; 
if undisturbed, describe the size and type, as extruded core, 
hand-cut, or other). 

8.1.4 Initial moisture and density conditions and 
degree of saturation (if remolded, give the comparison to 
maximum density and optimum water content (see Me. 
thods D 698)).

8.1.5 Type of consolidometer (fixed or floating ring,
specimen size), and type of loading equipment. 

8.1.6 A plot load versus volume change curves as in 
Fig. I. A plot of void ratio versus log of pressure curve may
be plotted ifdesired. 

8.1.7 A plot log of time versus deformation if desired.
8.1.8 Load and time versus volume-change data in 

other forms if specifically requested.
8.1.9 Final water content, bulk dry density, and 

saturation degree data. 
8.1.10 Per, eability data and any other data specifi. 

cally requested.
8.2 Shrinkage Test - For the report on shrinkage,

include data on the decrease in volume from the initial to 
air-dried condition and, if desired, other information such 
as the total change in volume and total change in height.
Report the load conditions under which the volume change 
measurements were obtained. Include also Items 8.1.1 
through 8.1.5 and 8.1.9. 
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INTRODUCTION: 
PART II
 

METHODS OF SAMPLING AND TESTING
 

This Twelfth Edition of Transportation Materials is published in two parts, one dealing with 
specifications for materials and the second with methods of testing and specifications for testing 
equipment. Part I1covering methods of testing and specifications for testing equipment, contains 
195 Test Methods. Revisions have been made in a number of the test methods shown in the last 
edition. 14 new test methods have been added and 12 test methods have been deleted. 

As stated in prcvious editions, the Association has followed the policy of indicating, for naturally
occurring materials, test limits which may be considered the most liberal that may safely be allowed. 
This has been done with the understanding that where higher grade materials are locally available, 
more rigid requirements should be inserted. This policy has been followed in recognition of the 
necessity of adjusting test requirements to meet local demands. However the recommended test 
limits covering manufactured products such as cement, steel, asphalt, etc., may be considered as 
definite requirements for the materials for specific uses and under specific conditions, and not 
subject to modification in the same sense as would justify modifications in specifications for 
naturally occurring materials. 

Many of these specifications agree with those of the American Society for Testing and Materials. 
In all cases where the Association and Society standards are technically identical, reference to the 
ASTM designation number isshown in the heading of the specification. Where the Association has 
adopted an ASTM standard, the courtesy of the Society in permitting publication of the standard is 
appreciated. 

Gencral jurisdiction over Association standards in this field is a function of the Subcommittee on 
Materials, which has members representing each of the 50 States, the Commonwealth of Puerto 
Rico, the District of Columbia, and the United States Department ofTransportation. A number of 
specifications have been included in this publication at the request of the AASHTO Subcommittee 
on Bridges and Structures.136 

Interim Specifications are published each year, and a revised edition of this book is published 
every four years. The Interim Specifications have the same status as standards of the American 
Association of State Highway and Transportation Officials, but are tentative revisions approved by 
at least two-thirds of the Subcommittee on Materials. These revisions are voted on by the 
Association Member Departments prior to the publication of each new edition of this book, and if 
approved by at least two-thirds of the members, they are included in the new edition as standards of 
the Association. 

Criticisms of these specifications are welcome and should be addressed to the Executive Director, 
AASHTO, 444 North Capitol St., N.W., Suite 225, Washington, D.C. 20001. 
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C143-74 T119-74 D88-56 (1973)- T72-78 
C151-71 T107-74 D92-72 (1977)' T48-78 
C156-74 T155-74 D93-770 T73-77 
C157-75 T160-76 D95-70 (1975) T55-78 
C172-71 T141-74 D113-760 T51-74
 
C173-75 T196-76 D139-77" T50-78
 
C174-49(1975) T148-49 (1978) D168-67 (1973) T61-70 
C183-73 T127-74 D244-720 T59-78 
C184-66 T128-67 (1978) D246-67 T62-70 
C185-71 T137-74 D290-67 (1974) T172-78 
Ci87-71 T129-74 D345-74 T143-78 
C188-72 T133-74 D367-67 T81-70 
C190-72 T132-74 D368-67 T82-70 
C191-71 T131-74 D369-67 (1973) T74-70 
C192-76' T126-76 D370-67 T83-70 

xviii 
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ASTM Designation 

D402-760 
D420-69 (1975) 
D555-7b 
D806-74 
D854-58 (1972)' 
D979-51 (1968) 
D1074-76' 
D1075-750 
DI191-64 (1976) 
D1194-72 
DI 195-64 (1971) 
D1298-67 (1977)'
D1452-65 (1972) 
D1461-60 (1973) 
D155&-64 (1974) 
D1559-760 
D1560-71 
D1561-71 
D1587-74' 
D1664-69 (1975) 
D1665-61 (1973) 
D1754-76" 
D1856-69' 

AASHTO Designation 

T78-78 
T86-74 
T151-78 
T144-74 
T100-75 
T168-55 (1974) 
T167-78 
T165-77 
T187-60(1974) 
T235-74 
T221-66 (1974) 
T227-68 
T203-64 (1974) 
TI 10-70 
T191-61 (1974)
T245-78 
T246-74 
T247-74 
T207-75 
T182-70 
T54-61 (1974) 
T179-76 
T170-73 

ASTM Designation 

D2041-71 (1976) 
D2042-760 
D2166-66 (1972)
D2167-66 (1972) 
D2170-760 
D2171-66 (1972)-
D2172-670 
D2398-76* 
D2434-68 (1974) 
D2435-70 
D2489-67 (1974) 
D2664-67 (1974)
D2844-69 (1975) 
D2872-74' 
D2922-71 (1976)
D3017-72 
E4-72 
E8-69 
E1O-73 
E18-74 
E70-68 
E274-77* 

Text 6
 

AASHTO Designaton 

T209-74 (1978)
 
T44-78
 
T208-70 

205-64 (1974) 
T201-76
 
T202-77
 
T164-76
 
T53-78
 
T215-70
 
T216-74 
T195-67 (1978) 
T226-68 
T190-78 
T240-78 
T238-76 
T239-76 
T67-74 
T68-74 
T70-77 
T80-76 
T200-70 
T242-78 

rOr 

mix 
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StandardMethodof Testfor 
Density of Soil and Soil-Aggregate in
 

Place by Nuclear Methods (Shallow Depth)
 

AASHTO DESIGNATION: T 238-76 
(ASTM DESIGNATION: D 2922-71 (1976)) 

INTRODUCTION 

These methods describe determination of the density of soil and soil-aggregate in place throughthe use of nuclear equipment. In general, the total or wet density of the material under test isdetermined by placing a gamma source and a gamma detector either on, into, or adjacent to thematerial under test. These variations in test geometry are presented as the backscatter. directtransmission, or air gap approaches. The intensity of radiation detected isdependent in part upon thedensity of the material under test. The radiation intensity reading isconverted to measured wet densityby asuitable calibration curve. Principles of the nuclear test are discussed in the Appendix, as are someof its advantages and disadvantages. It should be noted that the density determined by these methodsare not necesarily the average density within the volume involved in the measurement and that the
equipment utilized radioactive materials which may be hazardous to the health of users unless proper
precautions are taken. 

1. SCOPE 

1.1 This method covers the determination of the total or wet density of soil and soil-aggregatein place by the attenuation of gamma rays where the gamma source of gamma detector, or both,remain at or near the surface. The methods described are normally suitable to a test depth ofapproximately 2 to 12 in. (50 to 300 mm), depending on the test geometry used. 
1.2 Three methods are described as follows: 

Method A-Backrscatte 507 
Method B-Dircm Tr2nimitlon 8to 0 
Method C-Air Gap II to 14 

2. SIGNIFICANCE 

2.1 The methods described are useful as rapid, non destructive tehchniques for the inplace
determination of wet density of soil and soil-aggregate. The fundamental assumptions inherent In themethods are that Compton scattering is the dominant interaction and that the material under test is
homogeneous.

2.2 The methods are suitable for control and acceptance testing of soils and soil-aggregate forconstruction, as well as for use in research and development. Test results may be affected by chemical,composition, sample heterogeneity, and the surface texture of the material being tested. The
techniques also exhibit spatial bias in that the apparatus is more sensitive to certain regions of the 
material under test. 

3. CALIBRATION 

3.1 Calibration curves are established by determining the nuclear count rate of each of several
materials at different and known densities, plotting the count rate (or count ratio) versus eachknown density, and placing a curve through the resulting points. The nuclear count rate should be, 
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determined by averaging a minimum of four mcasuremcnt-counting periods of at least I min. each. 
The method used in etablishing the curve must be the same as will be used in determining the 
density. The density of materials used to establish the calibration curve must vary over a range that 
includes the density of materials that will be tested. The materials used for calibration must be of 
uniform density. 

3.1.1 Calibration curves can be established using the following: 
3.1.1.1 Blocks of known density. Materials considered satisfactory for use in blocks include 

granite, aluminum, magnesium/aluminum laminate, limestone, and magnesium. For direct trans
mission tests ahole may be drilled in the blocks to the dimensional tolerances given in 8.1.4. 

NOTE I: Due to the effect or differing chemical compositions, calibration curves may not beapplicable to materials not 
represented in establishing the calibraLion curve. Metallic blocks are satisfactory only for dctermning the proper shape and slope of 
the calibration curve. The correct location of the curve must bedetermined bytests uon blocks or materials of composition similar 
to that encountered in field testing. 

3.1.1.2 ?repared containers of soil-aggregate compacted to known densities. 

NOTE 2: Use or blocks is advantageous because are durable and provide stable density rererences. Blocks and preparedthey 
containers must belarge enough to not change the observed cout rate (or count ratio) if made larger in any dimension. Minimum 
dimensions of blocks shall be 12 inches wide by14inches deep by22inches long, (305by 356 by 559 mm). Prepared containers must 
belarge enough to allow rotation of the gage 90". Minimum dimensions for containers using soil specimens shall be22 Inches wide 
by 22 inches long by14inches deep (559 by 559 by 356mm). For calibration of backscatter only a depth of not less than 6 in. 
(150 mm) is adequate. 

3.2 Checking Calibration Curves-The calibration curves for newly acquired instruments 
should be checked. Calibration curves should also be checked if for any reason routine test results 
are believed to be inaccurate. For the backscatter method, calibration curves should also be checked 
for tests in materials which are distinctly different from material types previously tested, and which 
may have different chemical compositions. 

3.2.1 Calibration curves may be checked either on blocks (3.1.1.1) or prepared containers 
150 (3.1.1.2).

3.3 Adjusting Calibration Curve-When blocks or prepared containers of materials of known 
density are being used to check tl-e calibration, plot the count rate (or count ratio) versus each 
known density described in 3.1. If the points do not fall on the previously established calibration 
curve, replace the original calibration curve with a parallel curve through the plotted check points. 

3.3.1 When the sand-cone, rubber-balloon or specific gravity method is being used to check 
the calibration, compare the average of at least five locations with one nuclear test and one sand
cone, rubber-balloon or specific gravity test at exactly the same location in each area, and proceed 
as follows to adjust the calibration curves. 

3.3.1.1 If the density of each of the comparison tests deternined by the sand-cone, rubber
balloon or specific gravity method varies by less than 5 lb/ft (80 kg/m) from the density deter
mined by the nuclear method and if the average of all sand-cone, rubber-balloon or specific gravity 
density tests is within 2 lb/fts (32 kg/m) of the average of all corresponding nuclear tests, no 
adjustment of the calibration curve is necessary. 

3.3.1.2 If the average of all density determinations by the sand-cone, rubber-balloon or 
specific gravity method is more than 2 lb/ft3 (32 kg/m) above or below the average of all cor
responding nuclear tests, subsequent nuclear tests shall be adjusted by the amount of the difference 
in averages, This difference shall be added to nuclear determinations if the nuclear average islower, 
subtracted if the nuclear average ishigher. 

3.3.1.3 The average difference obtained by 3.3.1.2 may be used to plot acorrected calibration 
curve which shall be parallel to the original calibration curve and offset by the amount and direc
tion as determined in 3.3.1.2. 

NOTE 3:Adjusting calibration curves is a complex task and it should beattempted only bethose knowledgable In this field. 

4. PRECISION 

4.1 Any equipment that is used under the requirements of this method shall satisfy these 
requirements for system precision. 

4.2 Precision of the svstem is determined from the slope of the calibration curve iid the' 
,statistical deviation of the signals (detected gamma rays) in counts per minute (cpan). 
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P = fs U (I).w'here:. 

P = prccision
* = standard dcvi;,lion. cpm 

• slope. cpmn/Ib/ft' (kg/in') 

4.3 Determine the slope of the callibration curve at the 110 lb,'fI (1762 ke/m) point in counts 
per minute per pound per cubic foot (counts per minute per kilograms per cubic meter). Determine the 
standard deviation of ten repetitive readings of I min each (Rage not moved after seating for first 
count) taken on material having adensity of 110.0 +5.0 lb/ft' (1762 4-80 kg/m). The value of P shall 
be less than 1.25 lb/ft' (20 kg/m'). 

METHOD A-BACKSCATTER 

S. APPARATUS 

5.1 Gamma Source, shall be an encapsulated and sealed radioisotopic source. 
5.2 Gamma Detector. may be any suitable type.
5.3 Readout Device, shall be asuitable scaler. Usually the readout device will contain the highvoltage supply necessary to operate the detector, and a low-voltage power supply to operate the readout 

and accessory devices. 
5.4 Housin- The source, detector, readout device, and power supply shall be in housings of 

rugged construction that are moisture and dust proof. 

separatelyNor 4-The gamma source, detector, readout device.andpower supply may behoused or combined andIntegrated with a 
nucicar moisture measuring system. 

5.5 Reference Standard. of uniform, unchanging density shall be provided with each gage for 151
the purpose of checking equipment operation and background count, and to establish conditions for 1 
determining count rate reproducibility.

5.6 Site Preparation Detice-A steel plate, straightedge, or other suitable leveling tools may be 
used to plane the test site to the required smoothness. 

6. STANDARDIZATION 

6.1 Standardization of equipment on a reference standard is required at the start of each day's 
use and when test measurements are suspect.

6.2 Warm up the equipment inaccordance with the manufacturer's recommendations. 
63 Take at least four repetitive readings of at least I min each with the gage on the reference

standard. The constitutes one standardization check. 
6.4 If the mean of the four repetitive readings is outside the limits set by Eq2, repeat the

standardization check. If the second standardization check satisfies Eq 2.the equipment isconsidered 
to be in satisfactory operating condition. If the second standardization check does not satisy Eq 2. the
calibration should be checked (3.2). If the calibration check shows that there isno significant change inthe calibration curve, a new reference standard count. N,. should be established. If the calibration 
checks shows that there is a significant difference in the calibration curve, repair and recalibrate the 
instrument. 

N, = N, _. .% (2l 
there: 

= eNcount currently measured in checking the instrument operation on the reference standard (63) 
and No, count previusly cstahlishcd on the rclrcnce standard (mean of ten repetitive readings). 

7.PROCEDURE
 

7.1 Select a test location where the gage in test position will be at least 6 In.(I50 mm) away
friom any vertical projection. 
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7.2 Prepare the tet site in the following manner: 
7.2.1 Remove i.!l Ioose and distrubcd material and additional material as necessary to expose

the top of the material to he tested. 
Not -The spatial bias should be conmstieredin determining thedepth at ,hich the Sage isto he saled. 

7.2.2 Prepare a horizontal area sufficient in size to accommodate the gage, by planing the area 
to a smooth condition so as to obtain maximum contact between the gage and material being tested.

7.23 The maximum void beneath the gage shall not exceed 1/8 in. (3 mm). Use native tii, or
fine sand to fill these voids and smooth the surface with a rigid plate or other suitable tuol. 

Note -The placement idthegageonthesuace of thematerial toLe testediscritical to the succeistul determination of densilty.
The optimum condition istotal contactbeti.€o thebottom surfaceor ihe gageand the surfaceof the material beingtrsted. Thii isnonposihk in all cacs andtncorrect surface irregularities use ofsandor similar matrial asafille is ncessary. The depth of thefilter should
nol ent'cr I'1 in. 13 mim)and the total area illed shouldnonexceed 10 percentof the bottom areaof theSage. Severaltrial acatingsman 
he required to achiesetheseconditionn. 

7.3 Proceed with the test in the following manner: 
7.3.1 Seat the gage firml;. 
7.3.2 Keep all other radioactive sources away from the gage to avoid affecting the 

measurement. 
7.33 Warm up the equipment in accordance with the manufacturer's recommendation. 
734 Secure and record one or more I min readings. 
7.3.5 Determine the in-place wet density by use of the calibration curve previously established. 

METHOD 3-DIRECT TRANSMISSION 

8. APPARATUS 

8.1 The direct transmission system shall consist of the following units. The exact details of
construction of the apparatus may vary- however, the general requirements of 5.1 through 5.6 shall 
apply in addition to the following:

8.1.1 Probe--Either the gamma source or the detector shall be housed in a probe for inserting in 
a preformed hole in the material to be tested. The probe shall be marked in increments of 2 in. (or 50 
mm) for tests with probe depths from 2 to 12 in. (or 50 to 300 mm). The probe shall be so made
mechanically that when moved manually to the marked depth desired it will be held securely in position 
at that depth. 

8.1.2 Hrnsing-The source, detector, readot.t device, probe, and power supply shall be in 
housings ofrugged construction that are moisture and dust proof.

8.1.3 Guide. for forming a hole normal to the prepared surface. 
8.14 Hole -Forming Device. such as an auger or pin, having a nominal diameter equal to or 

slightly larger than the probe but not to exceed the diameter of the probe by more than 1/8 in. (3mm)
for forrsing a hole in the material to be tested to accommodate the probe. 

9. STANDARDIZATION 

91 Standardization of equipment on a reference standard is required at the start of each day's 
use and when test measurements are suspect.

9.2 Warm up the equipment in accordance with the manufacturer's recommendations. 
9.3 With the gage on the reference standard provided by the manufacturer and with the probe

in the position prescribed by the manufacturer for measuring standard count, take at least four
repetitive readings of at least I nin each. This constitutes one standardization check. 

9.4 If the mean of the four repetitive readings 'i outside the limits set by Eq 2. repeat the 
standardization check. If the second set standardization check satisfies Eq 2. the equipment Is
considered to be in satisfacotory operating condition. If the second standardization cieck does not
satisfy Eq 2, the calibration should be checked (!.2). If the calibration check shows that there is no 
significant change in the calibration curve, a new reference standard count. No. should be established.If the calibration check shows that there is a significant difference in the calibration curve, the 
Instrument should be repaired and recalibrated. 
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10. PROCEDURE 

10.1 Select a test location where he gage in test positionwill be at least 6 in. (150 mm) away from 
any vertical projection.

10.2 Prepare the test site in the following manner: 
10.2.1 Remove all loose and disturbed material, and remove additional material as necesary to 

expose the top of the material to be tested.
10.2.2 Prepare ahorizontal area. sufficient in size to accommodate the gage, by planing the area 

to asmooth condition so as to obtain maxinium contact between the gage and material being tested.
10.23 The maximum void beneath the gage shall not exceed approximately 1/8 in. O mm). Use 

native fines or fine sand to fill these voids and smooth the surt tce with a rigid plate or other suitable 
tool. The depth of the filler should not exceed approximately 1/8 in. (3mm).

10.2.4 Make a hole perpendicular to the prepared surface using the guide (8.1.3) and the 
hole.forming device (8.1.4). The hole shall be of such d-,pth and alignment that insertion of the probe
will not cause thte gage to tilt from the plane of the prepared area. 

103 Proceed with testing in the following manner: 
103.1 Tilt the gage and extend the probe in the position required for the desired depth of test. 
10.3.2 Insert the probe in the hole. 
10.3.3 Seat the gage firmly by rotating it about the probe with aback and forth motion. 
10.3.4 Pull gently on the gage in the direction that will bring the side of the probe to face the 

center of the gage so that the probe is in intimate contact with the side of the hole.
10.3.5 Keep all other radioactive sources away from the gage to avoid affecting the measure. 

ment. 
10.3.6 Warm up the equipment in accordance with the manufacturer's recommendation. 
103.7 Secure and record one or more 1 min readings.
10.3.8 Determine the in-place wet density by use of the calibration curve previously established. 

METHOD C-AIR GAP 

11. APPARATUS 

11.1 All apparatus described in Sections 5and 8. 
I1.2 Cradle orSpacers, to support the gage at the optimum air gap above the material being

tested. The cradles or spacers shall be so designed as to support the gage at optimum height without
shielding the base of the gage. Figure I shows a typical air-gap cradle that demonstrates the principle.
The cradle shown in Fig. I isnot the only satisfactory method. Other methods which support the gage at 
the optimum air gap without shielding the base of the gage are satisfactory. 

4 
ote 7-Air-gap calibration curvesandoptimum air gapmay be furnitshedfor eachgage bythemanufacturer andcanbereadily

checkedby theuser. 

12. DETERMINATION OF OPTIMUM AIR GAP 

12.1 To determine the opti-num air gap for use in 1he air-gap method, proceed as follows: 
12.1.1 Use three or more different areas on which to make determinations. These areas may be 

either blocks (3.1.1.1) or prepared containers (3.1.1.2) used for calibration or field areas ofcompacted
soil or soil-aggregate (3.1.1.3). The density of materials at the selected areas should vary through a range
including the densities of the materials which will be tested.

12.1.2 Place the density gage over the test area. Support the gage by blocks placed at the extreme 
edges of the gage so as not to obstruct the space between the bottom of the gage and the surface of the 
test area.

12.1.3 Take and record two I min readings in counts per minute and determine the average of 
the readings.

12.1.4 By adding additional blocks or spacers, increase the air gap by 1/4 in. (6.4 mm). Take and 
record, and average two additional 1-min readings.

12.1.5 Continue increasing the nir gap by increments of 1/4 in. (6.4 mm). securing average
readings for each air gap (12.1.3) until there is adecrease in the counts per minute readings with an 
increase of air gap. 

153 
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12.1.6 On an arithmetic scale plot counts per minute as the ordinate versus each air gap (inInches or millimeters) and draw asmooth curve through the resulting points. Record the peak air gap
determined at the peak of the curve.12.1.7 Repeat procedures 12.1.2 through 12.1.6 over two or more additional areas ofmaterials ofdifTerent density, and record the peak air gap for each area.12.1.8 Determine the average of the peak air gaps determined on all areas. This is the optimumair gap. Use this optimum air gap forestablishing the calibration curve for the air-gap method, and forall determinations of density by the air-gap method. 

13. STANDARDIZATION 

13.1 Standardization ofequipment on a referenceitandard isrequired at the start of each day'suse and when test measurements are suspect.13.2 Warm up the equipment in accordance with the manufacturer's recommendations.13.3 Take at least four repetitive readings of at least I min each with the gage on the referencestandard. This constitutes one standardization check. 
H S-The standarl count determined in 13.3isnot used in the determination of density by the lir-gapmethod. The purpose ofchecking the standardcount asrequired by13.3is to check that the equipment Isinsatisfactory operating condition. 

13.4 If the mean of the four repetitious readings isoutside the limits set by Eq 2, repeat thestandardization check. If the second standardization check satisfies Eq 2,the equipment isconsideredto be insatisfactory operating condition. If the second standardization check does not satisfy Eq 2,thecalibration should be checked (3.2). If the calibration checks show that there is no significant change inthe calibration curve, anew reference standard count. No.should be established. If the calibrationcheck shows that there is a significant difference in the calibration curve, the instrument should berepaired and recalibrated. 
'154 

14. PROCEDURE 

14.1 Select atest location where the gage in test position will be at least 6 in. (I50mm) away fromany vertical projection. Plane sufficient area to accommodate the gage and cradle.14.2 Prepare the test site in the following manner:142.1 Remove all loose and disturbed material, and additional material as necessary to exposethe top of the material to be tested. (See Note 6.)14.2.2 Prepare a horizontal area, sufficient in size to accommodate the gage and cradle, byplaning the area to asmooth condition so as to obtain maximum contact between the gage and thematerial being tested.14.2.3 The maximum void beneath the gage shall not exceed approximately 1/8 in.(.3mm). Usenative fines or fine sand to fill these voids and smooth the surface with a rigid plate or other suitable
tool. 

NoTa -The air-gap method requirestaking oneor morereadingsin boththe backscatterposition andthe air-gap pusition.placvrnt Theorthe gageon the surta:e of the material 
ontdili~, i. total contactbetweenthebottom ,urfjac 

to be tested is critical tothe successfuldeterminatfic(it density.The optimumofthe gageandthe surfaceofthe material beingtested.ThiN ii not possibk, in allcanesand corret surlaccirrvgulawri.useofsandor similar material asfiller isnecessary.The depth ofthefiller should not exceed18in. 1.3ntt. andthetoal area filled shouldnotexceed10 percentot thebottom areaof thegage.Several trial seatingsmaybe requiredto
achicnethewecondilions. 

14.3 Proceed with the test in the following manner: 
143.1 Seat the gage firmly.14.3.2 Keep all other radioactive sources away from the gage to avoid affecting the measurement 

sta us not the readings.ital'iict 

143.1 Warm up the equipment in accordance with the manufacturer's recommendation.143.4 Secure and record one or more I ntin readings in the backscatter position,143.5 Place the cradle, set at optintum air gap. on the test site. and place the gage on the cradle%othat the gage i%directl) over the same site used for backseatter reading. When adirect-transmissiontyl.gage i%ttsed, set the probe in the retracted or lbackscatter position forthis reading.143.J 'rake the same number of I rin readings in the air-gap position as in the backscatter

Lposition (14..1.4). 
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Welded metal approx. 1 by 1 by 1/8 in.;,'
(25 by 25 by 3 mm) angle. 

Fig. 1. Typical Air-Gap Cradle
 

14.3.7 Delermine the air-gap ratio by dividing counts per minute obtained in the air-gap posi
lio1 (14.3.h) by counts per minute obtained in backscatter position (14.3.4).

143.8 Determine the in-place wet density by use of the applicable calibration curve previously 
ces,blised. 

NorTIS-'rhe alr-gap rati may be delcrmined bydividing counls per minutes obtained Inbackscantr position by counts per minute
obtalin Inthc air.gap positin or sin srag. Whichever ratio is used.a calibration curve using the same ratto must also beused. 

APPENDIX 

At. NOTES ON THE NUCLEAR TEST 

AI.1 The equipment used in this method is of the surface type as opposed to that designed for 
use in deep borings. In general. and neglecting the associated electronics, this equipment consists of 
three prinipal elensenis: (I) a nuclear source entitling gamma rays. (2) a detector sensitive to these rays
:is they are nodilid by passing through the material being tested and Li) a counter or scaler with 
provilin%for automatic and precise liting, for determining the rate at which the modifiLd gamma rays
arrive at the detector. While rate meters are suitable, in principle, scalers are commonly used. In 
general any source of gamma rays that are sufficiently numerous and properly energetic canbe used in 
measuring the denstiy of soil and soil-aggregate. Source stability with time. in terms of haltf-life is an 
important design consideration and the sources most commonly used are celsium-137 and rad:;am.
beryllium with the latter normally beiasg used in dual-purpose instruments that are designed to also 
determine moisture content. The two detectors most commonly used are gas-filled tubes of the 
Geiger-MUller type and scintillation crystals, usually of sodium-iodide. Detectors of the latter type offer 
the potential of electronically varying the range of energies of the gamma rays that are counted. With 
detectors of the Geigcr-Muller type this range is fixed in the design. For most available equipment the 
source-detector geometry is fixed for backscatter gages and is adjustable to various preselected depths
of direct transmission gages.

AI.2 Measurements are made using gamma rays that largely reflect at reduced energy by
scattering in, or by. direct transmission through the material under test. In backscatter the rays are 
emitted into the nalerial from near its surface and sone are deflected at reduced energy back to the
detector, largely by Compton scattering. In direct transmission the source or detector isinserted in the 
test materials and. in contrast to the backscatter method, some of the emitted and unshielded rays can
presumably follhw a straight-line path to the detector. In either source-detector arrangement the
number of rays reaching the detector is.over-all, a nonlinear function of the density of the material
being tested. For the usual range of soil and soil-aggregate densities the relationship issuch that the 
higher the density of a given material. the lower the count rate. 

AI.3 The determination of density by the nuclear means of this method is indirect. To date no
theoretical approach has been developed that predicts the count rate for given equipment, geometry, 

156 
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material, and density. As a result the rclatinnship between material density and nuclear-count rate is
detlrmined by correlation tests of material%at known average densities. Individual equipment manu.facturers supply a calibration curve with each set ol their equipment. It has been found that these curves do not necessarily hold for all soils and soil-aggregates because of differences in chemicalcomposition. Apparent variations incalibration curves may also be induced by differences in seating, inbackground count, and other test variations. Because of these considerations, provisions are included in
this method for checking for variations or changes. Different approaches may be used it checking
calibration curves and those in more general use are given. For good practice these calibration
procedures should be followed with newly purchased equipment and with major component replace. 
ments of in-service equipmcnt.

AI.4 The density Jetermined by this method is the wet or total density. It should be noted that
the volume ofsoil or soil-aggregate represented in the measurements is indeterminate and will vary with
the source-dctector geometry of the equipment used and with the characteristics of the material tested.
In general, and with all other conditions constant, the more dense the material, the smaller rhe volume
involved in the measurement. The density so determined is not necessarily the average density withinthe volume involved in the measurement. Although for the usual surface backscatter test equipment and
materials the gages are influenced by 3 to 5 in. (75 to 125 mm) of material, the top I in. (25.4 mm) of thematerial determines about one half of the measured count rate with the result that the observed density
is largely determined by the density of the upper layers. For the usual density conditions the total count
is largely determined by the upper 3 to 4 in. (75 to 100 mm) of soils and soil-aggregates. Where these
materials are of uniform density, this characteristic of this method is of no effect. With the air-gapmethod the penetration of the backscattered rays is relatively shallow. With direct-transmission gages
the effect of vertical density variations may be eiiminated. Other problems, however, can be introduced
in the mechanics of inserting the source or the detector. 

AL.S The number of gamma rays emitted from a given source over a given time period arestatistically random and follow a Gaussian distribution. Because of this the actual number of modified 
rays that arc detectrd and counted in the density-measuring process should be sufficiently large tominimize the probability that the observed count reflects unacceptable variations. This is reflected inthe standard deviation wrkch is thT square root of the total count. The over-all system accuracy in 
detrmining densities isalso statistical in nature and appears to vary with the equipment used, the testconditions of laboratorv versus field, as well as with materials and operators. Because of these variables
it is not possible to give precise numbers for system accuracy and precision for these methods. It is
believed, however, that if the procedures herein are carefully followed, the standard deviation of thenuclear measured values, in terms of accuracy, will not be greater than on the order of some 3 to 5 lb/ft'
(48 to 80 kg/m') while in terms of precision or repeatability, determined without moving the test
equipment, this should not be greater than on the order of I lb/ft' (16 kg/m').

AI.6 One of the most commonly used sources, cesium- 137. is man made and as such its use isregulated by the Federal Government through the Atomic Energy Commission as well as by some state
and local governments. Because radium is a czaturally occurring material, its use is not now regulated by
the Federal Government but is by sonie state ;;nd local governments. Among others, the objectives ofthese regulations are the use of radioactive materials in a manner safe to the operator and all others.While detailed safety procedures are beyond the scope of this method, the originating committee 
emphasizes its support of these objectives. It strongly recommcnds that users of this equipment becomecomplett.y familiar with possible safety hazards and that they establish effective operator instruction
and use procedures together with routine safety procedures such as routine source-leak tests, the
routine recording and evaluation of film badge data. the use of survey meters, etc. in connection with 
the operation of equipment of this type.

AI.7 The in-place nuclear density tests of this method offer several advantages over the older
conventional methods (sand-cone. rubber-balloon. etc.), particularly in tests performed for the con
tinuing control of construction. Among these, perhaps'the principal advantage is the relative case withwhich the test can be performed, thus freeing the operator front the physical tasks of digging holes and
collecting and weighing bulky samples. Hlowever, it sacrifiLces the opportunity to examine the soil in
depth. Ifinformation is sought on in-place densities only, and test determinations of maximum densityare not involved, many more tests can be performed per day than by the older methods. Inaddition,
apparently erratic measurements can be immediately detected and checked since the nuclear tests are more nearly nondestructive. These advantages accrue to organizations that are engaged in density
measurentents on a more or less continuous basis. Organizations that inake infrequent or occasional
density determinations may find that the advantages of the nuclear method can be offset by maintenance and start-up considerations such as 15criodically charging batteries, maintaining radiation expo
sure records, etc. 
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METHODS OF SAMPLING AND TESTING T2ig 

StandardMethod ofTestfor 

Moisture Content of Soil and Soil-Aggregate In Place by -


Nuclear Methods (Shallow Depth)
 

AASHTO DESIGNATION: T 239-76 
(ASTM DESIGNATION: D 3017-72) 

INTRODUCTION 

This method covers determination of the moisture content of soil and soil-aggregate In place
through the use of nuclear equipment. The equipment is calibrated to determine moisture content, as 
mass of water per unit volume of material (pounds per cubic foot or kilograms per cubic meter).
Moisture content as normally used is defined as the ratio, expressed as a percentage, of the mass of 
water in agiven soil mass to the mass ofsolid particles. It isdetermined with this procedure by dividing
the moisture content (pounds per cubic foot or kilograms per cubic meter) by the dry density of soil(pounds per cubic foot or kilograms per cubic meter). Therefore, computation ofmoisture content using
the nuclear equipment also requires the determination of the dry density of the material under test.
Most available nuclear equipment has provision for measuring both moisture content (pounds per cubic
foot or kilograms per cubic meter) and wet density. The difference between these two measurements 
gives dry density.

The moisture content determined by this method isnot necessarily the average moisture within the
volume ofsample involved in the measurement for reasons discussed in the Appendix. The principles of 
this method as well as the advantages and limitations are also discussed in the Appendix.

The equipment utilizes radioactive materials which may be hazardous to the health of the users 
unless proper precautions are taken. 

I. SCOPE 

1.1 This method covers determination of the moisture content of soil and soil-aggregate In
place by moderation or slowing of fast neutrons where the neutron source and the thermal neutron 
detector both remain at the surface. 

2. APPLICABLE DOCUMENTS 

2.1 AASHTO Test Methods: 

T 191 Density of Soil inPlace by the Sand-Cone Method 
T 205 Density of Soil in Place by the Rubber-Balloon Method 

2.2 ASTM Test Methods: 

D 2216 Laboratory Determination of Moisture Content of Soil 

3. SUMMARY OF METHOD 

3.1 The moisture content of the material under test Is determined by placing a fast neutron 
source and a thermal neutron detector on or adjacent to the material under test. The intensity of slow 

15 
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T239 METHODS OF SAMPiJNO ANDTESTINO 821or noderated neutron, detected isdependent upon thc mnlislure content or the material under test. 
Moisture isdetermined by the relationship of nuclear count to mass of water per unit volume of soil. 

4. SIGNIFICANCE 

4.1 	 The method described is useful as a rapid, nondestructivedetermination of moisture ctnttet 	 technique for the inplaceof soil and soil-aggregate. The fundamental assumptions inherentin the method are that the hydrogen present is in the form of water as defined by ASTM D2216, andthat the material under lest4.2 	 is homogeneous.The method issuitable for control and acceptance testing of soils and soil-aggregate forconstruction, research, and development. Test results may be affected by chemical composition. sampleheterogeneity, and. to a lesser degree, material density and the surface texture of the material beingtested. The technique alsoexhibits spatial bias in that the apparatus ismore sensitive to certain regionsof the material under test. 

.APPARATUS 

5.1 	 Fast Neutron Source--A sealed isotope material such as americium-beryllium, radium.beryllium, or an electronic device such as aneutron generator.5.2 Slow Neutron Detector-Any type of slow neutron detector such as boron trifluoride. ascintillator crystal, or a fission chamber.S.3 	 ReadoutDevice-A suitable scaler. Usually the r adout device will contain the high-voltagesupply necessary to operate the detector, and low-voltage power supply to operate the readout andaccessory devices.5.4 	 Housing-The sourcer detector, readout device, and power supply shall be in housings ofrugged construction which shall be moistureproof and dustproof.l58 Nov, I-The neutron source, detector readout device, and power supply maybe housedintegrated with a nucleardensitymeasuring system.	 separatelyor may be combined &no
5.5 Reference Standard. for checking equipment operation and background count, and toestablish conditions for a reproducible count rate.5.6 SitePreparation Dt-vice-A steel plate. straightedge, or other suitable leveling tools may beused to plane the test site to the required smoothness. 

6. CALIBRATION: 

6.1 Calibration curves are established by determining by test the nuclear cotnt rate of eachof several samples of different known moisture content, plotting the count rate (count ratio) versuseach known moisture content and placing acurve through the resulting points. The method and testprocedure used in establishing the curve must be the same as used for determining moisture contentof the material to be tested. The moisture content of materials usedcurve must vary through 	 to establish the calibrationa range to include the moisture content of materials to be tested. Thematerials used for calibration must be of uniform density as well as uniform moisture content. 
NOTE 2: Due to theeffect of chemical composition, some calibration curves supplied with the apparatus may not be applticable to all mairials under lest. Therefore. calibration curves must te checked, andadjusted if necessary,in accordancewith 6.2and 6.3. 

6.1.1 Calibration curves can be established using the following methods:6.1.1.1 Prepared containers of compa,:ted soil and soil-aggregate of known moisture content.Prepared containers must be large enough to not change the observed count rate (or count ratio) ifmade larger in any dimension (Note 3). If the hydrogen density of amaterial can be calculated fromits specific gravity and chemical formula, provided these arereliable calibration point 	 accurately known, a much morebe obtained in comparison tocan oven drying methods. The absorbedwater in the stone, which may be removed by drying at 110°C for twenty-four hours, must also beconsidered incomparison to oven drying methods.6.1.1.2 Permanent calibration blocks or standards containing chemically bound hydrogenwhich will produce nuclear gauge responses equivalent to known moisture contenrtnon-hydrogenous material, such as magnesium, may be used for zero water content. 
(Note 3). A ........
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NOTE 3: Dimensions ot approximatcly 24 inch-s long by24 inches wide by IS inches deeptappgximaity 610 by 610 by
381 mi) have proven ulisfac ory for equipment now available. (1975) 

6.2 Checking Calibration Curves-The calibration curves for newly acquired instruments
and repaired instruments should be checked. Calibration curves should be checked prior to tests in
materials that are distinctly different from material types previously used in obtaining the calibra
tion curves. Calibration curves may be checked using the procedures given in6.1.1.

6.3 Adjusting Calibration Curves-When permanent standards or blocks are used to check
moisture calibration, plot the count rate (or count ratio) versus each known moisture content as
described in 6.1. If a curve drawn through these plotted checkpoints indicates moisture contents
with 1.0 lb/fil (16 kg/m) of those shown by the regular calibration curve for identical count 
rates (or ratios), no adjustment of the calibration curve is necessary. If the difference exceeds this 
amount, the curve established by the checkpoints will replace the original calibration curves.

6.3.1 If the plot of each of the comparison moisture test results, determined by calibration
method 6.1.1.1, form a scatter pattern which randomly straddles the previously established cali.bration curve and the average of all computed or oven-dried comparison tests is with 1.0 lb/ft
(16 kg/m) of the average of all corresponding nuclear moisture determinations, adjustments of the
calibration curve is not necessary.

6.3.2 If the average difference obtained in 6.3.1 is more than 1.0 lb/ft' (16 kg/m), sub
sequent nuclear moisture tests shall be adjusted by either adding the difference in averages if thenuclear average is lower or subtracting the difference in averages if the nuclear average is higher.

6.3.3 The average difference obtained by 6.3.2 may be used to plot a corrected calibration 
curve which shall be parallel to the original calibration curve and offset by the amount and direction 
as indicated in 6.3.2. A corrected calibration curve may also be determined by plotting the count 
rate (or ratio) versus each known moisture content as described in 6.1, and drawing a curve through
these plotted checkpoints. 

7. PROCEDURE 

7.1 Standardi:ation-Standardization of equipment on areference standard isrequired at the 
start of each day's use as follows:

7.1.1 Warm up the equipment inaccordance with the manufacturer's recommendations.
7.1.2 Take at least four repetitive readings of at least I min each with the gage on the reference 

standard. This constitutes one standardization check.
7.1.3 If the mean of the four repetitive readings isoutside the limits set by Eq I below, repeat

the standardization check. If either the first or the second attempt satisfies Eq 1. the equipment isconsidered to be in satisfactory operating condition: continue with the procedure in 7.2. The empirical
relationship for the standardization check is as follows: 

N,= N±l.96/; 	 (I)
sshcn:: 

N% 	 mean of repetitive readings (see 7.1.2) and
 
llr; itiuly established count for the reference standard (mean often repetitive readings).


7.1.4 If the second attempt in 7.1.3 does not satisfy Eq I. check the system and repair the
instrument ifnecessary. It ispossible to use the instrument in this condition if asatisfactory calibration 
relationship can be established. 

7.1.5 Establish a new , by computing the mean of ten repretitive readings on the reference 
standard. 

7.1.6 Check the calibration curve in accordance with 6.2 and, if necessary, adjust the 
calibration curve in accordance with 6.3.

7.2 Te.st Site Preparation-Select a location for test where the gage in test position will be at
least 0 in. (approximately 150 nm) a%ay from any vertical projection.

7.2.1 Prepare the tle. site in th following manner:
7.2.1.1 Remove all louoc and diturbed material, and remove additional material as necessary to 

reach Ihe top of the vertical interval to be tested (Note 4).
7.2.1.2 Prepare ahori/mnhl area. sufiicnt in sie it)accommodate the gage, by planing to a 

Slilhlill cliliin so as to olbtain maxinum co|ntact between the gage and material being tested.
7.2.1.3 The maximum depre,,ions beneath the gage shall not exceed 18 in. (3mm). Use native 

lines Or fIine sand to fill voids and level the excess with a rigid plate or other suitable tool. 
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his %houtdbe nnmsidefed 
NoTI!'i-heplacement on the surface ofthe malterial lo betested is critical to the successful delerntnation ofmoisture. 
No,4-1 he altval indetermining thedepth at which the gageI to heseated. 

of thegage 
of the gage and the surlace tested. 

piticalbis pi4ihle inall caw%ant hercl ac 1Ib.c.mc nccenarV t. ue a%andfillr orsimilar material. The dcpthofsued fill should nmi 
gricad I sit lapprtn tlmaiel3 orthe.ittom area ofthe gage.Several trial 

the optimum coudilinn i tlotal cant.ct lcon the boilm surface at the material heing Ihis i%not 

in rmnandtheIntal areafilled shouldnot exceedI0percent 
seatsgs may be rquired Ii, ichire thee conilitions. 

7.3 Tesring-Proced with testing in the following manner: 
7.3.1 Seat the gage firmly. 
732 Keep all other radioactive sources away from the gage (as recommended by the 

manufacturer) so as not to affect the readings. 
7.33 Use sufficient warm.up time as in standardization (7.1.1).
73.4 Place the source in the use position and take one or more I -min readings. 

6. CALCULATIONS 

8.1 Average the readings obtained in 7.3.4. 
8.2 Determine the moisture content by use of an applicable calibration curve. 
8.3 Calculate the moisture content, w,in mass percent of the dry soil as follows: 

, IWn,/Wd) X 100 (2 

where: 

W = moisture content of soil. lh/ftl (or kg/m') and
 
Wd = dry density of soil. lb/fh' (or kg/m).
 

9. REPORT 
160 9.1 The report shall include the following: 

9.1.1 Location. 
9.1.2 Elevation of surface. 
9.13 Visual description of material, 
9.1 A Identification of test equipment (make, model, and serial number), 
9.1.5 Count rate for each reading.
9.1 A Moisture content in pounds per cubic foot (kilograms per cubic meter). 
9.1.7 Wet density. 
9.1.8 Dry density, and 
9.1.9 Moisture content mass percent of dry soil. 

10. PRECISION 

10.1 Determine the precision of the system. P. from the slope of the calibration curve, S.and 
the standard deviation. a.of the signals (detected neutrons) incounts per minute, as follows: 

P . /S (3) 
10.2 Where the slope of the calibration curve is determined at the 1O-Ib/ft (160kg/m') point 

and the standard deviation isdetermined from ten repetitive readings of l-min each (the gage is not 
moved after the first seating) taken on material having amoisture content of 10.0-1-0.6 lb/ft' (160 - 10 
kg/m) the value ofP shall be less than 0.30 lb/ftl (4.8 kg/m). 

APPENDIX
 
Al. NOTES ON THE NUCLEAR TEST
 

Al.11 The equipment used in this method isof the surface type as opposed to that designed for 
use Indeep borings. In general, and neglecting the associated electronics, this equipment consists of 
three principal elements: (1)asuitable nuclear source emitting fast neutrons; (2)adetector sensitiveto 
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these neutrons after they are modificd by paIssing through the material being tested: and (3) a counter. 
with provisions for anutmatic and precise timing. for determining the rate at which the moditied 
uett s arrive at tile detector. While rate meters are suitable. in principle. counters are commonly
uIM(. In general. any source of sulticientlv numerous and prolterly energetic neutrons can K-used in 
measuring the mloisture conten of soil and soil-aggregate. lhc sources most commonlv used. however. 
are americium-bervtlium and radium-ber.llium with the latter normally tieing used in dual-purpose
instruments that arc designed to also dtcermine wet or total density of soil and soil-aggregatcs. 
Detectors used arc gas filled tubes of boron tritluoride and scintillation crystals or fission chambers. 
Detectors of the later type offcr the potential of varying the range of energies of the neutrons that arc 
counted. 

Al.2 Measurements are made using fast neutrons that rellect modification by back-scattering
through the material unde' test. When high-energy neutrons are scatttered into the soil a loss in 
velocity of each neutron occurs as it collides A ith the nuclei of the atoms of the soil. The rate at which 
thi, stowing down process occurs depends upon: (1) the mass of the nucleus in collision with the 
neutron, and (21the probability that the two will collide. 

AI.2.1 The mass of the hydrogen nucleus is nearly equal to the neutron mass. Collison with 
hydrogen atoms therefore, reduces the velocity of neutrons more quickly than collison with heavier
nuclei. The large difference between the masses of hydrogen atoms and those normally encountered in 
soils means that the relative etectiveness of hydrogen atoms in slowing down neutrons is very
pronounced. 

A1.2.2 The probability that a neutron will collide with the nucleus of an atom is dependent on 
the atom's scattering cross section. For most elements, this value is low, usually increasing with 
decrease in neutron energy. The scattering cross section of the hydrogen atom for high energy 
neutrons, however, is larger than for most of the other atoms present in soils. 

AI.2.3 These two features in combination make hydrogen the most effective medium for 
reducing the velocity of last neutrons. If a detector of thermal (slow) neutrons is placed near a neutron 
source in asoil containing hydrogen, the activity registered is due almost entirely to neutrons that have 
been slowed down by hydrogen atoms. Other atoms present in the soil play a negligible part in this 
process. In natural soils hydrogen may be present in several forms but, with some exceptions, it occurs 
principally in the water held by the soil particles. Therefore, the **slow neutron" activity registered by a 
suitable detector can be related to the concentration of water in asoil by calibration. 

Al .3 The determination of moisture content by the nuclear means of this method is indirect. To 
date no theoretical approach has been developed that predicts the count rate for given equipment,
geometry. material. density, and moisture content. As a result the relation between soil moisture and
nuclear count rate is determined bv correlation tests of materials at known moisture content. Individual 
equipment manufacturers supply a calibration curve with each set of their equipment. It has been 
tound that these curves do not necessa:ily hold for all soils and soil-aggregates because of differences 
in chemical composition. Apparent variations in calibration curves may also be induced by differences 
in seating. in background count, and other test variations. Because of these considerations, provisions 
are included in this method for checking for variations or changes. Different approaches may be used 
in checking calibration curve- and those in more general use are given. For good practice these should 
be followed with newly purchased equipment and with major component replacement of in-service 
equipment.

AI.4 The moisture content determined by this method is the amount of moisture that is 
contained in a given volume of soil. It should be noted that the volume of soil and soil-aggregate
represented in the measurement is indeterminate and will vary with the source-detector geometry of the 
equipment used and with the characteristics of the material tested. In general, and with all other 
conditions constant, the greater the moisture content of the material, the smaller the volume involved in 
the measu;'emcit. Unlike oven drying tests, the moisture content so determined is not necessarily the 
average moisture within the volume involved in the measurement. For the usual surface test equipment
and materials, for example. about 50 percent of the measured count rate isdetermined by the upper 3 
to 4 in. (75 to 100 mm) of soils and soil-aggregate. 

At.5 The number of fast neutrons emitted from a given source over a given time period are 
statistically random and follow a Gaussian distribution. Because of this. the actual number of modified 
neutrons that are detected and counted in the moisturc measuring process should be sufficiently large 
to minimize the probability that the observed count reflects unacceptable variations. This is reflected in 
the standard deviation which is the square root of the total count. The over-all system accuracy in
determining moisture is also statistical in nature arid appears to vary with equipment used, test 
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conditions of laboratory versus field. materials, and operators. Because of these variables it is not
possihlc to give precise numbers fur system accuracy arid prccision for these test methods. It is believed, 
however, that if the procedures hcrein are carefully followed, the standard deviatinn of the nuclear 
measured values. in terms of accuracy, will not be greater than on the order of some 0.5 to 1.0 lb of 
water per cubic foot (8to 16 kg/m) of soil. Precision, determined without moving the test cquipment,
should be better than 0.3 lb of water per cubic foot (5kg/in') of soil. 

AI.6 One of the fast neutron sourccs used, americium, is manmade and as such its use is 
regulated by the Federal govt-rnient through the Atomic Energy Commission as well as by somc State
and local governments. Because radium and beryllium are naturally occurring materialslheir use is 
not now regulated by the Federal Government but is regulated by some State and local governments.
Among others, the objectives of these regulations are the use of radioactive materials ina manner safe 
to the operator and all others.

Al .7 The in-place nuclear moisture tests of this method offer several advantages over 
conventional methods, such as oven drying of samples, particularly in tests performed for the 
continuing control of construction. Its greatest advantage isperhaps the short time required to obtain a 
moisture content. An answer isavailable on the spot in amanner of minutes after completing the test.
When conducting both moisture and density tests many more tests per day can be conducted than by
older methods in current use. In addition, apparently erratic measurements can be immediately
detected and checked since the nuclear tests are more nearly nondestructive. These advantages accrue 
to organizations that are engaged in moisture measurements on a more or less continuous basis. 
Organizations that make infrequent or occasional moisture determinations may find that the 
advantages of the nuclear methods can be offset by maintenance and start up considerations such as 
periodically charging batteries, maintaining radiation exposure records, etc. 
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THE CONSTANT DRY-WEIGHT METHOD '-

A NO-WEIGHING FIELD COMPACTION TEST..
 

INTRODUCTION 
Using conventional test methods it is not possible to make quick and reliable 

decisions in the field about the state of compaction of the earth grade or the base course. 
Even when a field laboratory isavailable it takes hours to obtain the 'Maximum 

Dry Density' of a soi! sample. The samples are obtained from boreholes, earth borrow pits,
gravel pits, quarries, stockpiles or cuts where they may have been taken days or weeks before 
the material is placed in the fill. The compaction test results can be meaningful only if the
material checked in the field and the material tested in the laboratory closely resemble each 
other. Inevitably, an element of doubt remains, since even in carefully selected borrow pits
the material varieS from place to place. For instance, in Report No. 2 of the AASHO Road 
Test (I) the following variations were reported: 

MAXIMUM DRY DENSITY 

NUMBER OF TESTS STANDARD 
TAKEN IN PIT HIGHEST LOWEST DEVIATION 

Pf pcf pC 
Borrow Pit No. 1 275 126 108 3.0 
Borrow Pit No. 2 205 126 100 5.4Borrow Pit No. 3 76 124 111l 21516 

It is even more difficult under ordinary contract conditions to correlate field and laboratory 

samples.when the inspector has to choose from several samples taken from the different 
strata of a single beach. drumlih or esker formation. It is. therefore, not surprising to find 
wide discrepancies between the maximum dry density values used in the field and the 
maximum dry density of a test site sample determined subsequently in the laboratory.
Many soils inspectors know the weakness of the conventional test method and are therefore 
reluctant to follow up test results. Furthermore, the maximum dry density of the field test 
location during a normal grading operation, where a scraper bucket may contain a mixture
of several different soils, is simply not known, and to hold up grading operations whilst a 
laboratory maximum dry density test is made is out of the question. 

Test delays conflict with the speed of present day earth moving eqLlipment and
for this reason attempts have been made to adapt the conventional test method to modern 
requirements. 1 hi is also one of the reasons why nuclear testing appears to be so attractive 
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in spite or the new problems it poses. 

The Constant Dry Weight (CDW) ccmpaction test solves two fundamentalproblems inherent in conventional field test methods - it substarntiaily reduces testing timeto a degree where work progress is unimpaired, and it is self-sifficient, i.e., it is independentof a separate laboratory sample which inevitably differs from the inspected test-site soil. 
The CDW test is a volumetric test. It measures compaction in terms of reductionin volume of the s,ilmass and. therefore, compares the volume of the soil sample in the fieldwith the volume of the same soil sample after standard compaction in the Proctor mould

(see Figure 1). 

IN SITU CONDITION FIELD STANDARD COM4PACTEDOF I CUBIC FOOT TO 0. CUBIC FOOT 

u-f -- ...
 

Volume of sod ample Volume of soil sample afterLqthe embmb,,ent iandwd compartioRm the 
Test Mould 

PERCENT COWPACTION "i-100 80166 1.0 

FIGURE 1, VOLUMETRIC COMPACTION TEST 

IN SITU CONDITION LAN. STANDARD CUMPACIlED120LAS. PERCUBIC FOOT TO 150LIS.PER CUBIC FOOT 

WATER
 

SOIL 
PARTICLE 

Weqt of sodamp
bnthe rmtun km.,t Wq4i */it sMuftd C(urx

of thesd sampleedddJtd &W. 
tofilthe TestMueld 

fERmENT COmrACTlONq BiO0-O 

FIGURE 2, DENSITY COMPACTION TEST 

2 
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By contrast. most other compaction tests measure the soil weight, as in the
 
conventional tests where tile
weight of the soil sample in situ, contained in one cubic foot.
 
iscompared with the weight of all the soil that could be compacted into one cubic foot by
 
standard compaction. In tile
illustrated case in Figure 2, more soil has to be added to the
 
test sample in order to fill 'll)the cubic foot volume, but adding soil complicates matters
 
because of the different si/es and shapes of the added soil particles, and this in turn
 
necessitates corrections to the test result (e.g.. the stone correction). Further complications

arise since it isnot often known how representative of the test site the laboratory sample is.
 

A REVIEW OF FIELD COMPACTION TEST METHODS 

The Ohio Typical Moisture-Density Curves Method (2) measures the wet density

of the field sample but leaves out the time consuming moisture test. It uses instead a chart of
 
Proctor curves based on thousands of compaction tests, combined with penetration resistance
 
tests. The Inspector determines the wet density with the aid of the balloon or sand cone
 
method (3), the penetration resistance by means of the Proctor needle and plots the maximum
 
dry density on achart. The use of the chart is limited to the geographic area where it was
 
prepared. Test results then have to be corrected according to the sample's stone content.
 

The Hilf Method (4), also, leaves out the moisture test. Instead. the inspector 
estimates tilemaximum dry density. and the optimum moisture, by plotting aProctor type 
wet density curve of the augmented test hole sample at three moisture levels. This method is 
best suited to fine-graded material on the dry side of optimum. 

The Humphres Method plots the maximum unit-weight curve of granular materials 
against different percentages of fine aggregates compacted by normal construction equipment. 
In this method the inspector dries and analyzes the field sample and relates fines-content and 
unit-weight. 

The CDW Method. as previously stated, measures the in situ volume of the soil 
sample by balloon or sand cone. The inspector, using visual and tactile criteria wets or dries 
the sample, compacts it on the spot in a cylindrical mould and reads the compacted volume 
by means of acalibrated dipstick. 

Nuclear Methods: Unlike the conventional method of measuring soil density 
(weighing aquantity of soil whose volume isknown) the nuciear scattering method uses 
a gamnia emitting isotope which isplact-d afixed distance from a radiation detector. A 
shield isplaced between the radiation source and the detector to prevent direct radiation 
from being detected. The number of radiations detected in this manner is a function of the 
amount of ganna-ray scattering, and the assumption ismade that this scattering is a function 
only of tilesoil density and therefore the detector response is a direct measure of soil density (5). 

The Portable Nuclear Gauge measures wet density or moisture density Ipounds of 
water pvr cubic foot).Calibration curses are prepared in trms of count ratio (back-scatter 
number of the soil divided by the back-scatter number of areference blocki. Soil isremoved 
to the depth of disturhlince caused by the compactor. The surl'ace has to be levelled and 
covered with athin laser of lin: material and the gauge must be rubbed down into firm 
contact with the soil. The probe measurement expresses mainly the densit., of tilesurface 
inch of the soil la)er and is -fcct.d by the seating technique used and b) the surface 
comditionm. The instrument needs careful adjustment before reliable readings can be obtained. 
('alibrationsby the manufacturer generally do n.t agree with the operator's calibration and 
opinion, about the accurac. of measurement and the technique to be used vary widely. 
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The Lane-Wells Road Logger records back-scattered radiation on a strip chart.The moving logs represent continuous average measurements through integration of tilecount rate over a fixed distance of past travel. The nuclear probes are ,nounted on twowheeled carriages. During testing the carriages are lowered until thi: wheels touch theground and this leaves a controlled gap between the soil and probe. Road Logger readingsare less biased towards the surface and it is claimed that the effect of the soil's chemical
composition on the radiation reading is smaller than in the case of the portable nucleargauge. High caliber personnel are required to operate the Road Logger and the down-timeis stated to be high. It is less suitable on rough surfaces such as sheepsfoot compacted fills. 

DEVELOPMENT OF THE CDW TEST 

The relative ease with which weight 
measurements can be performed may
well be the reason for basing conven
tional compaction measurements on 
weight. By comparison volume meas-

-r 

urements of solids are generally more "
 
difficult. However, if the in situ volume 
of a soil sample can be compared with
 
the volume of the same soil sample

after standard compaction in the Proc
tor mould (at approximately optimum

moisture), weight and moisture meas
urements are no longer needed. These
 
volume measurements would give a
 
direct indication of the state of compaction of the in situ material which
 
would be readily understood by the
 
man in the field.
 

Following this line of thought, a
 
calibrated gauge or dipstick was used
 
to measure the volume of soil in a

Proctor mould. The dipstick was cal
ibrated in one-thousandths of a cubic
 
foot and volumes were readable to the
 
nearest ten-thousandth of a cubic foot.
 
(See Figure 3) Since it was necessry to
 
bring the soil sample to its optimum

moisture for standard compaction, the
 
question arose whether the optimum

moisture condition could be identified
 
with sufficient accuracy by an inspec
tor in the field. 

Field experiments indicated that the 
approximate optimum moisture con
tent of a sample could be recognized FIGURE 3, CALIBRATED DIPSTICKvisuaily in the sample pan. This con- AND TIlE PROCTOR MOULD
clusion is supported by experience 
reported in the literature (2). 
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The prospect of obtaining a quick and convincing estimate of the percent
compaction based on a simple volume measurement, was a very attractive one, and it !ed 
to the development of the CDW method. 

Principle of the CDW Test Method 

The principle of the Constant Dry-Weight compaction test method is that the 
volume of a fixed weight of soil is inversely proportional to its dry density, Irrespective 
of its moisture content. This can be expressed as follows: 

where: DI and D2 represent different dry demities of the same soil sample 
V1 and V2 represent the corresponding volumes of the soil sample 
S = the dry weight of soil in the sample 
It follows that:
 

DI _ V2
 

D2 V I 

and that the sample will be at maximum dry density (Dmax) when its volume is smallest 
(Vm ) as follows:N 

D2 Vmin 

If V2 is the volume of the test hole and Vmi n is the smallest volume of the sample measured 
In the Proctor mould, then: Vmin 

- ix 00Percent Compaction C 

Preliminary Tests 

Preliminary tests were made to see whether this principle could be used for field 
compaction control. From a 15 lb. soil sample, 10 lbs. were sent to the laboratory for a 
full standard test for maximum density. The remaining 5 lbs. were standard compacted 
in a Proctor mould in the field and the compacted volume, Vi, was measured with the aid 
of the calibrated dipstick. The sample was then returned to the pan and 0. I lb. of water 
(about 2 percent of the sample weight) was added or removed, according to whether the 
sample appeared to be below or above the optimum moisture cohtent for compaction. 
The sample was recompacted and the volume, V ,. was measured. If V, was smaller than 
VI. the same operation was repeated to obtain a'further value, V3. If V-) was larger than 
V. the moisture change was reversed (the sample was dried instead of wetted). The 
lowest measured volume ('rin) corresponded to the maximum dry density (dry weight
of the sample by Vn in) and was compared with the laboratory maximum dry density.
These tests showed t/|at it was feasible to read volumetric measurements in the Proctor 
mould with a calibrated dipstick, and that very little was to be gained by repeating the 
compaction test at three or more moisture conditions (one moisture adjustment usually 
came very close to the smallest volume of the sample). 
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The CDW Test Procedure 

The CDW testing procedure isas follows: 
Step I. The material extracted from the field density test hole (approximately 1/30 c.f.)
is placed in a pan and examined (by sight and touch) with regard to its moisture content 
(See Figure4). 

FIGURE 4, CLAY SAMPLE BEING EXAMINED 
FOR MOISTURE CONTENT 

(a) 	 Cohesive Soils. In the case of cohesive soils, by attempting to roll a 1/8 in.
thick thread, it can readily be seen whether the soil moisture content is 
below or above the plastic limit. The optimum moisture appears to be always
below the plastic limit (6), and if the sample seems to be distinctly above the
plastic limit, the material is allowed to dry in the sun or over a gasoline stove.
The soil is dried until it loses much of its cohesiveness but can still be formed
into a ball which retains its shape when pressure is released. If the soil sample
is dry, the reverse applies; water is added in small amounts until the soil 
begins to show signs of cohesiveness. 

(b) 	 Non-Plastic Soils. In the case of dry silty-sands and silts, the sample is wetted
until vigorous shaking of the simple in the pan causes soil lumps to show
moisture at the surface as a sign of dilatancy. If the soil is on the wet side of
optimum, the sample is dried until it ceases to show signs of dilatancy. 

Coarse-grained granular soils which include sands and gravels and
dense-graded crushed-rock can be placed in the mould at a moisture content
somewhat above saturation. Drainage during the test reduces the water 
content to a value commensurate with the voids at maximum density (7). 

Step 2. The sample, now believed to be at optimum moisture content, iscompacted in the
Proctor mould. (Sec Figure 5) The specified compactive effort for compaction test 

6
 



Compendium 10 Text. 7 

ASTM D-698-58T consists of 75 blows of the Proctor hammer for a sample volume of.033 c.f. Since the test hole volume varies from the standard volume, the number ofhammer blows is moderated as indicated on the reverse side of the dipstick (See Figure 6). 

FIGURE 5. COMPACTING SOIL SAMPLE IN PROCTOR MOULD 

Step 3. The volume of the sample in the mould is measured with the calibrated dipstick(See Figure 7), using the average of 5 readings (i.e., 4 at the circumference of the compactedsurface, and I in the centre). Each meaurement is nmde with the calibrated dipstick restinglightly on the surface of the soil, and the dipstick reading that is in line with the top edge of
the Proctor mould is noted. 
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FIGURE 7, DIPSTICK READING OF VOLUME IN MOULD 

The 'percent compaction' of the soil in the test hole is the ratio of the volume in
 
the Proctor mould to the test hole volume. If there is any doubt about the estimate of the

optimum moisture content additional Proctor runs can be performed after the moisture 
content of the sample has been re-adjusted. The lowest volume obtainable is used for the 
estimate of percent compaction. 

Figure 8 shows the field compaction test form used by the Department of 
Highways, Ontario, and Figure 9 shows the test pad cover with guide lines for the periodic
dispatch of control samples to the laboratory. 

Distinguishing Features of the CDW Test 

The CDW compaction test method does not use the moisture-unit weight curve
for the computation of optimum moisture and maximum dry unit weight, but uses visual 
and tactile criteria suitable in field conditions. It measures only volumes, not weights. 

The Inspector plays a more active part in the field testing because he produces
specimens of tle desired compaction himself. Unlike other compaction. test methods no 
correction for stone content of the in situ dry density is necessary (calculation of the stone 
correction is controversial because of the effect of stone size and shapes). (8) This problem
does not arise with the CDW method because each test is self-cnntained. 

9
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1 1(VOLEO_2 AVERAGE a VOLUMEOf 
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FIGURE 8, FIELD COMPACTION TEST FORM 

Accuracy and Precision of the CDW Test 

NOTE FOR GRADE INSPECTORS 

CNECKSAMPLESFOR LABORATORYPROCTORTEST 
Check samples should be sent from time 1o time to thelaboratory so that the field compaction test results obtained bythe inspector can be cornared with the standard laboratory 

compaction test results. 

The laboratory check indicates how accurately the field test il 
performed and it enables the inspector to perfect his fieldtesting. 

Since the samp:e from the density test hole used for theconventional or dryweigh compaction tests are not large enough
for a laboratory prrctor test. the check sample for the laboratoryConsists of two parts: one part.is taken from around the 

large enough to do a proctor test.test hole, and the second part is the
test hole sample which wasused onthe field test. Thepurpose for 
sending the second Sampie is to see whether the laboratory 
proctor test material closely enough resembles the field lest hole
material. 

R= 
PREPARATIONOF CHECK SAMPLES FOR LAB PROCTOR TEST: 
1. Two sample$ must be taken, each with its own samplesheet. 

2. First Sample:

() This consists of 10 pounds Ifor earth), or 25 pounds (for
granular base coarse materials) taken from near the test hole. and 
of a moisture sample from itin a Quarter pint glass jar. 
(b)Record wetdensity on field compaction sheet.
 
1c) Record % compaction on field compaction sheet.
 
(d)In remarks space write. proctor, moisture, hydrometer and 
PA.(or sieveanalysis) required. 
Attention Regional Malerals Engineer 

3. Second Sample: 
(a) This sample consists of the material from the proctor mould
and of a moisture sample fronr It in a quarter pint glass lat.(b)In the remarks space write: moislure, hydrometer and p.i. (or 
sieve analysis) required. Attention; regionalmaterials engineer. 
See sample No. (number of above mentionedfirst sample)
 
WHEN USING C..W METHODCHECKPROCTOR
MOULD: 

See whether tIe dipstick reading in theempty proctor mouldi zero. If it is not zero.but. for example zero plus .0002. or zero minus .0003. markthis mould correction on the mould andsubtract forzero plus). or add (for zero minusl the correction to 
theaverage dipstick reading before calculating the %compaclhon. 

FIGURE 9, GUIDE LINES FOR INSPECTORS 

Ideally, the CDW compaction result (Volume in mould/Volume in situ) should be
compared with the percent compaction (the laboratory maximum dry density/in situ dry
density). This is not possible because the field test sample is too small for a laboratory
standard compaction test. The following procedure is adopted instead: 

A 10 lb. sample taken from around the test hole and a moisture sample channelled 
front the side of the density test hole is sent to the laboratory (sample A) and the
laboratory maximum dry density and the field moisture content are ascertained. 

The CDW maximum dry density is calculated by dividing the CDW percent
compaction into the field dry density and multiplying by 100. For instance, for a 
CDW compaction of 94 percent and a field dry density of 120 pcf, the CDW 
maximum dry density is 23 pcf. 
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The soil sample from the density test hole (sample ft), used in the field Proctor
(CDW) mould, is also sent to the laboratory. 

Sieve or hydrometer analyses are then carried out, and for clays theAtterberg Limits are ascertained on tha A and B samples, since the differencein these parameters is expected to be a mjor factor in the variation between
the CDW and the laboratory maximum'6ry densities. 

Nine testers in different parts of southern Ontario took part ir the rustcorrelation study in 1962. Their daijy task was to dispatch to the laboratoryan A-sample, a B-sample and the wet density measurement from one of their
routine CDW tests chosen at random. 

TYLERSIEVE NUMBER
 
DOU0 100 IU260 2039 ' J" 1d 2 4.4 


SAND /
 

DENSE GRADED
 

S 8~ 28 0 0 

SAND100 

'd 3- >' " 
 ,'1715
-i G., I MLIET /r 
, DENSE GRADED
 

X !., 
 SAND •GRAVEL
 

10
 

GRAIN SIZEIN MILLIMETERS 

FIGURE I10, TYPICAL RANGE OF GRADATION 

The samples in some areas (Hamiton, Brantford and St. Catharines) were numerousenough to be grouped separately Into Fine Sands, Dense Graded Sand and Gravel, DenseGraded Crushed-Rock (See Figure 10 forgradation)and Clays. From the Toronto area only10 check samples were received which were not separated into groups. Table I shows thedifferences between CDW and Laboratory test results. 
Some of the differences between the CDW and the laboratory test results canprobably be attributed to the difference in the gradation between the test hole sample-Band the laboratory compaction sample-A. For instance, if the gradations of the crushedrock laboratory samples in Figure II are compared with the Weymouth curve, the Asample would be expected to be capable of a higher density than the B-sample. In this 

" : Ii 
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TABLE I, COMPARISON OF DENSITIES OBTAINED BY THE CDW METHOD 
AND THE LABORATORY MAXIMUM DENSITY 

COWDENSITY MINUS LABORATORY 
MAXIMUM DRY DENSITY Ipef)

NO.OF NO.OF 
TESTERS SAMPLES' LOW HIGH AVERAGE STANDARD 

DEVIATIO)N 
FWeSaid 3 23 -5 45 0 3 
VeGradedl dGr,"q 3 14 -4 *5 0 3DrIGddC-thUd- RcIk 3 -413 .6 41 4 
Cleve 3 24 -8 +5 -2 4 
Illeall m Awe) 
Fl, wSnd 4 .914 43 -2 3 
nmi GradedSad G al 4 30 -12 .8 0 U
D Graded Cruthid-Rock 4 31 - t0 .6 0 4 
Cloys 4 3S - +.? .2 3 
Ibselfo.a A,") 
Fkw$Sand 1 6 -4 +4 -1 23 
D wnmGrad and Gmpel 1 -3 *, 2
Daim Graded Crud--Rock 9 -4 42 0 2 
Clays 1 i -3 4 0 3 
(St. C arwA Area) 
Fle Sand 
Oem. GradedSandGrueuI 
DLon.. -,. CudedRoi 1 10 -S 43 0 3 
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0 0orLASORATRY ( A- SAMPLE ) 

to0.- VII 

0ft i I I J illa 1 111,10 
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FIGURE I1,GRADATION DIFFERENCES BETWEEN 
EDGE OF TEST ROLE (SAMPLE A) AND TEST HOLE (SAMPLE D) 
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particular case, the laboratory Proctor maximum dry density for the A-sample was 140 pcfwhilst the CDW maximum dry density of the B-sample was 132 pcf. In another instance of a sand-gravel material (See Figure12) the A-sample would be expected to be capable of onlylower densities than the B-sample, aid, in fact, the laboratory Proctor for sample-A was
124 pcf, ani the CDW maximum dry density for sample-B was 132 pcf.Where the gradingcurves of the A-and B-samples were very similar (See Figure13) the laboratory maximum
density was 143 pcf and the CDW maximum dry density was 141 pcf. 

TYLERSIEVENUMBER
 
NOCjOm 604025 28204 9 4 
 34st; 1- 1% r4 

to MATERIAL TESTED IN 0 00O
 

LAOATORY (A-SAMPLE) -j 

N ~/ . 
71. -1 

~~2 1*MATERIAL FROM THE
 
S.TEST HOLE I-SAME)
 

R0  ".- -

WEYMOUTH CURVES
 

GRAIN SIZE IN MILLIMETERS 

FIGURE 12, GRADATION DIFFERENCES BETWEEN

EDGE OF TEST HOLE (SAMPLE A) AND TEST HOLE (SAMPLE B)
 

The quite commonly found differences in the gradation of A-samples (taken fromaround the density test hole) and B-samples (taken from the density test hole) emphasize theadvantage of a self-sufficient field compaction test, independent of tests on samples otherthan those obtai.ed from the test hole itself. 

REPRODUCIBILITY OF COMPACTION TEST RESULTS 

The maximum dry unit weight obtained by the ASTM D698-58T, Method Ctest, does not, on repetition, vary by more than t I pcf (8), but if the soil contains a highproportion of large aggregate, or aggregates that degride under compaction, or if the soilIsthixotropic or has high expansion characteristics, variations of 2 pcf or more from the
median are not unusual (9). 
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FIUE13, GRADATION DIFFERENCES BETWEEN 
EDGE OF TEST HOLE (SAMPLE A) AND TEST HOLE (SAMPLE B) 

Co-operative tests show that the variations are greater for different testers in 
different laboratories (10). Forty-four agencies performed the Standard AASHO compaction 
test T99-57, Method A, on a light clay. The reported maximum dry unit weights varied from 
114.0 to 125.1 pcf (i.e., 11. 1 pcf between 'high' and 'low') with a standard deviation of 
2.2 pcf. 

By comparison, the CDWV-minus Laboratory difference for maximum dry unit 
weights of clay, as shown in Table I, was 13 pcf (i.e., alow of -8 pcf and a high of +5 pci) 
The largest standard deviation was 4 p.cf. 

The variance in compaction test results of other co-operative tests (7) isShown 
in Table 2.In this case, several co-operators determined the gradation of the samples, and 
some determin~ed the moisture-density relationships using ASTM Method D698 and modified 
ASTM Method E698. The gradation data showed considerable variations in results even 
though the samples for each co-operator were carefully prepared and should have been 
identical. 

Table 3 shows that the fCld-minus-laboratory test result variance isof the same 
order as the reproducibility of standard laburitnry test results (I I). 
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TABLE 2,RESULTS OF CO-OPERATIVE STUDY OF THE STANDARD
COMPACTION TEST (S)(METHOD ASTM D698.57T, AASHO T99-57)
 

MAXIMUM DRV UNIT WEIGH r(r,,,

SOIL NO. OF 
 STANDARD
TESTERS LOW HIGH HIO. AVERAGE DEVIATION 

Fin. Sand 5 10 107 6 =10.4 2.5SDonW Graodc

Sand Gravel 133 141 8 137.5 3.4
 

Dense Graded 
Crushed-Rock 132 143 11 135.5 5.1 

TABLE 3, COMPARISON OF CO.OPETMATIVE TEST VARIANCES 

SOIL GROUPOF C. OF NO.OF HIGH-LOW AVERAGETESTERS TESTERS STANDARDSAMPLES Pcd VARIATION DEVIATION 
ASTM 5 5 6 doe no, pIy 2.5FlneSand Hamilton 3 23 10 0 3Brantford 4 14 12 .2 a
 
St. Catharlnes 1 6 8 0 3ASTM 4 4 8 doesnot ipi 3.4SendG .vel Hamilton v3 14 9 0 3Brantford 4 30 20 0 5St. Catharines 1 8 6 0 2
ASTM 
 4 4 11 dunotwoply 

Crushed.ock Hamilton 4 2 
5.1 

4 
7'13 12Brantford 4 31 18 0 4St. Catharnes 1 9 6 0 2AASHO 44 44 11 does notapply 2.2
 

Cloy Hamilton 3 24 13 -2 4
Brantford 
 4 38 13 -2 3
St. Catharines 1 6 7 0 3 

ANALYSIS OF DIFFERENCE BETWEEN 
CDW-AND-LABORATORY PROCTOR RESULTS 

A statistical analysis of the previously mentioned first correlation study Isdetailed in the Appendix to this report. The following is a summary: Because of theoperational character of the test series it was not possible to separate all sources ofvariation. The precision of the methods could not be analyzed because thc tests oneach sample pair were not repeated, but the effect of soil type and tester on the differences between the results of the two methods was evaluated by an analysis of variancefrom which the following conclusions were drawn;
(a) Influence of Tester. The tester's influence on the differences between the


CDW and laboratory test methods is almost significant. Since differences
between the two methods, not the methods themselves, were analyzed, it
cannot be said whether the CDW test or the laboratory test, or both test
methods are subject to this variation. The average differences for testers
A, B and C are -0.6, +0.9 and +0.2 pcf respectively. These differencesare not significant. Howcver, since according to the variance analysis
the probability that diffeiences exist between the testers is alnost
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significant, it isdesirable to obtain more test'data before this source ofvariation is dismissed. 
(b) 	 Influence of Material. The test materials have no significant effect on thedifferences between the test results obtained by the CDW and laboratory

methods and it may be concluded that both methods are of equal merit in 
this respect.

(c) 	 Influence of Interaction. There is no significant interaction between testers 
and type of soil tested. 

(d) 	 Bias. The average of all differences, according to the table in Appendix A,woula indicate that the CDW method runs about 0.4 lbs. lower than thelaboratory method. However, since the results of testut B, who performed
more than half of all the tests, also ran low, more test data from more
testers are required before an estimate of bias can be made. 

(a) 	 Standard Deviation. The estimate of the standard deviation, 3.5 pcf, ofthe differences between the CDW and laboratory test results shows how the
differences are distributed ard with what frequency they can be expected.

(f) 	 Significance of Bias. In order to determine whether the previously mentioned
bias of the analyzed CDW test results is significant, the Student's 't'test forPaired Differences was applied. The yalue of 't'is 1.4169 for a probability
of 0.05 and 173 degrees of freedom. This is well below the critical 't'valueof 1.970. It was, therefore, concluded that there is no significant differencein the level of results between the two test methods. 

THE CDW TEST AND THE STATISTICAL 
APPROACH TO COMPACTION CONTROL

,180 A statistical quality control study of highway construction in southern Ontariowas carried out in which the conventional laboratory compaction test and the CDW testwere used. The test series wa. modelled on the guide lines suggested by the Statistical
Quality Control Task Force of the U.S. Bureau of Public Works (12). for compactedembankments, bases and sub-bases. The program was designed to obtain data for establishingstatistical parameters pertaining to density, percent compaction and moisture content. 

Duplicate samples were taken in 50 random locations in each of 8 projects. Eachproject contained a minimum of 50,000 cu. yds. cf embankment or 10,000 cu. yds. ofbase material. Euplicate tests were taken within a square yard unit to calculate the 'testingerror' and each square yard unit was tested by the CDW method in the field and by thestandard ASTM test method in the laboratory. The test results in Table 4 show that:the test errors, i.e., the difference between the test results within a one square yard testlocation unit, are very nearly the same for standard and CDW tests. 
Table 5 shows that the over-all average percent compaction measured bylaboratory compaction test was 96.9 with a standard deviation from the mean of 4.8percent. The corresponding results for the CDW te4, were 97.7 and 4.4 percent. 
Table 6 shows the mean difference and standard deviation from the mean betweenCDW test and the Standard Laboratory test. The average of the standard deviations given inthis table shows that the variation from the mean Laboratory Maximum Dry Density in thelarge mass of road material is of the same order as that of the difference between CDW andStandard Laboratory test. From this it could be.inferred that the CDW-standard test differenceactually reflects the variation of the material within the square yard of the test unit and that this 
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vsriation is of the same order as the variation within a large mass of the same material. It may
also be noted that E.T. Selig, in his important report (13) on the variability of compacted
Soils, in which nuclear moisture and density data were used, quotes a standard deviation of 
3.8 pcf for wet den'*ty, within lift, excluding known instrument errors (i.e., 2.7 percent for 
an average wct density of 140 pcf). 

TABLE 4, PRECISION OF TEST 

PERCENT COMPACTION 
NUMBER COW TEST ERROR STANDARD TEST ERROR
 

OF SOIL TYPE MEAN STANDARD MEAN STANDARD
 
TESTS PRECISiON DEVIATION PRECISION DEVIATION
 

150 Clays 2.9 2.5 3.2 2.7
 
Sard Cushion
 

100 or Granular 2.5 2.3 3.0 27
Em. 'a' 

100 Grana' 2.6 2.3 2.5 2,0
 
IeBuA' I II
 

TABLE S, COMPACTION OBTAINED BY STANDARD
 
COMPACTION METHOD, AND BY CDW METHOD
 

PERCENT COMPACTION 

SOL STANDARD 
TYPE LABORATORY TEST COW TEST 

Clay 94.3 5.7 95.1 4.2
 
Sa8.Cushion 4.3 98.9 3.5
 
or 'i" 

'A' 101.8 3.6 103.3 6.3
 
Averalge 98.0 4.6 99.1 4.4
 

FIGURE 6. COMPARISON OF CDW AND CONVENTIONAL FIELD
 
COMPACTION TEST RESULTS, AND THE VARIATION OF THE
 

MAXIMUM DRY DENSITY OF LABORATORY SAMPLES
 

COW TEST PERCENT COMPACTION AASHO T99-57
 
MINUS %OF MAXIMUM
 

LABORATORY TEST COMPACTION DRY DENSITY
 
NUMBER MEAN STANDARD STANDARD
 

OF TESTS SOIL TYPE DIFFERENCE DEVIATION DEVIATION
 

150 Clavs i.0 4.2 4.5
 
Sand Cushion
 

100 or Granular .3 2.5 4.7
 

1101) Granular 1
 
I em'A' I I
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USE OF THE CDW TEST WITH STATISTICAL PROCEDURES 

The average percent compaction and the standaid deviation from the mean of 
several CDW tests can be ascertained in a sufficiently short time to make it suitable for a 
continuous type of statistical compaction control. 

The Siate of California Division of Highways describes the statistical 'area concept' 
(14) 	 of compaction control as follows: 

"An area of embankment is selected to be tested for acceptance, with this area 
varying from a few hundred to a few thouand feet in length. Six or more in-place density 
determinations are performed 2t random locations throughout this area with a nuclear 
soil density gauge. A standard impact maximum density test is performed on a soil sample, 
from the test site, whose density isjust below the average density of the area. The relative 
compaction is then calculated at each test site. The average relative compaction of the 
area is then calculated and must be above the required value. Also at least two-thirds of 
the individual test site relative compacrions must be above the required relative compaction 
value." 

The declared intention of the m'.:iod is to reduce the number of time consuming 
moisture tests. This can be realized with tile aid of the CDW test. and if nuclear gauges and 
trained personnel are available, the CDW test can be used in conjunction with the nutclear 
gauge, as described later in this report. It is not the intent of the authros of the area concept 
to restrict its application to nuclear tests and it is here suggested that the CDW test could, in this 
context, be used to advantage since the difficulties of multiple calibration curves for different 
soil types in the case of backscatter gauges. the problem of instrument setting, the need of 
specially trained personnel for maintenance and for the assurance of health and safety are 
avoided. The area concept can then be used also on small projects with a minimum of staff 
and equipment. 

INTERPRETATIO I OF CDW TEST RESULTS 
WITHOUT THE US;:- OF STATISTICAL PROCEDURES 

Most cuastr.ction tests (crushed concrete cylinders, steel shear strength. etc.) are 
carried out on individual members which. statistically speaking, represent the population to 
be judged. In these circumstances an indirect judgment about the condition of other members 
of the population can be made. In the case of the CDW test the circumstances are different 
insofar as the member tested is the investigated object itself and not just representative of it. 
It is. therefore, not necessary when judging the individual location, to have reservations about 
the relevance ot the test result, on the grounds that it may not be truly representative of the 
tested location. A fill location, which the CDW test shows to be compacted less than the 
specification requires. can be improved to the required stand:mrd. Although the soil mass is 
by its nature variable. the level of compaction can be locally controlled and corrected. 

It is a feature of the CDW test. that. without using the statistical technique.
especially on small and medium size projects. a direct coilpaction measurement of the tested 
location is obtained and a decision can be made immediately as to the required action. 

TIlE CDW TEST USED INCONJUNCTION WITH THE NUCLEAR GAUGE 

Whilst the nuclear gauge lends itself to comparing density levels it is less suitable 
for use on projects where compaction requirements are specified in terms of ASTM standard 
compaction. The C)DW test was used to supplement the numlear probe in the following manner: 
Nuclear and CI)W tests were taken in two locations -one in compacted and one in uncompacted 
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material, and a calibration line was plotted with the nuclear count as the ordinate and theCDW percent compaction as the abscissa. This calibration line was used for convertingnuclear test results in the same material into 'percent compaction'. 

CONCLUSION 

The accuracy and the precision of the CDW compaction test method are comparablewith that of the standard laboratory test and because of its speed and simplicity the CDW 
test issuitable for field compaction control. 

19
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APPENDIX A, STATISTICAL ANALYSIS OF CORRELATION DATA 
FOR CDW TEST AND LABORATORY PROCTOR TEST 

The correlation study was intended to interfere as little as possible with normal
construction operations. In order to prepare a quasi-symmetrical table of data some tests
had to be discarded. Only the results made by three testers who had tested several samples
in each of four categories of soil were used, with the result that 174 pairs of data were
retained for the analysis. The table was not symmetrical, however, with respect to the
number of tests performed by each tester on each soil type, nor with respect to the total 
number of tests performed by each tester. 

When data of this type are subjected to an Analysis of Variance it is usual to 
determine: 

1)if the two analytical methods differed in level of results or in precision
2) if either method was subject to variation due to different testers 
3) if either method varied due to soil type or ifsoil type affected the correlation 

between the methods 
4) if any other interactions not mentioned above existed between testers, soils 

and methods. 

The arrangement of the correlation tests did not permit the separation of the 
above sources of variation for the following reasons: 

1)the operational nature of the test method did not permit replication, i.e., 
repeated analyses on the same material 

2) the Laboratory Proctor results were run by any one of several testers who 
happened to be available at the time 

3) it must also be noted that the laboratory and the field operator were not 
testing exactly the same material. 1O 

Consequently, each difference between the CDW density test and the Laborator)
Proctor test was listed. Each difference represented the algebraig sum of variations from 
the following sources: 

1)variations among the analysts who performed the Laboratory Proctor tests 
2) variations inherent in the Laboratory Proctor methods 
3) variations inherent in the CDW method
4)variations between the material analyzed in the field and that analyzed in 

the laboratory. 
None of these variations can be separated and their over-all effect will appear in the mean 
square for error. 

Thus, a series of poiitive and negative differences was obtained for each CDW 
tester and for each soil type. 

Table A-I shows the algebraic sums of each series of test differences. The figures
in brackets show the number of test differences in each series. The estimate of the standard 
deviation of the difference is: 

S(diff) =%10 = 3.Spcf 

The following is the interpretation of the above analysis: 
I)The tester effect on the differences between the two methods is almost 

significant at P 0.05. Since we are dealing with a dillerence we do not know 

A-] 



186 

Compendium 10 Text 7
 

APPENDIX A. STATISTICAL ANALYSIS OF CORRELATION DATA
 
FOR CDW TEST AND LABORATORY PROCTOR TEST (CONTINUED)
 

whether the Proctor test, the CDW test or both tests are subject to this variation. 
If. however, Table A-I isexamined it can be seen that the average differences of 
the three testers are small. Tester A runs about 0.6 pcf low while B runs 0.9 pcf
high and Cruns 0.2 pcf high. These small differences are insignificant when the 
level of the densities and the uses to which they are put. are considered. The 
differences would be real at P= 0.07 but since they are so small the tester effect 
may be of little significance. Since the results of only three testers were analyzed 
more data on other testers would have to be obtained before this source of 
variation can be dismissed. 

2)The soil type has no significant effect on the differences and it may be concluded 
that both methods are equal for all types of soil surveyed in this experiment. 

3) There is no significant interaction variation between tester and soil types. 

4)The average of all of the differences in Table A-I might be thought to indicate 
that the CDW method is biased about 0.4 pcf lower than the Proctor method. 
In interpreting this result it must be remembered that tester B who performed 
over half of the total tests also ran low. Before an estimate of bias can be made, 
more data from more testers would have to be obtained. 

5)The estimate of the standard deviation of the differences indicates how the 
differences are distributed and with what frequency they can be expected. 

To determine whether the two test methods produce different results, the Studentst' test for Paired Differences was applied. The 't' value for 174 pairs was 1.4169, which is 
well below the it' value (1.970) at a probability of 0.05. It was concluded, therefore, that 
there was no significant difference between the two test methods. 

TABLE A-1, DIFFERENCE BETWEEN CDW DENSITY AND 
LABORATORY DENSITY. INPOUNDS'PER CUBIC FOOT 

TESTER 
SOIL TYPE TOTAL AVERAGE 

A B C 
Fine Sand 6 (18) -251i)) (6) -2235) -0.63 

Sand-Gravel -213) -11(25) -t(8 ) - 14(461 -0.30 

Crushed Rock +171(12) -81301 -4(9) 5151) 0.10 

Clay +7(4) -42132) +1(6) ,-341421 -0.81 
Total 428(47) -86198) -7129) -65(174) 

Average .060 -0.88 -0.24 -0.37 

TABLE A-2, ANALYSIS OF VARIANCE RESULTS 

SOURCE OF SUM OF DEGREE OF MEAN 'F'
 
VARIATION SQUARES FREEDOM SQUARE RATIO SIGNIFIANC
 

Analysts 69.56 2 34.78 2.879 N S. at P - 0.05 
S.. at P. 007 

Soil Type 21.81 3 7.27 0.6018 NS 
Interacion 4547 6 7.58 0.627 NS 
Error Within 1957.88 GEachSe t I 9 78 I 67 . I 
F .1.t 2094.72 173 .......
 

A.2
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, AG, STATE OF VERMONT 

DIVISION OF ENGINEERING AND CONSTRUcTION 

133 State Street, Mortpelier, Vermont 05602 

June 13i,1979; 

Mr. Lloyd R.Crowther, JH513
 
Transportation Research Board
 
2101 Constitution Avenue, N.W.
 
Washington, D.C. 20418
 

Dear Mr. Crowther: 

Enclosed, isa copy of our Constant Dry Weight Test
 
Procedure which I agreed to forward to you during our
 
telephone conversation on June 6, 1979. 1 believe that
 
everything inthis procedure isplainly stated and can be
 
easily understood.
 

Ifthere are any questions or additional information '187
 
needed, please call us at any time. We are glad to be of
 
assistance.
 

Very truly yours, 

R. F. Nicholson, P.E. 
Materials & Research Engineer 

By: 
SDonald C. Brown, P.E. 
Chief Research &Testing Engineer
 

Enclosure
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Prepared By: D. C. Brown 
Date: June 8, 1979.Paqe I 	of 2, 

STATE OF VERMONT
AGENCY OF TRANSPORTATION 

MATERIALS &RESEARCH DIVISION 
CONSTNIT DRY WEIGHT (C.D.W.) TEST PROCEDURE
 

SCOPE:
 

The Constant Dry Weight Method was developed for a quick and convenient
compaction test based on simple volume measurement. 
The "percent compaction"
of the soil in an embankment is determined from the ratio of the compactedvolume in the standard Proctor mold to the volume of the test hole.method eliminates the need for moisture-density curves 
This 

and stone corrections. 
The formula used for "percent compaction" is:
 

C -_.V x 100 

Where: 	 C a Percent Compaction
V1 a Volume of compacted sol1. in moldV2 a Volume of test hole 

APPARATUS: 
All of the below  listed apparatus shall meet the requirements of
AASHTO T-134 with the exception of the Calibrated Dipstick. 

1. Sand 	Cone Apparatus
 

a. 6" cone with matching plate

b. 1 gallon jug, with G mason top 
c. Free 	flowing, calibrated sand
 

2. Scales - 25 lb. capacity
 

Reading to nearest .01 1b.
 

3. 4" Proctor mold 

4. 5.5 lb. rammer 
5. Dipstick (calibrated to one thousandths of a cubic foot) 
6. Miscellaneous Tools: mixing pan, rubber mallet, spoons, brushes, 

chisel, etc.
 

*1 
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Stateof Vermont A.O.T. ..
 
Materials & Research Div. June 8, 1979
 
Constant Dry Weight (C.D.W.) Test Procedure 	 Page 2 of 2
 

PROCEDURE:
 

1. 	The test site shall be cleared of all loose surface material and leveled
 
to a size sufficient to accommodate the sand cone plate. The material
 
is extracted from the test hole (approx. 1/3 of a gallon pail) and the
 
sand cone.apparatus installed. After the test hole is filled with sand,
 
remove the jug and cone and recover the clean sand.
 

2. 	The Jug and sand is weighed and recorded on the CDW worksheet. This
 
weight is subtracted from the original weight of the sand and jug. The
 
result is entered as weight of sand used. The se.nd cone correction is
 
then subtracted from the weight of sand used to obtain the actual amount
 
of sdnd used to fill the test hole. (net sand in hole). The test hole
 
volume is obtained by dividing the net sand in the hole by the sand
 
density. The sand density is the weight of sand in pounds per cubic
 
foot nredetemined by the laboratory.
 

3. 	The extracted soil from the test hole is examined for optimum moisture
 
content. Moisture is added if it is too dry or dried back if it is too
 
wet. When the material is at optimum moisture, it is neither mushy nor
 
dry but contains sufficient moisture to make a firm cast when squeezed
 
in the hand; water can not be squeezed out of the material and little
 
will appear on the hand. With a little experience the correct amount
 
of moisture can be determined within practical limits by feel. 


4. 	The total sample now at or slightly below optimum is compacted in three
 
equal layers in the Proctor mold. The specified compactive effort from
 
AASHTO T-99 is 75 blows (3 layers at 25 blows each) with the 5.5 lb.
 
rammer for a sample volume of .033 cubic feet. Since the CDW procedure
 
must use all the mat!rial from the test hole, the number of rammer blows
 
per layer shall be adjusted to the volume of the hole.
 

a. 	NUMBER OF RAMMER BLOWS.
 

The volume of the t2st hole isread on the dipstick volume
 
side and by turning the dipstick over read the corresponding
 
number of blnws required. Divide this number by three to obtain
 
the required blows per layer.
 

5. 	After compacting the sample in the mold the volume ismeasured with
 
the dipstick using the average of five readings (4 at the circumference
 
and 1 at the center). Each measurement ismade with the dipstick resting
 
lightly on the surface of the soil, and the volume readings taken at the
 
top of the collar attached to the mold. The average of the readings is
 
then divided by the net hole volume to determine the percent compaction.
 
The "in place moisture condition" is noted on the worksheet at dry,
 
optimum, or wet. See FIG.
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AGENCY OF TRANSPORTATION 
MATERIALS & RESEARCH DIVISION 

COMPACTION TEST WORK SHEET DIPSTICK METHOD 
PROJECT:__CONTRACTOR!______ 

TEST BY: UTE 

,. 
CD:3 

1. Teat No. 

2. Station 

4. Depth Below Subgrade 

5. Soil Type 
6. Wnt. Sand Jug (before) 

7. Wgt. Sand Jug (after) 

8, Wt. Sand Used (6-7) 

9. Cone Correction 
10. Net Sand 1n Hole (&-9) 

11. Sand Density 

12. Net Hole Volume (10-111 

13. Dipstick Readings 1_....__ 

2. 
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-

.... 

3. 

5. 

14. Total of Readings 
IS- Aver- Volumeof Rpadtn 
16. Z Compaction (15-121 
17. Moisture Condition 
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-. 
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INTRODUCTION

During the preparatory work for the Mexico conference, the Committee on
Testing of Road Materials established that there was a very wide varlet
test Procedures in use ofdifferences result from different concepts of road functions and so are to that 

in the various countries concerned. While some ofthe
 
extent understandable, 
 others by contrastConsequently, the situation as a whole is very 

have 
much 

no 
open 

sound 
to criticism 

basis 

for it 
considerably at all.hinders exchange of information between countries and theprogress of road technology. 

In view of this, the main aim of the Committee has been to contributetowards puttin; matters in order, both in respect of methods used in testing
and of terminology. The work described in the present report concentrates on
this dual objective. It seems to us to be of the greatest importance that therecommendations put forward here should, after examination and being put
into final form (taking account of any comments which may be received by
the Committee and the discussions to take place at the Vienna conference), be
 
discipline within PIARC seems capable of remedying matters. We hope toothe recommendations will be published in the technicalmember countries so that they will become widely known. press of all 

In conclusion, we should like to make it clear that the Committee has notworked in isolation but has set up close collaboration with RILEM whosework is on somewhat parallel lines. Accordingly, the Comittee has only

dealt with areas not covered by RILEAN and proposes to submit the results of
to that organization. Conversely,to RILEM's work the Committee madebituminous binders. The Committee wishes to stress the excellent 

has 
spirit of 

Pin establishing terminology in the field of 

cooperation shown in the joint work. Collaboration was also established withASTM who were concerned in the report on the Marshall test; we hope that
this cooperation will carry on in the future.
 

now comment briefly on the various Sections of the report. 

1. Recommendations on methods to be used for testing aggregates 
(draft) 

The recommendations were prepared by a Working Group under MrMoraldi (Italy). Generally speaking these areas such but are recommendations not operational test procedureson 
ensure that tests 

all matters which appear essential toare carried out uniformly in all countries. In those cases 
where an existing method of operation seems to be accepted in the majority ofcountries, it has been adopted with the addition of further details whererequired. For certain tests where recognized procedures are lacking, it hasbeen necessary to go further and provide all details needed to ensure that the CDtests are carried out in the same way in all countries. X 

CO 
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I. RECOMMENDATIONS ON METHODS TO BE USE D IN " 

II. Analysis of replies to an international questionnaire on the TESTING AGGREGATES O MT U 
.. .... -GATMarshall test and its applications 

The analysis was carried out by a Working. Group under Mr Goodsall PROPOSALS " 
(UK). The Committee's report to the Mexico conference brought to light the 
wide-spread use made of the Marshall test in most countries. It also showed I. Particle-size distribution by sieving. C 
up the lack of uniformity of test procedures, some variations being justified 2. Los Angeles test 
by a concern to adapt the test to suit local conditions. 3. Sand equivalent 

4. Polished-stone-value testGiven this, the Committee thought it would be useful to make a thorough 5. Quantity of fine material passing a 0.075mm sieve 
analysis of the problem by way of a survey carried out by a questionnaire. 6. Density measurements 
Data from the survey are analysed in Section I1,where the conclusions to be Relative density 
drawn are also presented. Apparent relative density and proportion ofabsorbed water 

Bulk detnsity with or without compaction
Ill. Draft terminology relating co the treatment, mnprovement and 7. Aggregate shape
sabilizatlon of soils and materials for road foundations Shape index based on the shape-coefficient using calipers 

At the present time, the treatment of soils and materials for road Flakiness index based on the flakiness coefficient 
foundations is an area which is in a state of continuous flux. This results, on 8. Sample reduction to provide the test sample 
the one hand, from the arrival of new binders - often industrial by-products 9. Sensitivity to freezing 
- and, on the other, from an increasing awareness of the value of these 
iechniques. As a consequence, teaninology too is changing all the time with 1. PARTICLE SIZE DISTRIBUTION BY SIEVING 
new :erms appearing in the various languages to interpret the technical 
evolution occurring. A. GENERAL 

The Committe. decided that it was essential to consider materials Al Purpose of test 
terminology before tackling test procedureb. The work presented here To determine particle-size distribution, by mau of an aggregate. 
reprscer.ts a first draft; it is a joint effort of the Committee, carried out under 
the leadership of Mr Paulmann (FGR). Any comments we receive on this A2 Principle of the test 
subject will be particularly useful in enabling the proposals to be developed The aggregate sample is sub-divided, using a series of sieves of 
and finalised. decreasing aperture size. 

A3 Remarks 
A3.1 Most countries use square-mesh sieves; and a few, round-hole 

sieves for the fractions >2mm. Accordingly it appears advisable, 
in line with the Mexcico report, to recomnend the use of square
mesh sieves. However, for the benefit of countries using round
hole sieves, an average conversion factor is recommended to 
enable data to be compared with those obtained with the square
mesh sieves. 

A3.2 Two series of sieves are recommended, the ISO and the ASTM. 
Since the particle-size-distribution results are ust~ally converted to 
graphical form, the actual values of the sieve iperturcs used are 
not important. However, it is recommended that 0.075mm (or 
ASTM No 200) sieve be used to separate the sand from the 
"filler". 

A3.3 Wet sieving is recommended when the aggregate is dusty or 
contains clay, whether sticking to the grains or present in the 
form of lumps. 

(D 
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A3.4 The choice between hand and machine sieving is left to the user 
 B5 Expression of results
but criteria are Laid down'o define the compltioof iving. 
 B5.1 	Results are tabulated or more frequently, presented graphically. 

B. RECOMMENDED PROCEDLRE 	
In the latter case, the Abscissa is the sieve-mesh size shown on alogarithmic scale;BI Equipment the ordinate is usually the cumulative mass
passing each sieve, the mass being expressed as a % of the total.
i31.1 Spcial equipmentB1.1.1 The series of sieves selected shall be from thosoff%valueswhole B5.2 Round of austo nearest woenmstandardized by ISO or ASTM, mesh sizes being chosen so as to 	

r.3number.define conveniently (or as laid down by the specifications) the 	 B6 Repeatability and reprod-cibilityNot assessed.sizes of aggregate components concerned. It is recommended,ho;.,ever, that 0.075mm sieve should always be used to separate
the "sand" ftraction from "filler". Round-hole sieves are not

recommended. If,however, a country considers it desirable to use 

2. LOS ANGELES TEST
 
them, data so deived should be transformed into equivalent A.
square-mesh sieve measurements 	 GENERALby the following conversionratio. Side of squaremesh aperture-0.8x roundhole diameter. 	 Al Pupose of teasTo mure test fn g at31.2 Standard laboratory equipment 	 cTo measure the resistance of an aggregate to impact.
1.2.1 Scales with a capacity appropriate to the test-samplemass, ,A (See £2.1) and whose sensitivity is equal to or betterthan 0.1% of M. A2 Principle of the test

BI.2.2 A drying oven which is thermostatically controlled at a The test involves submitting the material to impacts from standard stei'balls in a Los Angeles machine. The mass of particles smaller thantemperature of I1:5°€.B1.2.3 A sampling device (optional) 1.6mm produced in this way is expressed as a ratio of the mass of theB1.2.4 Sieving machine (optional) sample before the test.A3 Remarks 
B2 Preparation of teat sample

32.1 	 Minimum mass, M epseDga A3.1 The test is very widely used throughout the world.
 
A3.2 There are no appreciable differences between the equipment used
For 	 M2o in.20mthe various countries which is that standardized by ASTM:.

for D,,_>20mm, Mi-600%, ion in mam.where D,, is the maximum aggregate-dime GDR where 60rn is used instead of 89mm.The only variation noted was in the width of the shelf used in theB2.2 Dry in the oven until mass remains constant. A3.3 	 The mesh-size of the control sieve is unified atB3 Test Procedure 	 1.6mm except
round-hole sieve with 2mm holes is used as the control sieve; this 

B3.1 	 in Bulgaria and USSR whereSieve in the dry state if the test sample is clean, ic free from dust 
it is 1.25mm. In Switzerland a 

or Claycy material. is equivalent to a 1.6mm square-mesh sieve.
A3.4B3.2 	 If the aggregate contains lust or clay 

The tet is carried out in the manner specified by ASTM, exceptuse wet sieving to separatethe material passing the 0.075mm sieve. The fabric of this sieve in some countries where the particle-sizeweights differ.	 used and the samplemust always be protected by placing a I or 2mm sieve above it.B3.3 	 Sieving end-point. The end point for any sieve, is when the mass

of material passing through the sieve during one minute of hand-

A3.5 No signiL-ant variations occur is. the number of ballr used for
 
sieving is less than 1%o the various particle sizes used.
the mass retained on the sieve. A3.6 	 Accordingly, it is consideed appropriate to recommend adoption34 compldeton of sieving the sum oatthe mas 	 of the standardisd ASI"M procedure. Countries using particleof•U of he fractions sizes differing from those of ASTM should make every cffon tol be wthin sieviog the tota e eof mass . s l ittta agiven 	 adjust the number of balls used so as to obtain the same results asby the AYi'M test. H 
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B. RECOMMENDED PROCEDURE A2 Principle of the test. "D
l 	 Equipment and test methods


As specified inASTM standard(s) C 131-76 
7 

and C 535-75 The test consists of separating aggregate particles passing 
 a 	 10mmspecial slotted sieve with slots 40mm x 
normal sieve and retained on a 14mm to 10mm flake sorting sieve (i"a7.2mm). Test specimens are very C-B2 Repeatability and reproducibility 
carefully prepared from 35 to 50 particles of the separated aggregate.Not assessed. 
The specimens are subjected to a polishing action under a rubber tyre,
water

3. SAND EQUIVALENT 	
and 2 grades of emery (corn and flour). On completion of the 3polishing cycle the condition of the surface of the specimen is

determined using a friction tester. 
A. GENERAL A3 Rermarks 0 

Al Purpose if test "A3.1 The ttst was developed in UK and is the only one enabling an assessment to be 
To determine the amount of very fine material present iisand. 

made of thethe loss of micro-roughness produced
 
on aggiCgate due to the effect of traffic. It is inuse by most coun-


A2 Principle of the test 	 tries without modification. Some, however, have introduced smallA sample of the aggregate, passing 	 changes relating toa 	5mm sieve, is transferred to a (a) the reference aggregate used for calibrating the machine,cylinder of specified dimensions containing a solution, of flocculatingagent 	 (b) abrasive powder orin water. After shaking under standard conditions and thenallowing the contents to settle, the heights of the layers of coarse and fine 
(c) the area and plane of rotation of the tyre so as to obtain a
 

particles are measured, more uniform polishing action. A similar test is used by

the GDR but a different procedure is followed.
A3 Remarks 


A3.2 Having examined these various modifications it is considered best
A3.1 The teat is in very widespread use. to recommendfor whichthe original British procedure since it is the onlyone repeatabilityA3.2 Almost all co-	 2nd reproducibility-sing it follow the procedure stan-	 values areavailable.dardized by A" ever, in Denmark and France the testmaterial is not .	 B. RECOMMENDED PROCEDURE_.idis of known mass rather than volume. Inaddition, in France the depth of"sand is measured either visually 	
II It is recommended that the equipment and test procedure described inStandrd BS 812Partor by means of an ASTM piston. 	 3: 1975 ClauSe 10 be used. It is permissible,

however,A3.3 It is accordingly considered appropriate to recommend 	
to use locally available chippings for the calibration of thethestandardized ASTM procedure. 	 machine, provided the chippings are of uniform properties, the polishedstone value is known and is close to that of the standard rock specified inB. RECOMMENDED PROCEDUREBS82 ES 812.B2 According

BI Equipment and test method as laid down in ASTM Standard D 
to that Standard the repeatability and reproducibility of thetest are 4.9 and 6.0 respectively.2419. Although the Standard permits the use of either manual ormechanical shaking, the me:chanical method is recommended. 5. QUANTITY OF MATERIAL PASSING A 0.075mm SIEEB2 Repeatabiliti and reproducibility . GNER A
 

Not a.sessed. A. GENERAL
 

Al Purpose of test 
4. POLISHED-STONE-VALUEB 	 4passesTo assess the quantity of fine material (clay, mud/silt and dust) whicha 0.075mm sieve. No information is provided by the test on the 

A. GENERAL 
 degree to which the fine material is harmful. 
Al Purpose of test A2 Principle of the test 

To as.ss.te resst.......a.
To assess the resistance-ofan arep to the polishing a iorf .0.075 	

Wet sieving is used to determine the mass of fine material passing asieve. 

CD 
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" B4 Expression of resultsA3.1 	 There are two procedures that are generally used to determine CDThe %, in, by massthe quantity of fine material in an aggregate. The first employs 	 passing through the 0.075mm sieve is given bym= 100(M, wet-sieving to measure the mass of material passing through 	
M.YM, where Mi is the mass of'sample before, and M, is 0La the mass retained after washing through the sieve. 

second procedure is based upon a sedimentation test.
 
A3.2 For the first test, a 0.075mm (ASTM No 200) sieve is the one
in most common use. However, a 0.063mm sieve is used in the 

B5 Repeatability and reproducibility

FGR and Switzerland, 0.080mm Not assessed.
in Spain and 0.1mm in 

Hungary. 
 06. DENSITY MEASUREMENTS
A3.3 The RILEM Aggregate Committee recommends this method but
with a 0.063mm sieve. A. GENERAL
 

There are three densities to consider.
A3.4 	 As wet sieving is often used for the particle-size distributiondetermination, and a 0.075mm sieve has been recommended foruse in that test, accordingly wet sieving through a 0.075mm sieve 
Al Relative Density


This is defined as the ratio of the
is also recommended for the test under present consideration, mass of the solid matter of theparticles to its volume (excluding the volume of pores/voids within the 
particles.)B. RECOMMENDED PROCEDURE 

Generally, measurements are made on ground material, the onlyBI Equipment 	 variation in technique found being in respect of the fineness of grinding
which ranges from <0.063 
to <0.2mm. It is considered that the ISOB 1.1 	 Special Equipment 
0.075mm sieve orAn ISO 0.075mm 	 ASTM No 200 (0.074mm) should be recommendedor an ASTM No 20CI sieve, either being pro-tected by a I or 2mm sieve. 	 for use. 

A2 Apparent relative densityBI.2 Normal laboratory equipment. 

BI.2.1 Balance with a capacity appropriate to the mas 

This is defined as the ratio of the mass ofsolid matter to the volume of
M ofthe testsample (see B2.1) 	 and sensitivity equal to or better than 
the particles (including the volume of pores/voids within the particles).0.05% of M. 	 Most countries carry out the test on agyregate which has been
 

B An thermostatically
l2.2 oven controlled at a temperature o 	
saturated and then the surface is dried, different procedures being usedaccording to particle size.110 t 50C 

B2 Preparation of test sample It has been decided to recommend the ASTM standardized procedureB2.1 	 Minimum mass (in grams) and ro carry out the test on saturated aggregate, the surface of which has

For D_<20mm, been dried. In the case of materials which pass through a 5mm (ASTM
M>200D 
For D_,>20mm, 	 No 4) sieve a pycnoncter should be used, and if'the material is such thatM>600D, 
where D. it is wholly retained by the 5mam sieve, a weighing measurement with ais the maximum aggregate-dimension in mm. hydrostatic balance should be carried out.
B2.2 Dry in oven until mass reaches constant value (M).


B2.3 	 A3 Bulk densityImmerse in water until clay lumps are completely disintegrated. This is defined as the ratio of the mass of the solid matter to the overallIt may sometimes be necessary to boil for 10 min. 
B3 Test procedure 

volume of* the particles (including the volume of pores/voids a,.uhin, and
that of voids btu.,n, particles).Some countriesWash through the 0.075mm sieve 	

use loose. uncompacted material for th,until the water coming through is 	 test whileclear. Then dry the material retained by the sieve until its mass reaches a 	
others use compacted material. The only variations occuringexperimental technique are 	

in 
constant value (Mi). in respect of"the method of cttpaction blows of a steel tamping rod, a vibration table, a dropping table etc.
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 -15-	 "3It is considered appropriate to recommend that the test be done on
either loose, uncompacted material or on compacted material; in the 

the mass of pycnometer when containing the specimen and fMld
 
latter case provision is made for various compaction procedures to be with water and M, is the mass of the pycnomeuer when flled

used, as selcted by the user. with water alone. AN masses ar in kg. 0.Round the result to nearest second decimal place.
BI. elainity 
B!.! Definition BI.6 	 Repeatability and reproducibility
 

Not asesd
Relative density is the ratio of the mass of the solid matter to itsvolume. It is determined from measurements on material which B2
has been finely ground (<0.075mm). Apparent relative density and proportion of absorbed water
 
BI.2 Special equipment


B1.2.2.1 Grinding mill or mortar B2.1 	 Definition
The apparent relative density is the ratio of the mas of solid 

1I.2.2.3 Pycnometer having a capacity between 100 and 500 matter to the volume of the31.2.2.4 Water bath thermostatically controlled at temperatures 	 particles (including
within the panicles).between 10 and 50°C; sensitivity ±t 0.10 C.

BI.2.2.5 	 The proportion of absorbed water is the ratio of the mass ofBalance with weighing capacity appropriate to the mass 
ofthe pycnometer when filled with water and to that of 	

absorbed water to the dry mass of the aggregate.
B2.2 Note.the test material. Sensitivity to be bett'r than 0.1% cf
 

mass of test material. 
 usually carried31.3Preparation of sample for test 	 Measurement ofoutthe volume of aggregate and absorbed water ison saturated surface-dry material. Volumemeasurement may also be done on dry material, in which case3.1 The minimum mass to be used for the sample depends on 

the uniformity of the mineral composition Of the aggregate 

the volume of pores that can be reached by water is neglected;
 
particles and on their maximum size. If the particles are 	 thsmto a eapidt o ooiygrat.
bomogenous, the mass 	

this method can be applied to low porosity aggregates.cf sample selected may lie between 50and 200g. If, on the other hand, the B2.3 	 Equipment and test procedurematerial is heterogenous
( alluvial materials), a larger amount should be used, its maun 

B2.3.1 When the material is such that now of it passesth m teal is Stan oneC 127.ing also adjusted to take account of the maximum diameter of
the particles. To give an idea of orders of magnitude: through a 5mm sieve, follow ASTM StandardC 127.

B2.3.2for D- >20mm, M -2000g and for D.,,,<Smm, M = 200g. 

When ihe material is such that all of it passes through a
5mm sieve, follow AS'M Standard C 128.
3.2 Grind the material until all of it passes through a 0.075mm

sieve. From the powdered material select B2.3.3 When the material is such that some of it passes through
a representative test-

specimen ofat least 50 g. a 5mm sieve and some does not, use the sieve to separate the two
Dry until its mass reaches a constantvalue M. 	 fractions.
 

Then apply procedure 3.1 to the panwhich does not pass through
31.4 Test Procedure.1TestProceduet aThe 	 and 3.2 to the part which does.4.1 Place the test material in the pycnometer, cover with distilled 	 apparent relative density of the material and the proportionof absorbed water are the weighted means of the values given bywater and expel the air either by boiling or by reducing the the two fractions.pressure to <4000 Pa for at least 20 mi. If necessary cool, beforeplacing in the ihermostatically controlled bath at temperature T, 
theatw and.
 

then fill the pyconometer 32.4 Repeatability and reproducibility
with de-aerated distilled water andweigh; let this mass be M,. 	 B2.4.1 Apparent relative density

Repeatability - 0.02, and reproducibility 4.2 Empty the pycnometer and fill with distilled 	 0.04 except forwater at 

temperature T apd weigh; let the mass be M. 	
certain porous, low-density aggregates (< 2.6g/cmi) where the

values are 0.04 and 0.08 respectively.


31.5 The relative density r at temperature T is given by yr-MI(M.Presentation of resultsB242Portnofasbewtr B2.4.2 Proportion of aborbed waterRepeatability - 5% and reproducibilityM, -	 - 10% both relative toMj)kg/dus' where M is the mass ofthe dry specimen, M, is 
 the value determined.
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33 Determination of bulk density, with or without compaction B3.4.2 Repeat the above operations for the second layer, then
 

B3.1 Definition 
 for the last layer, filling until there is a surcharge of mae~rial.Bulk density of a material is the ratio of the mass of the solid Finally, level the surface with the rod, removing particles prodCmatter to the overall volume of the particles (including the ofte rim and filling small holes with smaller particles.volume of pores/voids within, and that of voids between particles). CThe test may be done on either compacted or uncompacted Table 1 3 
materials.Tal1 

B3.2 Equipment 
B3.2.1 Cylindrical container of known volume with dimensions 0chosen according to the maximum diameter, D,.., of the particles Partic size Container Number of 
as shown in the Table. The wall of the container must be thick D max Internal dia Height blows per
enough to withstand the compaction operations without distort- (m) (mm) (mm) layer
ing. 50 350 30C 100 
B3.2.2 Balance suitable for the mass of the test material and 25 250 300 50
whose sensitivity is equal to or better than 0.1% ofthat n 15 200 225 30
 
B3.2.3 Steel tamping rod 16mm diameter, 600mm long and 5 1 150 150 20
 
rounded at one end; or a vibrating table; or a dropping table.
 
B3.2.4 Usual laboratory equipment (oven, desiccator etc). 
 B3.4.3 Weigh the materialB3.3 Preparation of sample fort ..B3.3Prearati y one ,..pleforB3.4.4 

Repeat the above procedures 4.1,4.2 and 4.3 twice more.The test may he done on a s:-ple Aeaetersls(a) which has been dried in an oven at 110 1 5OC until con-Average the results.
stant mass is achieved or B3.5 Expression of results(b) which is in a naturally damp condition or The bulk density of the material is given by y - MN kgldmt(c) which is in a saturated surface-dry condition. where M is mass ofaggregate in kg (mean of 3 measurementi) and 

The condition actually used in the test should be stated in the V is the volume of the container in dina.test report. The saturated surface-dry condition should be Round the results to the nearest lOg/din.
obtained by following the procedure adopted in the test for B3.6 Repeatability and reproducibility
measuring the apparent relative density. 10 and 20g/dnI respectively.
 

B3.4 Test procedure.
 
B3.4.1 Fill to one third the container referred to in pars 2.1 above,

pouring the material from a height of less than 50mm above the 7. AGGREGATE SHAPE 
rim of the container. Take care to work uniformly around the 
circumference and avoid segregation. A. GENERALThis layer is left loose or compacted, according to the require-
ments. speciied. Compaction may be carried out with the rod Al There are three quantities that may be used to 

d 
desibe 

t 
the shape of* 

described in para 2.3 by dropping ;t from a height of 50mm on particle component of aggregate:
to the surface of the layer for tlhe number of times shown in 
 Length L, defined as the greatest distance between two parallel planes,Table. I below. Care must be taken to distribute the impacts each tangential to the particle.

uniformly over the surlfce. Alternatively the layer may be Thickness, E, defined as the widthofthenarrowestaSoMthroughwhich

compacted by placing the container en a vibrating table for a th ic e cdn as th
given time or on a dropping table to whi:h a *given number of the particle can pass.impulses is applied. The test report should give details of the Width, G, defined as the smallest square mesh through which the
compaction procedure used in the case of the last two methods, particle can pass.

including frequency of oscillation of the vibrating 
 table and Hence a shape coefficient LIE, an elongation coefficint hLG and adistance of drop of the platform of the dropping table. flakiness coeFticient G/E may be defined. 

x 
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A2 	 Some countries use the shape coefficient LIE as a basin tor specifying B3 Preparationof test sample 
shape (occasionally it is called the overall shape .oefficient). They B3.1 Minimum mass, M, in grams. 
consider a particle acceptable if its shape coefficient does not exceed 5, 3 For D,.<20mm, M>200 D. 
or 2.5, depending on country. Other countries use the flakiness For D,_>20mm, M>600D,. 
coefficient GIE as a basis for acceptance, provided the coefficient does D_ is the size of the largest particle in rm.not exceed either 1.58 or 1.87 depending upon the country. Very few s.
 
countries take the elongation L/G into consideration for acceptance. B3.2 The sample is passed through a 4rm sieve and the fracon pass

ing the sieve is discarded.
A3 	Accordingly, it is considered appropriate to take a particle as being "non-
cubic" if its shape coefficient (IJ:.) exceeds 3 or "flaky" if its flakiness B4 Test method 0 
coefficient is greater than 1.58. Specifications should lay down the B4.1 From the fraction selected as in B3.2, 100 to 200 individual 
percentage(s) of non-cubic and flaky particles that is (are) acceptable; the particles are taken out at random and dried to constant mass 
percentages will vary from country to country according to usage. 	 (M., say). 

A4 	 L, G, and E are usually determined directly by measuring individual B4.2 The particles derived as in B4.1, are measured, in turn, using
particles using calipers or gauges or indirectly by sieving through slotted the calipers. The length of any given particle is measured first 
screens or sheets. and then the smallest dimension of the particle is offered to the 

A5 	Given this situation, it is considered appropriate to recommend two test second set of jaws having a separation of 1/3. The particles that 
procedures based on the shape coe'ficient, measured with slide calipers, pass through the smaller aws are collected and weighed: let 
and the flakiness coefficient determined by sieving through slotted their mass be M* 
sieves. B5 Expression of results 

The shape index is given by 100M,/M. where M, is the total mass of 
particles passing the smaller jaws ofthe calipers and M. is the total mass 

I SHAPE INDEX BASED ON THE SHAPE COEFFICIENTUSING of particles checked. 
CALIPERS B6 	 Repeatability and reproducibiity 

Not assessed. 
A. 	 GENERAL 

Al 	Principle of the test 11 FLAKINESS INDEX BASED ON THE FLAKINESS 
Measurements of I. and E are made, using calipers, on an adequate 	 COEFFICIENT 

number of representative particles taken from the sample of aggregate.

The percentage by nass of particles having a shape coefficient, LIE, A. GENERAL
 
greater than 3 is determined. Al Principle of the test
 

R. 	 RECOMMENDED PROCEDURE The test consists of two parts 
BI 	 Special equipment i) split the sample into anumber of particle-size fractions, the maximum

(D) and minimum (d) size in any fraction being related by D - 1.25 d.
BI.1 	 Calipers with two sets of jaws, the separation of one set ii) take each fraction and pass it through a sieve with parallel slots of
 

being inaintained (automatically) at one third that of the other. width d/l.58 where d is the minimum size of the fraction concerned.
 

B2 Normal laboratory equipment The flakiness index for any of the particle-size fraction is the 
B2.1 Balance with a capacity appropriate to the mass, M, of the percentage of the fraction by mass passing through the corresponding 

test material and sensitivity equal to or better than 0.1% of M. slotted sieve. 
B2.2 An oven thermostatically controlled at a temperaturo of 110 The overall index for the sample is the weighted mean of the indices 

tVSC. for the individual particle-size fraction making up the sample. 

X 
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B RECOMMENDED PROCEDURE 15 Expression of results-CD 

III Equipment 	 The flakiness index far each fraction is given by 100 M.1M. The overall a. 
flakiness index is given by 100 EMMv(EMJ .

11.1 	 Special equipment
 
BI.I.1 A series of slotted sieves, each consisting ofa number of

equidistant parallel cylindrical rods mounted on a square frame. 8. SAMPLE REDUCTION TO PROVIDE THE TEST SAMPLE
 
The gaps between the rods are 20, 16, 12.5, 10, 8, 6.3, 5, 4, 3.15 
and 2.5mm respectively. A. GENERAL 
BI.1.2 A series ef sieves with the following square mehes: 40, Al Purpose of this procedure 0)31.5, 25, 20, 16, 12.5, 10, 8, 6.3, 5 and 4mam. To select a representative test sample from the complete sampleE2 Normal laboratory equipment delivered to the laboratory.

Equipment required for a dry determination of the particle-size

distribution. 
 A2 Principle used in the procedure 

B3 Preparation of test sample The complete batch is split up into smaller samples either by quarter
B3.1 	 Minimum mass, M, in grams. ing or by using a special sampling device.
 

For D,_<20mm, M>200D. A3 Remarks
 
For D,_>20mm, M>600D.3
 
where D_ is size of largest particle in mm. 	 A.3.1 All countries carry out the procedure. The complete sample

B3.2 The sample is passed through a 4mm sieve, the material retained received by the laboratory must itself be representative of the
 
on the sieve, dried and weighed. Call this mass Mo. aggregate to be studied. Accordingly, the greatest care must be
 

taken with the selection and sampling operations at the quarry or
14 Test method on site (or at works) to ensure that this is achieved. Relevant
 
B4.1 Dry sieve through the series of sieves, collecting and keeping the rules are given in Clause 5 of British Standard BS 812 Part 11


various fractions separate. (Each fraction has D-1.25d). Deter-	 1975 and in ISO/DIS 4847 Standard. 
mine the mass Mg of each of these fractions. A.3.2 It 	 is essential that the quantity of aggregate reaching the 

24.2 	 Hand-sieve each ofthese fractions through the appropriate slotted laboratory is more than that required to carry out the tests
screen; that is having the gap given in the Table below. Let M, 
 planned. This enables tests to be repeated for purposes of con
be the mass to the nearest gram of the material which passes firmation or to carry out different supplementary tests not
through the slotted sieve, originally planned for in the investigation. 

A.3.3 It is considered appropriat,- to recornmend adoption of the pro
cedure defined in any of the following ihree Standards: British 
Standard BS 812, ISO/DIS 4847. or French Standard NF PI8 -Fraction Slotted sieve 553. In the last of these, however, no instructions are given

d/D in mm concerning sampling techniques at the quarry or on site (or at
31.5 to 40 20 	 works). 
25 to 31.5 16
 
20 to 25 12.5 B. RECOMMENDED PROCEDURE
 
16 to 20 10
 
12.5 to 16 8 	 BI Equipment and experimental method
10 	 to 12.5 6.3 Follow British Standard BS812, lart 111975 Clause 5 or ISOIDIS 4847. 
a to 10 Or else French Standard NF 1I8 - 553/1978 pars 4 et seq.
6.3 to 8 4
 
5 to 6.3 3.15 B2 Repeatability and reproducibility
 
4 to 5 2.5 
 Not assessed. 	 CD 
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9. SENSITIVITY TO FREEZING BI.4 	 A desiccator, large enough to hold 5kg of material and whose 

pressure can be reduced to about 4000 Pa.A. GENERAL 11I.5 	 Three trays for holding the test samples; size 430 x 470 x 50mm 

Al Purpose of the test 	 approx. 

To assess the resistance of an aggregate to repeated cycles of freezing B2 Preparation of sample and test procedure 	 C
and thawing. Paras 	 5 and 6 of French Standard NF PI8-593/1978complied with. In addition particle-size distribution should bemeasurements 

A2 Principle of the test should be carried out on the sample before and after the freezing and 
The propenics, eg Los Angeles and grading, of an aggregate are thawing cycles, using a 1.6mm sieve. Q

detprmined on a sample of the original aggregate and on the sample that B3 Expression of Resultshas been submitted to a specified number of freezing and thawing cycles; B3. 1 	 The sensitivity to freezing of the aggregate subject to the Losthe results are compared. Angeles test is given by G- 100 (LA, - LA)/I.A where LA andA3 Remarks LA are respectively zhe Los Angeles ratios of the material in the 
initial state and after being subjected to freezing.A3.1 	 In the various coun'ries which use the freezing and thawing test, B3.2 	 The sensitivity to freezing of the aggregate subjected to sievingtwo basic procedures are followed. One procedure assesses the is given by G= 100 (M, - M.)M, where M is the mass in gramschange in granularity produced in the sample by freezing and retained by the 1.6mm sieve, btforc the freezing and thawingthawing cycles. The other measures the change in some mechan- cycles and M (grams) is the mass retained by the same sieveical property (Los Angeles, fragmentation, compressive strengthe tc) .	 after cycling.a t r c c i getc).B3.3 Results arc rounded to the nearest whole number.A3.2 	 Since the second method is more effective at showing up anymicro-cracking which may have been produced, it is considered 	 34 Repeatability and reproducibilityappropriate to recomn)end this, making reference to the Los 	 Not assessed 

Angeles test which is the mechanical test most widely used. The
 
first method, however, has the advantage of simplicity and car.
 
be more readily carried out on site (or at the works).
 

Accordingly, it is recommended that the test sample should be
 
sieved through a 1.6mm sieve before and after the freezing and
 
thawing cycles, and before the Los Angeles test is performed. By

this means two measures of the effect of freezing and thawing

will be obtained, and the results compared.
 

B. RECOMMENDED PROCEDURE 

BI Equipment .. 

B.I 	 Special and ordinary laboratory equipment as specified in
 
ASTM Standards C 131-76 and C 535-75.
 

B1.2 	 Equipment required for determining the paticle-size distribution
 
by sieving.
 

31.3 	 Refrigerating cabinet, with or without programmed cycling

facilities, having the following performance characteristics: to be
 
capable of cooling to a temperature of -25 a-5'C in 2 to 3 hours,

maintaining it for 3 to 4 hours, then warming up to +25 * 56C in
 
2 to 3 hours and maintaining this temperature for 3 to 5 hours.
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-'ABSTRACT
 

A classification system isproposed whose groupings follow the patterns of optimum compaction moisture, and which issimple enough so that hand
 
tests may be used inthe field to implement it. The groups are: 1)Shot Rock
 
or Boulders; 2)Clean Sand or Gravel; 3) Sand or Gravel with Silt Fines;

4)Sand or Gravel with Clay Fines; 5) Clay; and 6) Silt. Shortened identify
ing hand tests are described. Rules of thumb for optimum moisture are given.

Silts should be much drier than the plastic limit. Clays should be near the
 
plastic limit. 
Inmixed soils the fever the fines the wetter they should be.

Clean granular soils are best compacted sopping wet. The accuracy and worth

of routine laboratory tests are que-4ioned and a field procedure for judging

compaction isdescribed.
 

INTRODUCTION
 

204 Recent trends in soil compaction have been toward end result specifications. This has freed the contractor from some of the inefficient practices

of the past but he still has no basic directions to follow inexploiting his
 
new freedom. On the other hand, the engineer has retreated to his laboratory

compaction curves and his mysterious black boxes. Communication between the
 
two groups has become limited to whether or not the desired soil densities
 
have been achieved.
 

This article is an attempt to reach a simpler state of affairs where

soils are identified by using hand tests and where optimum compaction moistures
 
are also decided on the basis of hand tests. 
 To do this itisnecessary to
 
start with a simplified soil classification system for strictly compaction

purposes. To go along with the simplified classifications, up-to-date com
pactor recommendations are made and a field procedure for estimating compac
tor progress is introduced.
 

The three engineering soil classifications used in this country are

the Unified, the AASHO and the FAA. Many foreign countries use systems closely
related to the Unified system. Figure 1 compares the plasticity diagrams for
 
the three American systems as well as for one under consideration inGreat
Britain (1). All of the diagrams have vertical divisions. Incontrast, Fig
ure 2 shows the relationship between the soil Plastic Limit and the optimum

moisture for Standard PASHO compaction for 940 soils. These figures have

been assembled from technical articles (2)and unpublished sources. The con
tours of optimum moisture variation are roughly parallel to the "A"line and

have no vertical trends. 
 Figure 2 irplies that for Standard AASHO compaction

all clays act similarly and that silts can be dealt with in a fairly regular

fashion. Itis also a 
basis for using hand tests to Judge optimum moisture in 
the field.
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The Unified system is acknowledged to be the easiest to use in thefield with hand tests (3), but it is still far bhynnd the capabilities of the
average dirt foreman. Thp hand tests neIed to lei shortened and rii'eplrified so. thtatbeqinners can quickly .get a feel for different soil types. In this reciard, the
fewer the soil groups the better. 7
 

The Swedish Geotechnical Institute proposed a compaction soil classification in 1968 (4). 
 It had four main groups.
 

I. Rock fill and granular soils with large stones and boulders.
 
II. Sand and gravel.


III. Silt, silty soils, clayey sand and clayey gravel.

IV. Clay with low strength and clay with high strength.
 

To use this system, grain size curves are called for for the first three
groups. 
For the last group the unconfined compressive strength at the compaction
moisture content-has to be known. 
 Although this system is described in terms of,
laboratory tests, visual inspection would appear to be almost adequate. 
This then
represents a good first approximation to a compaction soil classification.
 

PROPOSED SIMPLIFIED SOIL CLASSIFICATION FOR COMPACTION PURPOSES
 

This system is based on hand tests and on the recognition that soil 

types gradually blend into one another rather than fitting neatly into pigeonholes.
There are no hard and fast limits to the soil groups and in that sense this system
differs from the formal ones. 
The groups were chosen on the basis of either distinctive reactions to hand tests, recognizably different compaction moisture requirements, or a need for a particular type of compactor. 
The qroups are: 1) Shot
Rock or Boulders; 2) Clean Sands or Gravels; 3) Clay; 4) Silt; 5) Sands or Gravels
with Silt Fines; and 6) Sands or Gravels with Clay Fines. Clues to the field iden-.
tification of the various soils are described here.
 

Shot Rock or Boulders - Shot roct 
 is jagged material and boulders are

rounded. Generally, not enough smaller material is present to fill the
"chinks" or void spaces. 
This material is recognizable at a glance.
 

Clean Sands or Gravels - Both rounded and angular materials are included. If the soil is dry, spread some out in the hand and look atit closely. Very I;'tle if any dust or crusty coatings on the particles should be visible. If the soil is wet, pick up a handful, kneadit a few times and then shake itoff the hand. 
 No muddy residue should

remain. Ifwater is onto or gravelpoured a clean sand it will sinkin immediately without making any mud. 
 If the soil is all sand, look
 
at it closely to see whether it is all one size like beach sand or
whether it is a 
mixture of large, medium and small-sized sand parti
cles.
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HAlD TESTS TO SORT SILTS FROM CLAYS (5,6, 7)
 

Shaking Test - This is also called the dilatancy test and it is a
 
well-known test. Moisture is worked into a lump of soil until it gets shiny on
 
the surface. Then the lump is alternately tapped and squeezed to see how the
 
shiny surface moisture changes in appearance. The main problem is in deciding

how rapidly the changes occur. 
Figure 3.a. gives some idea of the results that
 
might be expected and shows how trouble in interpreting the results can occur
 
in soils of either very low or very high plasticity. Usually clays qive trouble
 
in this test. It is hard to mix water into dry clay soils and they wind up
 
messy and sticky whereas silts are neater and give more satisfying results.
 

Stiffness Test - This is another well-known test and it is also called
 
the Plastic Thread test and the Toughness test. It is part of the standard

Plastic Limit test. The test consists of kneading a lump of damp soil and then
 
rolling it between the palms or on a smooth surface into a thread or worm. 
The
 
object of the test is to gauge the stiffness of the thread when the soil gets

so dry that it begins to crack apart when it is rolled down to 1/8 inch in dia
meter. Again, the main problem is indeciding how stiff the thread is at the
 
end of the rolling procedure. Stiffness criteria are helpful.
 

A weak thread requires only a slight hand pressure to thin it down

during the rolling procedure. The thread has little strength and will break
if attempts are made to pick it up. 
After a weak thread cracks at 1/8-inch
diameter, the remnants cannot be recombined for further kneading.
 

A medium stiff thread 2 to 3 inches long can be picked up and held 
horizontally by one end without breaking. The thread remnants can be recom
bined after cracking apart at 1/8-inch diameter but further kneading will
 
crack and crumble them.
 

A very stiff thread requires considerable hand pressure toward the end
 
of the rolling procedure. A piece of it several inches long will not droop when

held horizontally by one end. 
 The thread remnants can be recombined after the
 
end point and can be kneaded and rolled out again.
 

In general, silts have an elastic, rubbery feel during the kneading

while clays feel dull and dead. 
 Figure 3.b. shows the trends of stiffness test
 
results and again shows that ccifusion can come about in soils of low plasticity.
 

Drying Rate - Some idea of the nature of the fines can be Qained by
observing how long it takes for the soil to pass through the end point of the

stiffness test. Figure 3.c. shows Lhat the more plastic soils take longer to

dr, out. For example, a thread rolled from a soil that dries rapidly night roll

down to 1/16 inch in diameter before breaking but the next thread miiht break
 
when itgets down to 1/4-inch diameter. The soils that dry more slowly allow
 
a better judgment of where the end point actually is. The main use of the dry
ing rate observation is in pinpointing the low plastic soils that can give con
flicting results in the other hand tests. 
 Itwill be shown later that these

low plastic soils behave similarly during compaction so it isnot necessary to

be too precise in trying to sort them into clays or silts.
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Dr Strength Test - Most instructions for this test call for setting
 
aside a soil lump to dry and then trying to crack it or rub dust off it. How
ever, letting the soil dry and crust on the fingers gives much quicker results.
 
If the dried crusts powder easily and feel slightly gritty, and if the powder
 
can be blotin off with a puff of breath, the dry strength is from very low to
 
medium. The dried crusts from soils of very high dry strength will stick to
 
the fingers for hours and simply cannot be rubbed off. Figure 3.d. shows
 
about what can be expected from this test. Silts have low to medium strengths
 
and clays have from medium to very high dry strength.
 

Hand Washing Test - Water flowing gently from a faucet will rinse
 
silt soils off the hand by itself. Even swishinq the hand in a puddle will
 
clean it off. Clay cannot be rinsed off by water alone and the hands must be
 
rubbed together under the water to cleanse them. A greasy or soap-like feel
ing is characteristic while washing clays off the hands.
 

TRANSITION FROM MIXED SOILS TO FINE SOILS
 

When small amounts of fines are present in sands and gravels, the
 
fines tend to work themselves into the zones where the larger particles contact
 
each other. The fines act as cushions or lubricants. After about one-fourth
 
to one-third of a sand or gravel is composed of fines, the coarse particles
 
lose contact with one another and the soil begins to act for compaction pur
poses as if it were all fines. Estimating the fines content is mostly guess
work but if most of the gravel and coarse sand particles can be worked out of 
a lump of damp soil that is held in the h"nd and enough fine material remains
 
to form a ball that can be kneaded and played with, the soilshould be treated
 
as if itwere all fines.
 

SANDS OR GRAVELS WITH SILT FINES
 

Here the sandy or gravelly nature of the soil is obvious to the eye. 
Pick up a handful of soil. Pour some water on it and knead it to form some mud. 
Then shake the larger particles of soil off the hand and check the dry strength 
and hand-washing characteristics of the mud that remains. Low dry strength and 
easy hand washing will be the clues to the silt fines. 

SANDS OR GRAVELS WITH CLAY FINES
 

This group will be much the same as the preceding group except that
 
the fines will have higher dry strength and will be harder to rub off or wash
 
off the hands.
 

RULES OF THU4B FOR OPTIMUM COMPACTION MVISTURES 

rThe most widely used compaction test is the Standard AASHO test. The
 

rules to be described are based on optimum moisture for this test. For higher 
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soil densities the rules have to be modified sl ightly, as explained later. 
 In
order to make the following explanations clearer, the plan is to first present

the desired field appearances and hand test reactions for clean granular soils,
clay soils, and silt soils, and then to show how these would change as the soil

mixtures vary from one of these extremes to another.
 

Clean Granulars - Indesert conditions, bone dry sands compact best.
Otherwise the best moisture for sand, gravel, shot rock or boulders is sopping
wet. 
Hard work and poor compaction will occur with clean granular soils that are
merely damp. Nor is it enough to sprinkle and then come by with the roller t 
few
minutes later. To do any good the water should be put on right in front 1,V .he
roller. 
Shot rock or boulders should be sluiced with a hose during cmpc.tIA to
 
make them as wet as possible.
 

C - Figure 2 shows that clays should be at the Plastic Limit or not
more than 5% dry of the Plastic Limit for Standard AASHl compaction. This is a
 very helpful finding because the Plastic Linit test can easily be done in the
field. 
 If a lump of clay is picked up, kneaded into a ball, and rolled into a
thread between the palms of the hands it should start crumbling and cracking cn
the first rolling when it reaches a diameter of 1/4 to 1/8 inch. If it rolls to
a tiny thread without breaking, it is too wet. If it is 
too crusty to allow rol
ling into a worm or thread, it is too dry. At optimum moisture clays are dark
in color. 
Clay soils lighten incolor when they are quite wet of optimum but by

then they are greasy and sticky and obiously too wet.
 

Silts - As Figure 2 shows, silts have to 
be quite dry of the Plastic

Limit for Sta-ndard AASIIO compaction. At optimum moisture then, it should not be
possible to begin rolling a thread from a lump of silt. 
It has been observed
that soils become darker incolor as 
they go through optimum moisture. This
change in color or tone of the soil 
can be used as a guide. Silts before compaction should appear dry and light colored in the sense that if a little more water
 were added the color of the soil would just start to darken. Inthe field, if
silts look dark after the first pass of the roller, the soil is too wet. Experience indicates that most of the trouble in compacting silts comes from treating
them like clays by having them dark and damp looking before compaction.
 

Soil color can be checked by putting a bit of the silt soil into the
 corner of an envelope ina pocket where it will dry quickly. 
Then some soil can
be picked up from the ground, pinched hard between the thumb and forefinger, and
compared with the dry soil from the envelope. The pinched soil should be slightly

darker than the dry soil.
 

If silt soils are too wet they will be springy under the compactor or
underfoot. However, some silts are springy by nature because they contain an excess of tiny mica flakes. These mica flakes reflect light and can be seen if the
soil is spread out in the hand and examined in the sunshine. Springiness during
compaction isgenerally a warning of unsatisfactory soil performance.
 

Silt and Clay Mixtures 
- If a soil is judged from the hand identifica
tion tests to be halfway between a clay and 
a silt, then the moisture to shoot
for is halfway between that recommended for a clay and that for a silt. 
Probably
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more soils will seen to be borderline varieties than definite clays or silts.
 
Figures 2 and 3 
can be used together to make a better moisture estimate. These
 
figures also make it clear that for the low plastic soils with Liquid Limits
 
less than 30 where the hand tests can give confusing results the optimum mois
tures are at or slightly less than the Plastic Limit. These are the soils
 
that are best identified by considering the relatively short time it takes
 
for them to dry out and reach the end point in the stiffness test.
 

Mixed Coarse and Fine Soils - Coarse soils should be sopping wet but
 
fine soils have definite moisture requirements. When these soils are mixed
 
together, the moisture content of the fines is the thing to pay attention to.
 
As the fines get fewer they should get wetter. If the fines are clay and there
 
are not enough fines present to readily sort out enough to make a stiffness test
 
thread with, then the clay that is visible in the soil should be almost greasy

and sticky. If the entire random soil lump can be kneaded somewhat, there is
 
enough clay present that the moisture rules for pure clay should be followed.
 
Sands or gravels with silt fines cause more trouble in compaction tha~any

other soil group. Experimentation is usually necessary, but in no case should
 
silt fines be drier than they would be if no sard or gravel were present.
 

OPTIMUM MOISTURES FOR HIGHER SOIL DENSITIES
 

Figure 4 shows the reduction inmoisture content that is necessary

when going from Standard AASHO to Modified AASHO specification. It is better
 
to first estimate the optimum Standard AASHO moisture and then to go a little
 
drier for Modified AASHO than it is to try to set up newrules of thumb for
 
directly estimating the optimum Modified AASHC moisture. Fcr the clean granu
lar soils the rules of bone dry or sopping wet hold regardless of the compac
tion energy level.
 

HAND TESTS INTHE FIELD VERSUS LABORATORY COMPACTION TESTS FOR OPTIMUM MOISTURES
 

Judging optimum moistures from hand tests may seen rather crude but
 
laboratory tests have their problems too. In 1964 the American Council of In
dependent Laboratories sent identical samples of three types of soil to 99 
commercial laboratories for compaction tests (8). The ranges of optimum mois
tures that resulted were: 6.1% for an ML silt; 7.7% for a CL clay; and 11.8%
 
for a CH clay. More recent results of comparisons from 40 laboratories in
 
England have been reported by the British Road Research Laboratories (9).

Their ranges were: 4% for a CL clay; 8% for a CH clay; and 200 for another
 
CH clay. It can be seen that specifications that call for field moistures to
 
be within, for example, 2% of the laboratory optimum value are quite unrealistic.
 

These comparisons wererun with soils that passed the #4 sieve. If
 
a soil containb gravel it has to be screened out and its effect on total density

estimated mathematically. No help is available for adjusting moistures. If the
 
soil consists of more than one-third gravel the usual compaction tests are prac
tically useless. To further complicate matters, it is not unusual to find that
 
each scraper load of soil on a project has a different compaction curve.
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What all this means is that laboratory compaction tests often have
to be interpreted in the light of actual field experience with the soils In
question. 
 Italso means that a person who practices hand tests and observes
the soil during compaction is oftentimes a better judge of the best compaction
moisture than a random routine laboratory test is. Laboratory tests still have
to be run for density control but their limitations for moisture control should
be recognized. The wiggles and ripples in Figure 2 may well be due to errors
 
In compaction tests.
 

COMPACTOR RECOMMENDATIONS FOR INDIVIDUAL SOIL GROUPS
 

The following recommendations are based on numerous personal observations as well as several years of collecting field reports and magazine articles on compactor performance. 

Clays and tlixtures of Clay and Silt 
- The large-footed or segmented
roller is the automatic choice here because of the few passes it requires and
the high speed at which it can operate. 
With loose soil lifts of 8 inches or
less, and proper mloisture, Standard AASHO densities are usually achieved in
four single-drum passes. 
 For Modified AASHO requirements, soil lifts should
 
be as thin as possible.
 

214 
 The sheepsfoot has been the traditional compactor for clays but Stan
dard AASHO density isabout all that can be expected without very great effort.
For higher densities the traditional approach has been to use the heavy pneumatic. 
 The pneumatic has low productivity and for clays on the wet side of optimum it tends to produce laminations or pancakes all through the lift of soil.
The tires of heavy earth carriers produce this same effect particularly where

they use part of the embankment as a haul road.
 

Dozer blades on compactors should be used only when the clays are dry
of optimum and then only on the first pass. 
Clays respond to compressive
 
stresses, not sliding stresses.
 

Silts -
Many reports have indicated the difficulties in compacting
silt sol1s.-1
Weep-foot rollers are often tried and they often fall 
to get the
job done because the soil rarely gets strong enough to withstand the high-foot
pressures and the consequently high sliding stresses exerted by the sheepsfoot.
The pneumatic is usually the next machine tried and it has been more successful.
The smooth drum vibrating roller has also been used to advantage.
 

The way to compact silt soils is with machines that furnish low sliding stresses but adequate compressive stresses. The large-footed or segmented
rollers, particularly those with flat feet, have these characteristics. If
the roller has pointed or chisel-shaped feet the roller should be very light
in weight. In this soil 
the thinner the lift the better. 
Dozer blades should
 
not be used after compaction has comnenced.
 

Sands or Gravels with Silt Fines 
-
These soils give more trouble in
compactlon-tht any ther group. 
Trials of different moisture contents and
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different compactors are reported frequently. Large-footed rollers generally
do well. 
 Smooth drum vibrating rollers and footed vibrators are also popular
with these soils.
 

Sands or Gravels with Clay Fines 
- This group isvery easy to compact
and oftentimes the haul units alone are sufficient. 
In these cases, thin soil
lifts and careful routing of traffic are mandatory to insure uniformity of compaction. The large-footed or segmented roller is recommended where higher densities are required but for ordinary densities a wide variety of compactors have
been used successfully.
 

Clean Sands and Gravels 
comes Into its own. 

This is where the smooth drum vibrating roller
In using thfs roller on sands, it should be kept inmind
that the upper part of the sand lift does not get compacted to any extent. 
If
lifts are too thin, much of the Lcmpactlve effort iswasted inrepeated overvibration of the surface material. 
 A good compromise between lift thickness
and required number of passes that leads to 
high production of compacted soil
iswhen the lift thickness is slightly less than the depth at which maximum density would occur ina single very thick lift. 
 This means that for large heavy
vibrators the sand lifts should be around two feet thick.
 

The Grid-roller works well on sands and gravels and can handle lifts
of one foot of sand. When pneumatic or smooth steel wheel rollers are used cn
poorly graded sands the soil 
lifts should be very thin and the roller should
start out as 
lightly loaded as possible. 
The use of the compactor dozer blade
is recommended on the first couple of passes.
 

Shot Rock or Boulders - Rearrangement and breakdown of the rocks is
the main avenue to compaction of these materials. 
Precompaction blading and
dozing are very important and the compactor should have a crushing ability.
When the rocks are 
two feet in size or more thr most effective compactor is the
heavy smooth drum vibrating roller. 
For smaller sized pieces the large-footed
roller or the Grid-roller are recommended. The Grid-roller pulverizes the top
surface of the rocks and makes a smooth surface that reduces wear in the rubber
tires of the haul units. The large-footed roller has good crushing action and
in addition it can easily handle any pockets of finer soils that crop up in the
fill.
 

FIELD ESTIMATION OF COMPACTION PROGRESS
 

While hand tests can help judge optimum moistures there are no hand
tests that can tell when a certain density has been reached. Therefore, laboratory compaction tests and field density are indispensable. However, as far as
the contractor is concerned, it would be very helpful to know whenhas done all that it isgoing to do. a compactorIn addition, compaction is often done when
all parties are aware that the soil 
isfar above optimum inmoisture content.
Here the compaction curves go out the window and the engineer merely wants all
the density he can get without turning the soil into mud with excessive efforts
at compaction.
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It has been found that as compactor drums roll along in soft soil
 
they rotate either more or less than would seem necessary to move forward a
 
given distance. Inother words, towed rollers tend to be dragged along and
 
driven rollers slip as they move fonard. This dragging and slipping takes
 
place within the upper part of the soil rather than between the drum and the
 
soil surface. Vibrating rollers jump into the air and turn slightly before
 
striking the soil surface again. On succeeding pasLes the soil is tighter and
 
there is less of this slipping or dragging. When the compactor has done all the
 
useful work it isgoing to do, the amount of slipping or dragging stabilizes.
 

To use this concept, the distance between footprints ismeasured on

successive passes and when the measurements are equal for two or three passes

the roller has done all the compacting it is going to do. This concept is most
 
useful with towed machines and those where one axle does all the driving. All
wheel-drive compactors do not do much slipping or dragging except in the first
 
pass or so where the front wheels or drums have more rolling resistance than
 
the 	rear drums. In any event, this simple measurement isworth trying and it
 
can 	be quite informative. The main thing it tells iswhen it is a waste of
 
time to run the compactor any more. When soils are uniform over a large area
 
more useful information can be gained by running the compactor over a section

that has passed the density test, measuring its rolling circumference there and
 

218 using this measurement as a guide.
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218 A self-propeiled rubber-tired roller is used in construction work (Bolivia). 
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Both types have rather slow3.COMPWACTION ninlng-speeds and have ques. 
tionable safety for operation nearEQUIPMENT tedges of high, steep-sided fills.Steel rollers of the tandem or 

t hthree-whcel type are effectiveIT IS UNEALISTIC to attempt of the threewhel confgurtionm most generally on soils of a moreto compact an embankment prop- Pneumatic-tired rollers come in a granular nature where the crush.erly without adequate compaction variety of sizes and weights; the lag effect of their static weightequipment. But thtre are many differentiating point is the tire can be best employed. However,
dreamers who hold that special size. loose sands may not support thecompaction machinery would not Kneading-actioncompaetors are heavier rollers. 
be necessary if the fill-hauling ve- primarily tamping rollers of the A steel roller's compactive efhides were to follow a proper sheepsfoot type. But this category fort is lessened in material ofpattern across the embankment, also includes grid rollers and steel granular-plastic or plastic-gran.

'This Is a ridiculous piece of rollers with segmental-pad drums. ular nature. That's because thethinking," says Numer Cray, part- Vibration compactors are vibra- heavy rollers create crusting at the 
ner In the consulting engineering tory steel or rubber-tired rollers, top of the layer, with diminishingirm of Ammann & Whitney, or vibratory plates or shoes. effectiveness down to the lower
whose current Chantilly Airport Impact compactors are prima, parts of the lift, even in shallow
job near Washington, D.C., in- rily hand-held pneumatic tampers. thicknesses.
eludes a vast amount of compac- But some are self-contained gas- For very plastic material, steel 
tion. 'To begin with, a truck oline-powered units that jump up rollers tend to have a bridgingdriver couldn't care less. Unless and down. Still others resemble effect. This means that the roller 
someone constantly stands over drop hammers. will squeeze materil from the
him, he's naturally going to drive Finally, there are combinations igLhspots to the lows,fut the
in the its of the vehicle before that are neither bird nor ' ouse material moved will not be corn
him. In'truction to drive 1 ft to and must be classified as bats. pacted. Steel rollers also have athe left or right of these tracks is Steel Rollers ploaing effect. This creates plas
a waste of time and effort and has Tandem rollers are those that tic waves ahead of the rolls andgotten meager results, in my ex- have two or three rolls in line. also results in a springing up of
perience." The rolls are actually steel drums material behind them. 

In any event, it is not necessary that can be filled with ballast to Steel-wheel rollers can be used 
to depend on the action of earth- increase their weight. If a roller effectively to level off high spotshauling equipment to achieve is described as '14-20-tons," it after sheepsfoot or pneumatic
proper compaction. Today there means that the minimum dead- tired rollers have done their work.are well over 100 different items of load weight of the machine is 14 E. Miller Smith, a compaction
commercially available machines tons and that the rolls can be bal- expert with S. J. Croves & Sons or tools especially designed for lasted with material such as water Co., one of the country's foremostcompacting earth. There is some or wet sand to give a maximum earthmoving contractors, considdevice built to suit nearly any job total weight of 20 tons. It should ers steel rollers as "possibly the
condition. And there is a trend be kept in mind that although to- oldest in design of all classes intoward units that are self-pro- tal weights of tandem rollers can use today. To use a common ei
pelled. be greater than three-wheel roll- pression, the 'bugs' have been

Regardless of how it is pow- ers, their unit pressures tend to be pretty well removed so that they
ered or propelled, compaction less because the greater contact contribute very little to downtime
equipment does its job in any one surface of the rolls will spread and maintenance costs.
of four principal ways, or com- the load over a larger area. "Very definitely they have theirhinatlons of them: Three-wheel rollers have two place in some locations. But they1. Static weight rear wheels and a front steering are losing favor on the largest of

9. Kneading action wheel. The narrow rear wheels the earthmoving projects on cm3. Vibration and the wide front wheel may be lankment rolling, although they
4. 	 Impact either spoked or ballastahle. The are used in many places for sealStatic-weight compactors are three-wheel roller is quite ma- ing-off tile fill surfaes."

surface rollers of either the neuverable but tends to leave Twenty-nine states and the Dis
smooth-steel-wheel or pneumatic- deep ruts in granular soils due to trict of Columbia permit steeltired type. The steel units may the concentration of load in the wheel rollers for compaction
be two- or three-axle tandems or narrow wheels. (see table, pai;e 7). hnly two 
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STEEL ROLLER-Tandem or drce-wheel 

states require that three-wheel 
rollers be used. New York spe:ilies
that steel-w,eel rollers shall be 
used for Lonpacting slag, coarse 
gravel, rock, or layers composed of 
soil and rock. 

Weight requirements for steel-
wheel rollers vary from 8 to 10 
tons for tandems and from 10 to 
14 tons for thiee-wheel rollers, 
Required compression produced
under the driving wheels runs 
from 275 to 330 lb per in. of roller 
width-a 201 variation, 

One state requires that the roll-
er combination Include a three-
wheel roller. This may mean that 
the department is paying the cost 
of having idle equipment on the 
job. 
Pugumatic-Ted Rollers 

Pneumatic-tired rollers are sur-
tace rollers, yet theya alsopply
the principle of kneadirb action, 
They are either self propelled or 
drawn, and are of two types: 
Those with small tires and th.)se 
with large ones. 

Small-rubber-tired rollers gen.
orally have two tandem axles with 
four to nine wheels each. The 
wheels are arranged so that the 
rear ones will run in the spaces 
between the front ones, theoreti.cally leaving no ruts. The chassis
of the piece is also a container 
for solid or liquid ballast. The 
weights carried may be varied to 
suit the material being compactied. 

The Individual wheels may be 
on knee-action type mountings to 
avoid omissions of low spots or 

%1terials, 

-tive 

type (here) compact granular soil. 

bridging on highs. Wheels may 
also be mounted slightly out of 
line with the axle, giving thens a 
weaving action and the name 
"wobbly-wheel" This condition 
improves the kneading action. It 
gives better routine compaction in 
all but very plastic materials, 
whereas the standard small-wheel 
compactor is suggested for finish-
ing operations.

Pneumatic-tired rollcr should 
not ha overloaded with ballast or 
moved at excessive speeds. Such 
faulty operation will give more 
coverage but will result in e:tra 
tire and bearing wear, thus in. 
creasing maintenance costs. 

Small-tire compactors provide 
the same unit surface pr,-ssure as 
large-tire units, with less over-all 
weight on the material being com-
pacted. They provide more crush-Ing of lumps, do not push whole 
masses before them, or cause lat-
cral displacement. They also of-

.ability 

PRESSUREBULB- Presures of 
Individual tires Inter-react to 
form larger bulb deeper inthe lifLt. 
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fet more maneverability with 

less motive power. Disadvantage 
lies in poor flotation in loose ma

slipping of self-propell d 
units in very wet soil, and about a 
6-in. maximum depth of compac. 

effectiveness. 
Large - tire rollers, generally

towed, get into the realm of su
per-compactors or proof rollers.
 
Most are from 15 to 50 tons In
 
weight and are on large-diameter,

large-section, rubber-tired wheels. 
Some heavy airport units having
five or six wheels go up to 200 
tons. 

Large-rubber-tire rollers will 
work on all types of soils. They 
cover a bigger unit-pressure area 
and have a deeper effect on soil 
movement (due to less lateral sup
port, percentagewise) than do 
small-tire units. Large-tire com
pactors can handle higher lifts and 
get deeper penetration of cm
pressive force. But there is a def
inite %.%riation, from the surface
 
down, in resulting density. The ex
pense is In their operation since
 
they require the right type tractor 
to pull them, and they must make 
a greater number of passes to get 
complete coverage of the spaces 
between the wheels. Their best use 
is in test or "proor rolling. 

When considering a large-tire
roller for general compactionwork, the contractor should check 
the economics of getting the same 
unit loadings (inpsi) with small. 
tire units used in more passes on 
shallower lifts. Advisable also is 
the consideration of gaining maxi. 
mum results by using pneumatic 
units in concert with steel units 
where the soil types warrant. 

There are at least four ways
used to express the compacting 

of pneumatic rollers. They 
( 1) or tire load; weightwheel v3) 

)perinch of tire width; and (4) 
tire inflatim, presure. The prob
lcm is complex because rubber, 
unlike the steel roller, is flexible. 
And low tire air pressure allows 
an oval surfae ontact area to 

221 
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PNEUMATIC-TIRED ROLLER-Trend with these units isself-propulsion, 

enlarge. This diminishes the of-
feet of total load by giving larger 
weight distribution and, conse-
quently, lower unit ground pres-
sure. 

Accordingly, gross-weight rat-
Ings mean nothing unless the num-
her of wheels, tire size, and in-
flation pressures are known. Yet 
five states rate pneumatic rollers 
on the basis of gross weight only 
(CN&E,April, p. 226), with 
weight required ranging from 5 

222 to 30 tons. 
Seven states specify minimum 

or ranges of wheel loads that vary 
from 1,000 to 6,000 lb. But wheel 
loads do not express compacting 
ability unless the tire size and in-
flation pressure are also given. 
Wheel loads within a range of 
1,000 to 2,500 lb, even when used 
with the smallest compactor tire 
now available, will not produce 
the compactive effort needed in 
modem highway construction. 

Seventeen states rate the re-
quired pneumatic rollers by 
'weight per inch of tire width.' 
Yet the ranges specified vary from 
a low of 43-300 1Isto a high of 
400-600 lb. 

'While the "weight per inch of 
tire width" applied to steel-wheel 
rollers gives a representative 
measure of compacting ability,the 
same criterion loses much of its 
meaning when applied to pneu-
matic tires. In the case of the steel
wheel rollers, a uniform rectangi
lar ground contact p,,ttern exists 
under most conditions. On the 

other hand, the oval contact pat-
tern produced by a tire changes 
as wheel loads and inflaticn pres
sures vary. In general, the tire 
contact length changes to a great-
er degree than the tire contact 
width. If the weights per inch of 
tire width are converted into 
wheel loads at various inflation 
pressures, asizeable range of con-
tact pressures results, 

Tire sizes also have an influ-
ence. For example, a require. 

ment of 600 lb per inch of tire 
width could be converted into a 
contact pressure of 629 psi for one 

size and a contact pressure of 
81.6 psi for another. This means a 
differential of more than 30% in 
compacting effort. 

Only three highway depart
ments' standard specifications 
have no provisions which allow 
use of pneumatic rollers for cc s
pacted einbankmen. work. 

Several states specify the tire 
inflation pressure. Again, this is of 
no significance without tire size
and wheel load. Contrary to pop
ular belief, inflation pressure and 
contact pressure are not neces
sarily
synonymous. 

Shopsfoot Rollers 
For cohesive materials (clays 

and silty clays) the proper com
paction equipment is the sheeps
foot roller: This is the Limping 
unit that produces kneading ac
tion in the soil. Sheepsfoot rollers 
range from about 2 to 20 tons in 
weight. The average unit is about 
6 ft wide. The drum, close to 5 

A 

SHEEPSFOOT ROLLER-Steel fttt"ilk out" when lift is compacted. 

F-n
 

-

'V
 

SELF-PROPELLED SHEEPSFOOT-Out:;ze unitcovers large fast.area 
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TRICYCLE-Separrate engine
drive caci drum oIFtls unit. 

. 
' " 4 

ft in dia, is hollow and ballastablo n; ;A 
to increase the load. The rollers 
can be towed in pairs, or four
block pairs, or other arrange
ments. Feet, about 7 to 12 in. in 
length, have various shapes: .... 
round, pie-segment, dianiond, or :, 
elliptical. There has be-n no re
search on which is best, but the , . -

compacting surface should be 5 
0, 10 sq in. in order to meet va
rious state specifications for con
tact pressures. 

The sheepsfoot roller usually 
can handle loose lifts up to 10 in. 
The theory is that the feet will 
compact the lower layers in suc-
cessive passes until, when corn-
pletely packed, the soil will yield 
no further and cause the roller 
to "walk out." Because the feet 
penetrate the lift and compact 
within it, they affect the soil par-
tides in all directions. It isnot nec-
essary that the roller drum touch 
the surface, since the total load 
Is transmitted to the soil by the 

graded aggregate or stone bases, 
since there they will cause segre-
gation. 

Twenty-nine states have spe-
cific requirements for sheepsfoot 
or tamping rollers: They spell out 
the general type, area of tamping 
feet, and/or psi of contact area 
needed, (see table, page 16). An-
other six states permit tamping 
rollers if approved by the engi-

neer. In one state tamping rollers 
are permitted as a contractor's 
choice, and another twelve states 
are also on an end-result require
ment. Seven states require dal
dnim rollers. Five states require 
self-cleaning features for tamping 
rollers. 

Thirty-three awarding agencies 
have ground-pressure require
ments expressed in minimum psi 

223 

feet in small areas at high con
centrations. 

Disadvantage here is the corn
paratively shallow depth to which 
the feet can effect compaction.-
Also, they have no effect in gran
ular materials. The Corps of En
gineers, for its large scale work, 
has developed some huge ma
chines with larger feet. But they 
Apparently increased the motive 
power required without any sig
nificant increase in effective corn- SHEPSFOOT VARIATION - Sloped-pad tanping fet do the compacting here. 
paction depth. 

In some cases sheepsfoot roll
ers will bridge over the soil at t . . 
the outset, bet this bridging stops 
after several passes. They do ex-

, 
ME 

pose more soil surface to the air 
for evaporation of moisture, caus
ing crusting. Their penetrating 
feet pulverize lumps in the 
soil. Anti they work well 1), caus-
Iag lateral particle movement be
neath the surface, thus blending 
coarse and fines more thoroughly. 
On the other hand, shecpsfoot
rollers should not be used in TRACTOR COPinPACTOR-The segmcn.t.d stacl ro!t replac, rubber tires. 
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or rIlnimum weight per foot when 
tho entire weight of the roller Is 
supported by one row of feet. 

of the sheepsfoot roller Is made 
by Hyster Co. (Peoria, I1l.). They 
replace the rear wheels of a Cat 

Bufalo-Springfield Co. (Spring
field, Ohio) manufactures a 16-ton 
self.propelled segmented-wheel 

The range of minimum contact 
pressures on the tamping feet va-
uies from 100 to 500 psi. But 16 

DW20 prime mover with steel-
drum wheels fitted with sloped-
pad tamping feet. Also, booked to 

rolk: that combines the features 
of sheepsfoot and steel wheel roll
ers. They also make a segmented 

states call for a minimum 200 psi. the unit by a gooseneck -e two roll that can be substituted for 

here the maximum contact trailing compaction drums, the guide roll of a regular steel 

pressure is specified, the range is 
from 175 to 550 psi. 

Another Hyster variation is the 
'grid"roller. HeretheDW20's rear 

roller. And Clark Equipment Co. 
(Benton Harbor, Mich.) and Wag-

There is a trend toward self wheels are replaced by wheels ner Tractor Co. (Portland, Ore.) 

propulsion of 
Both R. C. 

sheepsfoot rollers, 
LeToumeau Inc. 

whose perimeter is made of an 
open mesh of 1li-in.-wide steel 

have segmented rolls that c:n be 
substituted for the rubber-tired 

(Longview, Tex.) and Ferguson bars on a 5-in. square spacing. wheels of their large tractors. 

(Shovel Supply Co., Dallas) have Similar grid drums can be hooked Vibratory Compactors 
built large four-drum units for behind the DW20 or towed sepa- Sands and sandy silts are gran
heavy compaction work. The lat- rately. Eskridge Eqpt. Co. (Tulsa) ular materials, and their soil par
ter also has produced self-pro- makes a somewhat similar towed tides stack by nesting in the void 
pefled two-drum rollers of various 
configurations. 

"grate" roller. The grid roller pul. 
verizes subsurface lumps and 

spaces between 
When shaken or 

other grains. 
vibrated they 

A somewhat different variation works well in gravel or rocky fill. will shift themselves into the tight

est or closest arrangement. This 
is maximum density. If these par
ticles are dry, friction may pre

- vent their shifting readily. If they 
are too wet, they will flow in so

' - "" -"lution since water is not compres
sible. The correct amount of wa
ter will lubricate the particle 

224 -movement but will not displace 
,the tightest grain arrangement. 
This is optimum moisture. 

Maximum density at optimum 
moisture content can be achieved 
in some granular soils by some 

steel-wheel or rubber-tired static
weight units, but is best gotten by 
vibratory (dynamic) compactors. 

TOWED VIBRATORY ROLLERS-Gasoline engines usu-
11 pover thL%ihratorsof thes units, but the one 

Mwlk Ishydraulicallydrivenby power take-off. 

There arc two principal classes 

of vibratory compacting machines: 
rollers and plates. Rollers impart 
vibrations to the soil through a 
steel drum or rubber-tired wheels 
and thus, in effect, serve a double 
function. Plates generally are 
wheel mounted, but they apply 
their vibrations directly to the 

J" I .t ground through skids or shoes. 
In compacting granular mater

ial, some number (frequency) of 
blows in a given period gets It 
down faster and tighter than few
er blows nf a heavier order (am. 

- . ," " "plitude.) 
quency 

The combination of fre
and amplitude of vibra
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MULTIFLE-SHOE VIIRATOR-BIg unit carries 12 shoes, covers 15-ft width. 

tions gets varying results with trial on the job isalways in order 
varying sands, depending on grain before any equipment is finally 
size distribution and moisture, chosen, 
since every material has its own Low frequencies (1,000 to 3,000 
frequency rate (or resonance). Vi- vpm), usually are generated in vi-
bratlions vary from 1,000 per min brating rollers. Asmall engine of 
In some compaction machines to some sort, through a transmission 
5,000 per min in others, and it is system, spins ashaft with asingle 
more economical to use amachine or double eccentric-weight ele-
that will vibrate at the soil's res- ment inside the roll. Single-ele-
onant frequency. ment vibrators require more in-

There are two schools of put power, and their vibrations 
thought regarding resonant fre- are of a higher amplitude, than 
quency. One claims that since the the double-element type due to the 
resonance factor of various gran- size of weights.
ular materials determines their High frequencies (3,000 to 5,
compactahility and the depths to 00O vpm) handle less eccentric 
which compaction will be effec- weight and, consequently, have 
tive, then before going ahead with lower amplitudes. (A higlh-fre.
the selection of a dynamic com- quency high-amplitude machine 
pactor it isbest to have some corn- would require an inefficient 
petent Laboratory nin a set of amount of power for work done, 
vibratory compaction tests. The and also would require too much 
other viewpoint is that only in strength in the structural frame.)
compacted fills for plant founda. Hfigh-frequency, low-amplitude 
tions where the strtcture will con- machines can be either roll or 
tain vibrating machinery are such plate type. 
tests necessary. On highvays or Plates, or shoes, or skids (as
airports where the embankment they are variously called) are in
issubjected to Inpact loads, or in dividially %ibrated by eccentric 
dams where the stress is static, devices driven electrically, hy-no laboratory vibration tests are draulically, or mechanically. The 
needed. However, a full-scale test- eccentrics shake the plates both 

Text 10 

ways In all three directions (a 
"six-way'), or just up and down, 
or crosswise. Shoes arc generally
about 2x3 ft in contact surface, 
and are mounted on somz self
propelled frame in rows of two 
to six. Smaller vibrating-plate 
type units of various sizes, guided
Individually by hand, are suited 
for compacting bottoms of trench
es, conflned areas, and steep 
slopes. Maintenance on the many
moving parts of vibratory units is 
comparatively high.

One advantage of vibratory 
compaction is that it keeps the 
compacted surface fairly well 
sealed against evaporation of in
ternal moisture and also against 
entrance of new water. This crust
ing effect permits rapid resump
tion of work after rain. Due to the 
peietrating effect of the vibra
tions, this crusting does not pre
vent uniform compaction through 
the entire lift, as is the case with 
crusting under a static roller. 

Tampo Manufacturing Co. (San 
Antonio, Tex.) has recently intro
duced a self-propelled vibratory 
roller of asize that isbetter used 
on base and flexible pavement 
construction but also is practical 
on fill work. The driving roll is 
429 in. wide with vibrating fre
quency variable up to 2,200 vpm.
Although it weighs only 4 tons, 

-
pro COMPACTOR4 Ston 
blows per mln,generated -lectrically. 
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Ion, Ohio). They attach vibrat!og
- l the compacting power of this ma-

plates to their regular steel-wheelchine is reported to be equal to 

that furnished by a static roller rollers.
 
of 16 to 20-ton capacity. Tampo Along a somewhat different line,
 

has also introduced a meter for Iowa Manufacturing Co. (Cedar
 

measuring the resonance frequen- Rapids) has combined vibratory
S, 

. cy of materials being compacted. compaction with large-rubber-tire 

Called a Vibra-Meter, this dash- rolling. Their larger towed unit 
weighs 30 tons. and asmaller ver*',., board-mounted device allows the 

41 roller operator to read the reso- sion 129i. The machines push the 

___ isance frequency point on a dial soil straight down, with a mini

and make roller adjustments ac- mum of lateral displacement. 
And Vibro-Plus Products (Stancordingly for alleged full com-

paction efficncy. hope, N. J.) has added vibrators 
Littleford Bros. (Cincinnati, to towed sheepsfoot rollers to 

- Ohio) also makes a self-propelled make units that are effective In 
SINGLE-HOE IIP0ATOR-It givns vibrating roller. Weighing I ton, clays with high sand or silt con-S 
up to 1.500-lb blows 2,500 per rain. 

its compactive ability is listed as tent. Vibration frequency is varl

equal to that of an 8-ton static- able from 1,400 to 1,600 vpm, and 

weight roller, at maximum frequency the unit 

Combining both static and vi- delivers a 10-ton impact. 
bratory compaction principles in Seaman-Gunnison (Milwaukee) 

• the same unit, Buffalo-Springfield has taken yet a different tack i 
developed a three-axle roller with multiple-type compaction equip
vibration on the middle roll. The ment. They combine small-rub
vibratory roll isretractable, which er-tire rolling with steel-wheel 
allows the roller to be used as a rolling-and vibration can be ap
two-axle tandem unit. Last year plied to the steel roll if desired. 
this roller was used successfully This self-propelled machine can 

in several states for compacting be used on almost any type of 
base courses in lifts up to 9 in. soil under almost any conditions. 

Another approach to combining Its axles for tires and steel roll 

static and vibratory compaction is are in tandem and are hydraulic-

VIBRATORY ROLLER-A 1-ton sa- taken' by Austin-Western (Aurora, ally mounted so tires and roll can 

tic, It's equivalent to an 8-tonner. Ill.) and Galion Iron Works (Cal- be used separately or together. In 
normal mixed-grade soils the ma
chine makes two or three passes 
on the lift with the tires down. 
This applies kneading action 
through high unit loids, leaing 
compacted ruts and somewhat 
looser ridges. Next, the steel roll 
is lowered until the weight is car
ried by both axles. Then -the roll 
compacts the ridges, and a unl
form high density results. 

'. - .- Impact Compactors 
'Whena compaction unit has a 

- very low frequency and a very 

Shigh amplitude it is classed as an 
. .. impact compactor even though it 

. ; . does have a somewhat vibratory 
. . ' effect. Generally, these are hand-

VIBRATORY GRADER-Separatc cngine and genctator power four 20-In. shoes, held tampers or ranners and are 
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VIBRATORY ON RUBBER-On two large tires, 30-ton MULTIPLE COMPACTOR-\'ersatiIe self.proptlled r!gcorn
ballasted roller vibrates 600 to 1,400 cycles per min. blues rubber and steel rolling. Vibr.tion can be j,]ded. 

used in small areas and confined Wacker Corp. (Hartford, Wis.) Schield Bantam Co. (WVaverly, 
spaces. Most familiar are the air- also makes a jumping rammer Iowa) makes a crane-handled im
powered tampers, used singly or driven by a gasoline engine. The pact compactor. A concrete-filled 
with a fitting that holds three, percussion rate of this 115-lb steel box. with a total weight of 

But Barco Mfg. Co. (Barring- tool's 3-in. blows can be varied 1,375 lb,operates as a drop ham
ton, 111.) a rammer with from 450 to650 per min by throt- mer within a of steel boxmakes set 
a self-contained gasoline engine tie control. And Complete Ma
that makes the entire unit jump chinery Co. (Long Island City 6, 
up and down. Guided by an op- N.Y.) has a gasoline-powered 220
erator, the 210-lb machine jumps lb rammer that jumps 18 in. 80 , 
13 or 14 in. offthe ground. times a minute. ' A' o' 227227 

IMPACT COMPACTOR -t'smvedt by 
DUAL COMPACT OR-Static %%eightcompaction is augmented by ibrating pads. gas engine, it jumips up nod down. 
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COMPACTION EQUIPMENT USESEL THEA-auta ga 

sandy ..Sai. kwody ~ All.2.6elct toddollthelslob.3 nfortntreSOIL BEST 1y1coy. DENSITY moAX.Effect leadCoHammer Impasarea is 
SSUITED FOR LIFT(.) INLIFT (TONS) about 470 sq In., d maximum 

hammer drop Is 10 ft.VIBR AORY Sandy s nt,most
TWO AXLE Stithtyeraulosome clay 4 o Aver * 16 J g e d S lmaterialrEasonabll ge ci id led tin 

binder pIe ultimate goal is to build a 
THREE AXLE Saeo bv ~ el"byD.Aw~ ~ 0 ~ eaioa methods mak thi inCSTEEL TANDEM S#..do-~ ~a ll ~ I.~ to a Uverm 2 stable, acceptable embankmento8Aeae eveni-WT1tfit-othe shortest time at least cost. And 
STEEL THREE aranulmor grnu- 8Aefro"t the contractor gains or loses de-

WHEEL lr-plorstc mattr- 4 1o g~lnt~0sm 2vr pending upon the equipment he 
WHEE le Uniormselects to do the iob. Unfortunate-

PNEMA clys, 9csl 4to8 Average* toIC P-ndy silts, sandy ly, there are no at rules to makeSMALL TIRE sonzsieclays. .ith Uniam 12 this choice a routine matter. The 

PNEUMATIC f nvariations In spcifcations , soil 
All (if econmical to 24 Average' so types, nachines available, and op-LARGE TIRE Cloy , cl y sillerational methods make this evenSHEEPFOOT lalys clay e-ls, 7t 2Na more complex. There is no parts. 

oei bind. 20 ta that will work magic underwirc y Uiform 

all conditions. 
VIBRATORY Sands sandy silts 3 to 6l Uniform 3D But there -are some bases for 

silly sand& reasonable judgment in Selecting 
a piece of equiipment. Two ee-

ICOMBINATIONS All 3 to 6i Uniform 20 ompn)ng tables give simplified
2 6/ m/ - l~Okee nl l t # e ner al o ut l ine s of what to ta k ew t h d p t hg 

http:el"byD.Aw
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si Iog.,I 

Cii hIe .1eS.i...eilltpoJll D=e.oeh~Hlleitleo| Ftll Cenpectil. Irjnlpeel SeI 5ille8 

ee - .ttllo 

.allbse. F- ll..g ..N.to ..qyJh A-I. C-. ts 

I. 

PewS 
Pi 

Peel.,5 fa. 
F , ftG tl I 

SHeglto .ii4 l,. 
. s.... 'y .lght 

AI...o tn .llligI 
Al.. hos4 

F; ,.l.lml y tm 1o4excellent, 
ftl -iC ..l . 1 

C;llll.,5,.,I t ,hi ,e,ied 
C-.l I,tne. kt6 ji.d 

I .. .. .. 

Pe PIsePew~~~P.-y g1.g. H... H.in y . *t.Slightlll Ale ....Al...1 ... t. .Ao E. ftlle lF- G. 4 H...i l1 t1G.p .. l-t CC l..., H S.t" s b ..i.dr 1hi,.d 

Peetlow i. H-y light Sli.... P;. H..11-t,s p..4 l. . bA,,.d.l 

Fert" P at to" 4 Slgt1..H high Av...1- w Fi%P ..~it.jl
;.y....s 

I'.. N. Tr.. rullo, 6. 1 
"P -. IP. 

P VtgI Pi'hp... Silie kl HiItPI IOI IV PI~n ti,.l~ GP.1,Ht pxclls, Ctle. Itltl.. tm 1. 

Vvy, 1.41.. H.- high Naish fai Pfit rtopl~ P.,Hp..I -ol.. OI T.igol, . 

'IL 
ver ay hi.....yhgl High. Fai f a.. ToplorI 

Il.P-l.t i I.. 
UePl.Va Igh hid;,. otfl P..l P. , Ht ey €... 9l 
DloNo lle.--

It.WhigVihmm.,o..p... *I" ~l~d 

Into account. By combining infor-
mnation from these tables with 
suggestions given previously, the 
range of field equipment can be 
narrowed down for consideration. 
Fuli-scale field trials should then 
be made under conditions expect-I~llt~nro thesetable with 

ed to prevail throughout the job 
anon the basis of comparative 

results, final choice should he 
made. We shall learn in the next 
installment about methods, but 
no method can be successful 
without the proper machines. 

resultscke 

VIdRATORY ROLLERS 
BrosInc, Minneapolis 14,Minn. 

BrowntingMfg. Co.. San Antonio 4. Tatt 
Suffillo.Springlield Co..,pi~i.Oi 
BusickMfg. Co.,LosAngeles 21,rglif. 
low& Mf. Co., C r Rapids. Iowa 

Litleford Bros,InccCincinnati 2, Ohio 

Roale Industries, Minnepolis3, M.in. 

RencoMfg. Co., Minneapolis6. Mien. 

Saithiaouttio Corp., Milwachg IS. W 

Shovel Supply Co.. Dallas 21. Tem. 


-11.M 04 as p0gt1, 

TampaMfg. Co,. SanAn,'omlo6, Too. 
V.1... PlusProducts. NJ.Inc.,Stanihope,Western EquipmuentDiv. (DouglasMo 


Corp.), Milwaukee. WIn. 


VIBRATORY PLATES 
Austin-Western, Aurora. Ill. 
*aldwin.Lim.HamillPe Corp., Lima. OlhiobKelley Prachine StienDi. pN.Gner-

Galion Iron Works A Mfg. Co,. Galion, 
OhioInternational Vibration Co.sCel, 

OhioCoCeead1' 
Jackson Vibrator, Inc, Ludington, Mick 

Jor CoT Columbus 7, Ohio 

N.Y DolMgas Co.3, 
Mgnni., PowerTool Co.. Maodisid, Ohio 

Matter Vibrator Co., Dayton,WhulihsoOio
Corp., Hartford 
Muller Machiroe Co., Inc..Metuchtn, N.J. 
Racine Hydruli . A Machigry, In.. Ra. 

cine, .I. 
ShovelSupply Co.. lee21. Tot. 
Slow Mfg. Po, Binghamton, N.Y. 
Vibro PlosPteodoel.Inc.. Slanhorl., N.J. 
WShovel 

PNEUMATIC TAMPERS 

ChicagoMg Poenatic Tool Co. New Yel 17. 


N.Y. 

tC Tp.l. I.piwtlWs 

Davey Compressor Co.. Ken, Ol 
Gardner-Denver Cal, Quincy, Ill.
Ingersoll.Rand Co. Now York 4, N.Y. 
Joy Mfg. Co..Michigan City, Ind. 
Schramm, Inc, West Chefler, Pa. 
TheirPowerTool Cl, CNago 1. 
Worl~iiglon Corp, Holyelis, Maig. 

Co.).inyDeovor II 

SELF.PROPELLED SNEEPSFOOT 
oscMgao.4.i...neapolis I . nn. . 

RG.LfusuInogvwTx
 
Shovel Supply Cal, Dallas 21. TOo
 

TOWED SHEEPSFOOT ROLLERS 
American SteelWorks. KansasCity 1. Mo. 
Ber Itc.. Minneapols 14,Mine. 
Browning Mfg. Co.,Sn Anton; 6, Ta. 
W. E. Grace Mfg. Co.. DallasS, Tao. 
Kohring Califoniea Co. Slockl 4, Calif. 
LeTouorno.Wesinghose Co., Peoria, Il 
Litfl. ' rd Bros.,Inc, Cincinrt~ei 2.0Mge 
JMcCoy, Colo.Co.,Denver. 

Supply Co. Dallas 21, Tee. 
Soutwest Welding A Mfg. Co..AlkmLna 

Col. 
The SlWrner-McLeoScraper Co. Sidey. 

Oio. 
Tempe Mfg. Co. Se Anfoe, 6. eos. 
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4. COMPACTION METHODS 
TO ACONTRACTOR, success in 
embankment construction means 
making a fair profit from finish-
ing the job to the satisfaction of 
the owner on or before the re-
quired completion date. 

To the owning agency, a sue-
cessful embankment must be at 
maximum density, be stable and 
impervious, and perform its in-
tended function-all at moderate 
cost. 

To the supervising engineer, 
success in such a venture means 
arbitrating both sides' desired 
ends as economically and effi-
ciently as reasonably possible. 

Economy without sacrifice of 
quality is the one basic thing all 
three parties have in common, and 
methods are the keys to economy. 
Even in &nideal situation where 
the specifications are just right for 
the contractor, and soil conditions 
are the best, and the equipment 
he selected is correct and in top 

230 mechanical shape, the job still 
could be a physical and financial 
Biasco if he does not use all three 
basic elements in the most advan-
tageous way. 

Knowing what types of soil are 
to be compacted helps the con-
tractor to determine what piece 
of equipment he might select to 

Quick Soil-Typing Guide 

do the job. The accompanying 
"Quick Soil-Typing Guide" is use-
ful for making rough field checks 
without any apparatus. But it 
should not eliminate the standard 
tests for positive confirmation. 

Moisture Control 
Regardless of the type of soil, 

proper control of moisture isvital 
to compaction success. Too little 
moisture means there will be in-
sufficient lubrication for the soil 
particles and, therefore, no maxi-
mum density. Too much moisture 
makes the material unsafe and un-
workable. With proper moisture 
control, light compaction equip-
nent may give results superior to 

those obtained from much heavier 
equipment where moisture con-
trol ispoor. 

Optimusm moisture content for 
the fill material isdetermined in 
the laboratory. The difference be 
tween it and the moisture in the 
borrow will tell whether the ma-
terial must be dried or wetted. 

If it is to be dried, scarifying 
or disk harrowing or rotary tilling 
of the loose lifts on the fill will 
reduce moisture by aeration. 

If the material isto be wetted, 
water can be added either on the 
fill or at the borrow pit. The 

WHAT TO 
LOOK FOR 

GRANULAR SOILS, 
FINE SANDS, SILTS 

PLASTIC (COHESIVE) 
SOILS, CLAYS 

Visual appearance 
and feel. 

Coarse grains can beseen. Feels 
gritty when rubbed between 
fingers, 

Grains cannot be seen by 
naked eye. Feels smooth 
and greasy when rubbed 
between fingers. 

Movement of water 
In the spaces. 

Plasticity when 
moist, 

Cohesion Indry 
state. 

When asmall quantity is shaken 
in the palm of the hand, water will 
appear on the surface of the 
sample. When shaking isstopped, 
water gradually disappears, 
very little or no plasticity. 

Little or no cohesive strength in 
dry state. Will crumble and slake 
readily, 

When a small quantity is 
sbaken in the palmof the 
hand, it will show nosigns 
of waler moving outof the 
voids, 
Plastic and sticky. Can be 
rolled, 

Has a high dried strength, 
Crumbles with dillicully and 
stakes slowly inwater, 

Settlement In 
water, 

Willsettleoutofsuspensionwithin 
an hour. 

Will stay in suspensionin 
water for several days un
less It flocculates. 

28 

amount to add is the difference, 
in percent by weight, between ac
tual and optimum. This readily 
can be converted into gallons of 
water per cubic yard of soil. 

At the borrow pit, the neces
sary water can be added either 
by sprinkling or by "ponding
building a series of low earth 
dikes to make shallow ponds into 
which water is pumped. In either 
case, enough time must be al
lowed before excavation for the 
water to penetrate and moisten 
the borrow material uniformly. 
And usually the material must be 
over-wetted to compensate for 
evaporative losses when it is dug, 
hauled, and spread on the fill. 

When water isadded to the bor
row material after it is placed on 
the fill, it is usually done with 
tank trucks fitted with spray 
bars. The applied water must be 
worked into the soil by cultivators 
or harrows hfore actual compac. 
tion begins. As with aiy fill where 
there is a possibility of night rains, 
at the end of the day the fill sur
face should be left smooth and 
slightly sloped to aid run-off, 
and then be sealed by steel rollers. 
Soil Mixing 

Mixing soils at the borrow or on 
the job is closely allied with mois

ture It is the key step that makes 
subsequent operations easy or dif
ficult. Best results come not from 
soil of any one predominant type, 
but from good sensible mixtures 
of two or more classifications of 
soils if they are readily available. 
Here the contractor and the enhIeetecnrco n ngineer can work closely together 

in a cooperative effrt to develop 
a superior end product.

In a coarse grained sand, for 
example, fine grain sand should 
be added to improve the density 
since the smaller grains will dis

tribute themselves among the 
spaces between the larger grains 
and thereby reduce the amount of 

voids. If possible, clay should be 

added as binder and to make it 
more workable. 



Compendium 10 Text 10 

different materials. They should 

be dumped out and mixed to
gether long and well, generally 
by harrows. 

An hou's time spcnt in proc
essing is vuorth 3 to 5 hr of ran
doa rollihg. Dozing serves to 
level out and spread the loose ma
terial; back-dozing provides a pul
verizing effect. Crader blading for 
evenness of layer thickness is im
portant, for then the compaction 
equipment can give the entire 
area the same number of passes 
to reach uniform density through
out. With difficult, lumpy soil, 
other equipment often must be 
brought into play: heavy disk har
rows, field cultivators, or rotary
tillers. 

Lift Heights
 

The question of deep or shallow
 
lifts leaves something to be said
 
on both sides. Here again, other
 
variable conditions have bearing
 
on the issue. Deep lifts (12 to 24
 

EFFICIENT COMPACTION - %,! ,r.mled, A 
 ptmn nwswttire cutncid, in.) might appear to be the bestand spread evenly in workahle it , 50o1 AInpttC %%ll. way to make a fill of 40 to 70 

In every clayey material, granu- ft. However, nut all compaction
More generally, the different equipment can handle skich liftslar soil should be added to pro- soils will come from separate economically. And, unless thevide internal friction, prevent sources of borrow and must be equipment selected can obtain
slides, and make possible a better mixed thoroughly on the fill be-
 uniform density throughout thechoice of compaction equipment fore compacting. It is poor prac- lift, the top may be crusted andGravel and stones bear up well, tice to make altcrn:;te lifts of the the bottom may remain loose.


but do not compact well, are un
stable, and may injure some corn
pacting equipment. In general,
 
plastic materials are more work
able but have less bearing Ca-
pacity, while granular materials 

A 

lend stability due to internal fric
tion and good strength.

What to mix in what propor-.' 
tions is decided by knowing what 
combination oF soils and water is 
wanted and then using trial and 
error for refinements. 

If the soils to be mixed appear 
together in the same borrow pit
In different layers, they often can 
be handled economically by shov
el or belt loader. The machines, 
working again, a mixed face, 
mingle the different materials di
rectly as they dig and load them 
into the hauling units. AERATION - Disks on grader can help dry sod that Is too wet. 
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WITTING - Soil that is too dry is 
soakedby sprinkler truck. 

If12 to 24-in. lifts ni chosen, 
the compaction equipment will 
have to be the 50-t0: large-pneu
matic-tired type since nothing 
smaller can handle the job. Some
thnes such lifts are dictatcd by
the desire to incorporate chunks 
of blasted rock in the fill. Then 
a sheepsfoot roller should work 
over the material first to break 
down any sharp clges near the 
surface that might injure the 
super-compactor's tires. 

In any deep lift (12 to 24 in.) 
constant testing should be carried 
out to be sure that uniform den-
sities are obtained through its en-
tire depth, to avoid later settle-
meat of the embankment. 

Even in cases where uniform 
densities can be obtained through-
out deep lifts, the contractor 
would do well to consider the 
relative economics of spreading 
and compacting sliallow ones. The 
additional testing that deep lifts 
require is added expense. So, too,is the frequent necessity for push.
tractors to help the earthmoving 

units move through the loose, 
deep lift to unload, even at low 
speeds. 

Shallow lifts, say 3 to 5 in., have 
much to recommend them. Haul-
lig units can dump at high speed 
without extra help, more volume 
of material can be placed per unit 
of time, better pulverization of fill 
material is achieved, and ge 
compaction equipment can get
complete penetration for more 
u iform density at greater speeds. 
But the costs of labor, fuel, and 
equipment ownership and mainte-
nance must be studied on each in-
dividual job and for each different 
soil to determine the most eco-
nomical height of lift. 

Dallsting Machines 
Load on a compaction machine 

can vary from the empty dead 
weight of the piece itself to a 
total ballasted load at some max-
imum capcity, liallastable ma-
chines can be loaded with water, 
wet sand, or special metallic or 

concrete weights. Each machine's 
operating manual should carry a 
chart of ballasting suggestions for 
making it work most efficiendy in 
various materials, 

If such a chart is not available, 
here are general suggestions, sub-
ject to check on the actual job: 

Empty - Working in sands or 
silts, 

Light Ballast-In light gravels 
and coarse sands, 

Heavy Ballast-For wet clays 
and coarse gravels,Full Ballast-In dry clays and
for proof rolling, 

One important word of caution: 
Do not overballast. This will only
break down the material being
compacted, and cause soil dis-
placements, subgrade deflections, 
and pumping. Wheel loads that 
exceed the bearing capacity of the 
soil being worked on cannot com-
pact or stabilize that material. 
Compaction Speeds and Passes 

oto 
Some engineers and contractors 

believe that the first pass of a 

compacting machine is the 
 most 

effective, subsequent pro-
ones 

gressively less 
 so, and the effcoct 
of any more than eight negligible. 
Others say each additional pass 
helps that much more. In the caseof plastic material and the sheeps-
foot roller, it is automatic; under 
proper conditions the piece will 
"walk out" when the job is done. 
If good compaction isn't achieved 
in a reasonable time, continued 
coverage becomes uneconomical 
and a reason should be sought. 
It may be too much or too little 

moisture, too high a lift, made
quate processing, or just plain 
wrong choice of equipment. 

Rolling speeds are closely allied 
with the number of passes. Only 
field testing can determine the 
combination that gives the best 
results. Slower speeds consume 
more fuel and time, but they 
get a deeper effect in plastic ma
terials. Faster speeds are recom
mended on yielding subbases and 
on sand in thin lifts. In some deep 
lifts, higher speed also may behelpful in keeping the loose ma
terial from flowing laterally -

The general method of dump
ing a complete loose lift, process
ing it, then compacting it is often 
referred to as the project method. 
For many cases, two other meth
ods may be considered: the pro
gressive method, and so-called 
stage compaction. 

The progressive method is one 
where the lifts are really thin (up 

5 in.). A dozer and a grader
follow the dumper, t mothe com
pacter packs the lift as the job 
moves along. When dumping has 
ceased, the first compaction pass
will have been completed. Two or 
three more compacting passes by 
a light, fast machine, and the next 
lift can be applied.

Stage compaction is used when 
a complete loose high lift (over
12 in.) has been dumped, but will 
not support the weight of the 
large machine chosen to compact 
it. A light, unballasted machIne 
must first go over the lift once 
or twice to form a working cruat 
for the heavier equipmenmt to run 

30 



Compendium 10 Text 10 

on. Tho heavier rigs, then, must 
make one or two passes before 
loading-up ballast completely to 
attain required dlensity, which in 
cases like this is usually 1002 of 
AASIIO. 

Determining the best compac
tion method is not always simple. 
One prominelt Southern road
builder says, "At the presenst it 
is not uncommon at all to find, on
different sizeable contracts, that 

- T7 
7 " the contractor has spent from PIOGIIESSIVE METHIOD-On thin lifts, smaller machines get good results while 
$50,000 to $150,000 in his effort.working at high slkxvds. Above, vibratory rollers are drawn by rubbcr-tired tractor. 
to find the equipment to produce
the required compaction results. 
We personally have devoted con. 
siderable experimental effort to 
this and feAl that we have been 
fairly successfl in arriving at an 
economical method of gaining the 
high percentage of compaction re-
qured today. 

"Our method has been to take 
the large 60-in. sheepsfoot rollers 
which were formerly crawler-
tractor drawn and substitute a 
wearing or compaction surface on 
the feet to where it is increased 
from approximately 6 sq iti, of 
bearing surface to 12 to 16 sq in. 
By substituting large, high-pow-
ered rubber-tired tractors for tise 
track-type units, thereby increas-
!ng the speed from 3 mph to 10 
and 12 mph, we have developed 
a medium combinissg the princi-
ples of the sheepfoot roller, the 
vibrating roller, and tie impact 

i ryg tother'By varying die sizeof our
bearing plates, and by varying the 
speed of our nibber-tired tractors 
(depending on the types of soil 
ivolved), we have been very well 
satisfied with our compaction re
stilts. As you can see, this ,nethod 
could be highly controversial with 
different manufacturers and, pos
sibly, engineering research."Weather 

Because of the delicate balance 
of optimum moisture content, 
compaction seldom should be done 
in the rain. If sufficient water is 

tremely cold temperatures. Work 
on frost susceptible materials is 
uneconomical. That's because the 
effort required to compact gran-
ular soils properly at temperatures 
below freezing is several times 
that necessary to do the same job
when the soil is thawed. Proper 
compaction of cohesive soils that 
freeze into clods is practically im-
possible. 

However, in colder climates, 
many contractors on large jobs 
find it economical to stockpile fill 
material near the job sites during 
the winter months when they 
would not ordinarily he working. 
While the ground is frozen, they 
can make heavy hauls across lots, 
swamps, and streams, and m:ake 
the trips shorter and direct. This 
way, too, they keep force and 
plant working during the slow 
months to free some haul rigs for 

jobs during busy times. 
Test Embankments 

Within the limits of thespecifica-
tions, a contractor can use the in-
formation given in this series of 

.5,- --

available, hot and dry weather isi-i 
no obstacle. Snow, like rain, -' 

articles in the selection of some 
types of equipment and the elimi
nation of others. The final choice 
of one or two from the narrowed 
range must be made in actual field 
test in combination with testing 
the other variables: moisture, 
proper soil mixture, height of lift, 
ballast load, speed and number of 
passes. 

Earthwork specifications often 
require the contractor first to 
build some part of the Enal em. 
banknient as a 'test embank
ment." Even when not specified, a 
test embankment often can save 
money in the long run. 

Laboratory testing can es
tablish specified densities and 
indicate corresponding optimum
moisture ranges. The contractor 
can then indicate what materials 
will be used where, and what 
equipment he has availabk, as 

dictated by his proposed construc
tion schedule. Then, by varyingfactors such as moisture content, 
thickess of layer, placement 
methods, compaction equipment, 
and compactive effort, the best 

wr -"

"
 

! , .":
 
' 

"
 should stop a job, and there isa STA;E COMPACLTION-An unballasted machine oftenmakes thofirst pass on loose,
limit to what can be done in ex- to soil It,high liftsform crust for heavier rigs that will bring specifications. 
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comllbina~tjion to aitteve thsese die- I . -- 'er 

siroble deosities ad conditions .r
 
may be deternined by field te!bt-

Ing. Of course, lite
ctoutractors 
costs of equipment operastion and
 
manpower per unit volume of
 
enlbanknent are a necessary con
sideration.
 

This obviously leads to more 
efficient inspection by the engi- -

. . 

neer. He should know what mols
tures and ficld opterations will 
produce desired results wihjlout s 
excessive and delaying fieldtest- ; .' . " 
lng. It also provides the contrac- 1w. . 
tor with knowledge of what is his . 
most efficient operation, and 
allows for his scheduling of equip- PROOF ROLLIN-After normal compaction of subgrades Iscompleted, a few pass. 
ment with minitnum delay. For eswith a large-tired railer will help correct deficiencies, check on moisture. 
instance, there is no need to re
quire eight fullpasses with a Ifthe material istoo dry,how- would be a fool to pretend to 
sheepsfoot rollerwhen four will ever, there is danger that the rol- offer a solution to all its probdo..Nor is there need to shut down indication of 
a grading operation while the en- firmness, Then, as moisture in- be successful if it helps the con
gineer tests the entire embank

derwill give a false lems. This series of articles will 

ment layer, only to order more creases later, the fill will weaken. tractor to understand some ofroling. Contractors who do not have these dependent functions and 
large-tired rollers need not give how to attempt to cope with many 

Proof Rollinq up the idea of proof-rolling, since of the problems that occur in the 
Subgrades often are tested by Itis the unit pressure and not the course of normal job operations.234 giving !;em a few passes of a total load that counts. Small-tired The utmost gratihude is expressedgug.d heay 0 rollers may be utilized if ballast to the great number of exper

large-tired heavy proof roller a, is properly calculated. They have enced men in all comers orthe 
ter completion of normal compac. the added avnaeo idntion. When properly specified and sae weadvantage of bidg field who cheerfully gave of their 
when the soil's moisture is in the smaller vet spots often bridged ieand knowledge in order that 
optimum range, such rolling will by the larger machines. thieseriescould be produced ac
correct compaction deficiencies. Concluslon cumtely and informatively. They,
When the soil is too wet, proof Compaction Isa subject so vast, like I, want to promote one oh
rolling will indicate it so the con- and complex, and which depends jective; better earth compaction
dition can be corrected. upon so many variables, that one results at less cost. 
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Bibliography 
The following bibliography contains two sets of 
references. The first set consists of a reference 
for each selected text that appeared in the 
preceding part of this compendium. The second 
set consists of references to additional 
publications that either were cited in the 
se!ected texts or are closely associated with 
material that was presented in the overview and 
selected texts. Each reference has five parts 
that are explained and illustrated below, 

(a) Reference number: This number gives the 
position of the reference within this particular 

Bibliograffa 
La siguiente bibliografla contiene dos series de 
referencias. La primera serie consiste en una re-
ferencia para cada texto seleccionado que apa-
reci6 en la parte anterior de este compendio. La 
segunda serie consiste en referencias a publi-
caciones adicionales que fueron mencionadas 
en los textos seleccionados o que se asocian in-
timamente con el material que se present6 en la 
vista general y los textos seleccionados. Cada 
referencia tiene cinco partes que se explican y 
se ilustran abajo. 

(a) NOmero de referencia: este nLmero indica 
la posici6n de la referencia dentro de esta bi-

Bibliographie 
La bibliographie qui suit contient deux cat6go-
ries de ref6rences. La premiere categorie 
consiste en une r6ference pour chaque texte 
choisi qui est inclus dans la partie pr6cedente 
de ce recueil. La deuxieme cat6gorie contient 
des ref6rences pour des documents qui ont soit 
6t6 cit6s dans les textes choisis, ou soit sont 
6troitement associes avec des :crits qui sont 
present~s dans I'expos6 ou les textes choisis, 
Chaque reference est composee de cinq parties 
qui sont expliquees et illustr6es ci-dessous: 

(a) Num6ro de Ia reference: ce numero indi-
que la position de cette r6f6rence dans cette bi-

bibliography. It is used in the compendium index
 
but should not be used when ordering
 
publications.
 

(b) Title: This is either the title of the complete
 
publication or the title of an article or section
 
within a journal, report, or book.
 

(c) Bibliographic data: This paragraph gives
 
names of personal or organizational authors (if
 
any), the publisher's name and location, the date
 
of publication, and the number of pages
 
represented by the title as given above. In some
 
references, the paragraph ends with an order
 
number for the publication in parentheses.
 

bliograffa en particular. Se utiliza en el fndice del
 
compendio pero no deberd utilizarse al pedir
 
publicaciones.
 

(b) Tftulo: el tftulo de la publicaci6n completa 
o el tftulo de un artfculo o secci6n dentro de una
 
revista, informe, o libro. 


(c) Datos bibliogr~ficos: este p~rrafo da los 
nombres de autores personales u organizacio
nales (si hay alguno), el nombre del editor y su 
direcci6n, la fecha de publicaci6n, y el nljmero 
de p6ginas representadas por el ttulo en la 
parte (b). En algunas referencias el p~rrafo ter
mina con un nimero de pedido para la publica
ci6n en par~ntesis. 

bliographie. Ce numero est indiqu6 dans I'index 
du recueil mais ne doltpas 6tre utilis6 pour les 
commandes de publications. 

(b) Titre: cela indique ou le titre du livre en
tier, ou le titre d'un article ou d'une section d'une 
revue, un rapport, ou un livre. 

(c) Donn~es bibliographiques: ce paragraphe 
indique les noms des aiteurs personnels 
(quand il y en a) ou des auteurs collectifs (orga
nisation), le nom de I'6diteur et son adresse, la 
date de I'6dition, et le nombre de pages qui sont 
incluses sous le titre dans (b). Certaines r6f6
rences se terminent par un num6ro entre paren
theses qui indique le numero de commande. 
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(d) Availability information: This paragraph organization from which it is available are given.
tells how the referenced publication is available The order shoud include all information given in 
to the reader. If the publication is out-of-print but parts (b) and (c) above. 
may be consulted at a particular library, the (e) Abstract: This paragraph contains an 
name of the library is given. If the publication abstract of the publication whose title was given 
can be ordered, the name and address of the in part (b). 

(d) Disponibilidad de la informaci6n: este p6- (2) la publicaci6n puede ser pedida de la orga
rrafo indica la disponibilidad al lector de la pu- nizaci6n cuyo nombre y direcci6n est~n indica
blicaci6n referenciada de una de dos formas dos. El pedido debere incluir toda la informacidn 
como sigue. (1) La publicaci6n estc agotada dada en las partes (b) y (c). 
pero puede ser consultada en la biblioteca indi- (e) Resumen: este p--rrafo es un resumen de 
cada, donde se sabe que se posee una copia, o la publicaci6n cuyo tftulo se di6 en la parte (b). 

(d) Disponibilit6 des documents: ce paragra- le nom et I'adresse sont indiques ici. L'ordre de
phe indique les deux fagons dont le lecteur peut commande doit inclure toutes les informations 
acquerir les documents: (1) L'6dition est 6pui- donndes dans les parties (b) et (c). 
see, mais une certaine bibliotheque detient ce (e) Analyse: ce paragraphe est une analyse
document et il peut 6tre consult6. (2) Le docu- du texte dont le titre est cite dans la partie (b). 
ment peut 6tre command6 A l'organisation dont 

Illustration (from Comp. 1) Ilustracl6n (del Comp. 1) Illustration (du Recuell 1) 

(a) Reference number 
(a) Nidmero de referencia 	 ) ' Reference 5 
(a) 	 Numiro de Ia rfif6rence ) A REVIEW OF HIGHWAY DESIGN PRACTICES IN 

DEVELOPING COUNTRIES 

Cron, Frederick W. Washington, DC: International(b) Title 	 Bank for Reconstruction and Development; 1975 May, 
(b) Tstulo 	 57p. 
(b) Titre Order from: International Bank for Reconstruction and 

Development, 1818 H Street, N.W., Washington, DC 
20433.

(c) Bibliographic data 
(c) Dates bibliogrificos The detign standards of some 1 0 highway projects
(c) 	 Donnies bibliographiques financed by the international Bank for Reconstruction 

and Development between 1960 and 1970 are re
viewed, and areas of agreement between the stand
ards of the 63 countries studied are identified;(d) Availability information practical highway standards based on these areas of 

(d) Disponibilidad do Ia informaci6n 	 agreement are sketched for the guidance of planners
(d) DisponibilitA des documents in developing countries. The roads discussed here,fall into three functional categories: a small group of 

expressways, freeways and toll roads carrying large 
volumes of traffic; a very large group of 2-lane(a) Abstract highways carrying a wide range of traffic volumes 

(a) Resumen 	 serving both local and long distance traffic, and a 
(a) Analyse smaller group of low-traffic tertiary or special 

purpose roads existing primarily for land service. 
Comments are made on the problem of classifyingThe order should include all information given in parts (b) and highway standards, and the comparison of standon 

(c) above. 	 ards. Conclusions regarding standards for theEl pedido deberi incluir toda In informaci6n dada en las partes capacity- related elements of design and standards
for the velocity-related elements of design (radius of(b)y (c). curvature, stopping sight distance, passing sight

L'ordre de commande dolt inclure toutes las informations distance) are discussed, as well as the horizontal andrionnies dens leasparties (b) at (0. vertical clearances for bridges. The standard live 
loadings for bridges, the structural capacity of 
pavements and legal load limits are covered, and 
conclusions relating to pavement design, design
standards for 2-lane highways, . mcremental 
development ol highways, and levels of service are 
presented. 



SELECTED TEXT REFERENCES 


Reference I 
SIGNIFICANCE OF QUALITY CONTROL 

Kerr, Byron T.; Hinault, Giles G. Proceedings of the 
Golden Jubilee Convention, Canadian Good Roads Asso-
clation, held at The Queen Elizabeth, Montreal, Quebec,
October 19-22, 1964. Ottawa: Canadian Good Roads 
Association; 1964; pp. 233-237. 

Order from: Roads and Transportation Association of 
Canada, Technical Information Service, 1765 St. 
Laurent Boulevard, Ottawa, Ontario, Canada KIG 3V4. 

This paper focuses on two main topics: inspection
and testing in highway construction work and specifi-
cations. Comments are made on the purpose of 
quality control, and a description is given of the 
procedures that ensure the quality of workmanship
and materials. The value of inspection and testing is 
discussed in relation to the nature of the samples and 
the application of test results. The need for
specifications to be realistic is noted and ways of 
achieving this goal are discussed. Some suggestions 
are made on how inspection and testing can be 
effective in spite of normal variations in test results 
and in spite of delays due to the time required for 
some tests. It is noted that with estab'is',ed sampling
and testing procedures experienced personnel can do 
representative sampling and obtain reliable results,
that quality control must include adequate preengi-
neering, and that specifications should be written in 
collaboration with the materials or quality control 
engineer. 

Reference 2 
HIGHWAY MATERIALS - CHAPTER 7: COMPACTION 

Krebs, Robert D.; Walker, Richard D. New York, New 
York: McGraw-Hill Book Company; 1971; pp. 175-223. 

Order from: McGraw-Hill Distribution Center, Book 
Order Department, Princeton Road, Hightstown, New 
3ersey 08580. 

This chapter, which was excerpted from a text
prepared for undergraduate civil engineering stu-
dents, analyzes the compactive effort upon various 
types of soils and the tests that indicate the degree
of compaction of the soils. The chapter provides ageneral review of the techniques of densification of 
subgrades, embankments, subbases, bases, and gravel
surfaces. Fundamental concepts such as moisture-
density relations and saturation maisture content are 
discussed as well as compaction and compactive
effort in relation to soil type. A general guide to the 
selection of soils on the basis of anticipated embank-
ment performance is included. The properties (stabil
ity indices, stability and structure of compacted clay,
family of curves) of compacted fine-grained soils and 
field compaction procedures and requirements are 
detailed. Quality-control test procedures reviewed 
Include conventional field-density tests and nuclear 
field-density tests. The field impact compaction
tests reviewed include the Ohio typical moisture-
density curves method, the Hilf method, and the 
constant dry weight method. The control-strip
technique is also reviewed. 

Reference 3 
SOILS MANUAL FOR THE DESIGN OF ASPHALT 
PAVEMENT STRUCTURES 

Asphalt Institute. College Park, Maryland; March 1978.

238 p. (Manual Series No. 10; MS-10).
 

Order from: The Asphalt Institute, Executive Offices
 
and Research Center, Asphalt Institute Building,
 
College Park, Maryland 20740.
 

The origin, composition and properties of soil, and the
 
significance of tests for soil materials are discussed
 
briefly, and soil investigation and sampling are
 
discussed in some detail because of their Importance
 
In obtaining accurate test results. Three soil classifi
cation systems (The American Association of State
 
Highway and Transportation Officials Classification,

the Unified Soil Classification, and the Pedological
 
Classification of the U.S. Department of Agricul
ture's Soil Conservation Service), and four principal

testing methods used in selecting pavement thick
nesses are included. These tests are (a) bearir.g ratio
 
of laboratory-compacted soils - ASTM Designation

D 1883, (b)plate bearing test - ASTM Designation

D 1195, (c) resistance value (R) method - AASHTO
 
Designation T 190 - ASTM Designation D 2844, and
 
(d) resilient modulus of soil-the Asphalt Institute.

The importance and use of aerial photographs for
 
highway location, drainage, soil studies and design are
 
also reviewed. Chapters IV and VII are of special

significance. Chapter IV (Significance of Tests on 
Soil Materials) stresses the importance of thorough
familiarity with the test methods and the significance
and interpretation of the test results. Four basic 
laboratory soil tests are described, namely, mechani
cal analysis, specific gravity, consistency tests and 
indices, and the moisture-density tests. Chapter VII 237 
gives a detailed description of the California bearing
ratio (CBR) test procedure. The eqJipment used, the 
preparation of the sample, and the calculation and 
correction of the stress-penetration curve of theASTM (American Society for Testing and Materials)
procedure for CBR determination are detailed. 

Reference 4 
MECHANICAL DURABILITY OF LATERITIC GRAVELS 
FROM SOUTHEAST ASIA; SUGGESTED TESTS AND 
TEST STANDARDS FOR HIGHWAY USES 

Shuster, 3,A. Australian Road Research, Volume 4,
No. 5. Kew, Victoria: Australian Road Research Board;
1970 September; pp. 32-44. (Journal of the Australian 
Road Research Board). 

Order from: Australian Road Research Board, P.O. 
Box 156 (Bag 4), Nunawading, Victoria 3131, Australia. 

An investigation to determine the tests most suitable
 
for evaluating the mechanical durability of lateritic
 
gravels for use In road construction is reported. The
 
relative durability of these materials was also Inves
tigated and compared with past performance and
 
durability of lateritic gravels in existing pavement

sections in Thaland. The probable range of durability
 
as well as durability test techniques and tentative
 
test standards for these mateirals, when used in
 
pavement sections, was established.
 



Reference 5 
LATERITE AND LATERITIC SOILS AND OTHER 
PROBLEM SOILS OF THE TROPICSI AN 
ENGINEERING EVALUATION AND HIGHWAY DESIGN 
STUDY FOR UNITED STATES AGENCY FOR 
INTERNATIONAL DEVELOPMENT, VOLUME H, 
INSTRUCTIONAL MANUAL 

Morin, W.3.; Todor, Peter C. Baltimore, Maryland; Lyon 
Associates, Inc.; 1975. 92 p. (Performed jointly with 
the Brazilian National Highway Department Road Re-
search Institute; Report # PB-267 263). 

Order from: National Technical lnl,)rmation Service 
5285 Port Royal Road, Springfield, Virginia 22161. 

This is an instructional manual for field inspectors 
and laboratory technicians who work on engineering 
and construction projects that utilize tropical soils, 
The engineering descriptions, procedures, and specifi-
cations described are a consolidation of information 
obtained from Volume I: Laterite and Lateritic Soils 
and Other Problem Soils of the Tropics (see Refer-
ence 14). Both volumes are the final report of a 
worldwide tropical soil study. This manual summa-
rizes background information (on soils classifications, 
physical and engineering properties, red tropical soils, 
and volcanic soils) and reviews test procedures for 
the evaluation of tropical soil properties (preparation 
of soils samples, particle size analysis, liquid limit, 
plastic limit and plasticity index, moisture density 
relations, specific gravity, California bearing ratio, 
sand equivalent value, and test for durability of 
aggregates). Details are given of flexible pavement 
design (an appendix describes the determination of 
the coefficient of variation) and the stabilization of 
selected tropical soils. Design considerations for 

238 	 roads over tropical black clays and a recommended 
design procedure are set forth. Specifications for 
subbase, base- and surface-course materials, for 
excavation of borrow areas, compaction equipment 
and compaction requirements, and for materials and 
construction in tropical climates are also presented. 

Reference 6 
STANDARD SPECIFICATIONS FOR TRANSPORTA-
TION MATERIALS AND METHODS OF SAMPLING 
AND TESTING 

American Association of State Highway and Transporta-
tion Officials. Washington, DC. 1978 July. 998 p. 
(Twelfth Edition). 

Order from: American Association of State Highway 
and Transportation Officials, Suite 225, 444 North 
Capitol Street, NW, Washington, DC 20001. 

This book covers methods of testing and specifica-
tions for testing equipment and lncludep 195 test 
methods. A complete repertoire of tesY procedures 
that have been standardized by the American Associ-
ation of State Highway and Transportation Officials 
(AASHTO) Is given. These tests cover the areas of 
hydraulic cement, bituminous cement, soils, aggre-
gates, concrete, brick, joint filler and asphalt plank, 
culvert pipe and drain tile, metallic materials, and 
other miscellaneous fields. A numerical sequence of 
test by test number showing equivalencies between 
AASHTO and ASTM (American Society for Testing 
and Materials) is also included, 

Reference 7 
THE CONSTANT DRY WEIGHT METHOD -
A NO-WEIGHING FIELD COMPACTION TEST 

Schofield, R. Ontario, C-iada: Department of 
Highways; 1968 September. ,2 p. (Presented at the 
48th Annual Meeting of the Canadian Good Roads 
Association, Toronto. D.H.O. Report No. RR 141). 

Order from: Editor, Research and Development Divi
slon, Ministry of Transportation and Communications, 
Downsview, Ontario, Canada M3M 138. 

The problem of making quick reliable decisions about 
the state of compaction of subgrades, embankments, 
and pavement courses is discussed. Several field 
compaction test methods are described and a new 
procedure, the constant dry weight field compaction 
test, is detailed. In this test, which is an adaptation 
of the Proctor test (ASTM Designation D698-58T), 
the percentage compaction is ascertained by com
paring the in situ volume of soil sample with the 
volume of the same sample in the Proctor mold after 
standard compaction at approximately optimum mois
ture content. The accuracy and precision of the 
results obtained from the constant dry weight com
paction tests are analyzed and its role in statistical 
quality control is evaluated. The use of the method 
to supplement nuclear probe testing in the determina
tion of percentage compaction is also discussed. 

Reference 8 
TECHNICAL COMMITTEE REPORT ON TESTING OF 
ROAD MATERIALS 

Permanent International Association of Road 
Congresses. Paris, France; 1979. 52 p. (XVIth World 
Road Congress, Vienna, September 16-21, 1979). 

Order from: Permanent International Association of 
Road Congresses, Secretariat, British National Commit
tee, St. Christopher House, Southwark Street, London, 
SEI 07E. 

This report makes recommendations to ensure unifor
mity in certain test methods and terminology. The 
report consists of three sections. The first section 
presents recomnendations on methods used for test
ing aggregates. The tests included are particle-size 
distribution by sieve, Los Angeles test, sand equiva
lent, polished-stone-value test, quality of fine mate
rial passing a 0.075 mm sieve, density measurements 
(three tests), aggregate shape (two tests), sample 
reduction to provide the test sample, and sensitivity 
to freezing test. The second section of the report 
summarizes the data collected from a questionnaire 
on the Marshall test and its applications that was 
circulated to 46 countries. Conclusions derived from 
the survey are presented. These conclusions relate to 
the need for extreme care in the preparation of test 
specimens, the reduction of the variability of the 
stability and flow measurements, methods of defining 
flow, the method of assessing the degree of compac
tion, and data on the precision of the various 
procedures. The third section of the report presents 
a draft terminology on the treatment, improvement, 
and stabilization of soil and materials used for road 
foundations. See Reference 16. 



Reference 9 
PROCEEDINGS OF THE 10TH ANNUAL ENGINEERING 
GEOLOGY AND SOILS ENGINEERING SYMPOSIUM 

Idaho Department of Highways; University of Idaho;
Idaho State University. Boise, Idaho: Idaho Department
of Highways; 1972. 339 p. (Proceedings of the 10th 
Annual Symposium Held at Moscow, Idaho, April 5, 6, 7,
1972). 

Order from: Idaho Department of Transportation,
Annual Symposium on Engineering Geology and Soils
Engineering, 3311 W. State Street, P.O. Box7129, 
Boise, Idaho 83707. 

The following papers are included in this publication:
The Need for Expanding the Scope of Geotechnical 
Investigations; Contributions of Engineering Geology
and Land Use; Geological Hazards and Cities; Engineering Geology of the Proposed Snake River Bridge
Site Near Twin Falls, Iciaho; Subsurface Openings in 
Soil Fields; Electrical Earth Resistivity Surveying in 
Landfill Investigations; A Preliminary Evaluation of 
the Centralia Strip-Mine Area for Sanitary Landfill
Purpose; Soil Classification for Compaction; Experi-
ences with Compaction of Hydraulic Fills; Use of 
Engineering Geology for Planning New Roads; Correction of an Embankment Foundation Failure at 
Thania Rocks, Idaho; Reinforced Earth as a Highway
Structure; Structural-Environmental Characteristics 
of Tailings Ponds; Administration of Ground Water as 
a Nonrenewable Resource; Some Geologic Criteria 
for Evaluating Engineering Properties of Rock 
Masses; Recent Developments in Hard Rock Tunnel-
ing; Some Characteristics of Gouge Material as 
Related to Stabi.ity Underground; Factors in Deter-
mining Seismic Risks with Application to Southeast 
Idaho; Earthquake History of Bear River Valley,
Idaho; Applied Geophysics for Engineering Problems;
The Development and Application of Tiebacks and 
Soil Anchors in Open Foundations; Modeling Failure
of Cohesive Slopes; Floor Foundation Stabilization in 
Permafrost at Barrow, Alaska; New Techniques in
Foam Drilling; Exploration and Sampling '72; and 
Overcoring Stress Relief Experience in Belt Rocks. 

Reference 10 
EARTH COMPACTION 

Morris, M.D. New York, New York: McGraw-Hill 
Publishing Company, Incorporated; 1961, 32 p. (Reprint
from Construction Methods and Equipment). 

Order from: Construction Contracting, Reader
Services Department, 2500 Artesia Boulevard, Redondo 
Beach, California 90278. 

This reprint from the periodical Construction Meth-
ods and Equipment, discusses construction specifica
tions, reconnaissance materials and tests, compaction
equipment and compaction methods. Four basic types
of standard specifications and their use and the 
comparison of specifications are discussed. Com-
ments are made on soil reconnaissance, soil types,
and soil tests, including liquid tests, sand tests, and 
nuclear tests. Steel rollers, pneumatic-tired rollers,
uheepsfoot rollers, vibratory compactors, and impact 
compactors are discussed, and the importance of 
selecting the right type of equipment is emphasized.
Tables are included that give simplified outlines of 
the various characteristics to be considered in select-

ing compacting equipment. Knowledge of the type of
 
soil to be compacted will help in selecting the type of
 
equipment to be used. A quick soil-typing guide for
 
rough field checks Is included. The control of
moisture, soil mixing, the question of lift heights, the
 
ballasting of machines, compaction speeds and passes,

the Influence of the weather, the building of the test
 
embankment, and the proof rolling of subgrades 
are
 
also covered.
 

ADDITIONAL REFERENCES 

Reference IIFACTORS THAT INFLUENCE FIELD COMPACTION
 
OF SOILS: COMPACTION CHARACTERISTICS OF
 
FIELD EQUIPMENT.
 

Johnson, A.W.; Sallberg, 3.R. Washington, DC: Highway

Research Board; 1960; 206 p. (Bulletin 272. National
 
Academy of Sciences, National Research Council publi
cation 810).
 

Order from: University Microfilms International,

300 North Zeeb Road, Ann Arbor, Michigan 48106.
 

This bulletin, which summarizes the results of re
searches with full-scale equipment and provides other

useful data, is intended for use by construction
 
engineers, project engineers, and their technical
 
assistants. The introductory portions of this bulletin
 
pre-ent some historical highlights and state some of
 
the principles that govern compaction in the field as 
well as in the laboratory. The text focuses on data 
that illustrate the compaction and operation charac
teristics of the several types of compactors on 
different types of soils. Brief statements are made 239 
on methods used as aids in the control of moisture 
content and unit weight in construction. Data on 
current (as of March 1960) state highway department
practices as indicated by specifications governing

compaction requirements and compaction equipment
 
are tabulated. Tables of manufacturers' specifica
tions for compaction equipment and data on permissi
ble loads and the inflation pressures for tires used on
pneumatic-tired rollers are also included. 

Reference 12 
SYMPOSIUM ON COMPACTION OF EARTHWORK 
AND GRANULAR BASES. 17 REPORTS. 

Highway Research Board. Washington, DC; 1967, 279 p.
(Highway Research Record Number 177. National 
Research Council, National Academy of Sciences -
National Academy of Engineering Publication 1508). 

Order from: University Microfilms International,
300 North Zeeb Road, Ann Arbor, Michigan 48106. 

The papers in this publication that deal with various
 
aspects of the compaction problem will be of interest
 
to researchers and practicing engineers concerned
 
with the design aid construction of compacted earth
 
structures. They include reports on specification

trends ind major compaction problems, available
 
lnf-rmation on the structural properties of com
pacted soil, and a laboratory investigation of the
 
geological properties of compacted soil that leads to
 
a general program to determine the optimum type

and amount of compaction energy. A large field
 
study to evaluate typical compactors and rapid 



control methods presents data Indicating the major
effect of moisture on the compaction of soils. These 
conclusions have a &rect application to construction 
practice. A new labow'atory compaction test for 
granular material is presented. Papers on rapid 
nondestructive control tests and methods discuss 
many aspects in which management of inspection and 
utilization of modern equipment and methods In-
crease productivity in the compaction of granular
base materials and soils. Proposed new testing
techniques and evaluation of current compaction and 
controls methods are also included, 

Reference 13 
THE COMPACTION OF SOIL AND ROCK MATERIALS 
FOR HIGHWAY PURPOSES 

.Wahls, H.E.; Fisher, C.P.; Lanfe.der, L.3. Raleigh, 
North Carolina: North Carolina State University,
Department of Civil Engineering; 1966 August. 468 p.
(Record # PB 227 931/3). 

Order from: National Technical Information Service,Springfield, Virginia 22151. 

This review of the current state of the art of the 
compaction of soil and rock materials for highway 
purposes, evaluates current (1966) state highway 
department specifications and field construction 
practices, and recommends methods for improving 
earthwork construction. The report reviews the 
mechanics of compaction, moisture-density relations, 
properties of compacted materials and the factors 
that affect them, behavioral requirements of pave-

240 	 ment elemetits, variability and reliability of testing 
procedures, and statistical quality control method-
ology. Specifications and field practices are evalu-
ated and recommendations are made for their modifi
cation. An annotated bibliography on compaction is 
Included. 

Reference 14 
RAPID TEST METHODS FOR FIELD CONTROL OF 
HIGHWAY CONSTRUCTION 

Antrim, 3.D.; Brown, F.B.; Busching, H.W.; Chisman, 
J.A.; Moore, 3.H.; Rostron, 3.P.; Schwartz, A.E. 
Washington, DC: Transportation Research Board, 1970. 
89 p. (National Cooperative Highway Research Pro-
gram Report 103). 

Order from: Transportation Research Board, Publi-
cations Office, 2101 Constitution Avenue, NW, 
Washington, DC 20418. 

This two-phase research project determined the state 
of the art in the development, need and use of rapid 
test methods, and developed and evaluated new test 
methods for field control of construction. In the first 
phase the literature on new rapid methods and 
current practices in quality control and acceptance
testing was surveyed, and a statistical sttidy was 
made to determine time limits for rapid tests. It was 
found that the broad area of compaction control,
which includes the determination of standard densi-
ties and field densities for base and earthwork 
construction as well as asphalt pavements, had the 
greatest need for rapid test methods. Next In order 
of priority were determinations of concrete strength 

and base course gradation. In the second phase,
development and evaluation studies were conducted 
in the areas of asphalt content and compaction
control of base course materials, and the density and 
moisture content of soils. Among the methods 
applicable to asphalt content determination were the 
pat-stain method, the Wyoming flask method, and the 
Ignition method. A sampling technique that uses a 
thermoplastic cup for easy removal of bituminous 
concrete density specimens was developed, and a 
laboratory study was conducted to determine the 
feasibility of using an incomplete series of sieves to 
estimate the gradation of several types of aggregate. 
Methods for determining the density of base course 
materials and soils were also studied. The feasibility 
of the technique for measuring the density of soils
using ultrasonic ceramic crystal driver and pickup
transducers was studied. Two rapid test methods of 
determining moisture content were evaluated: the 
alcohol burning method and the calcium carbide gas
pressure method. An extensive annotated bibliogra
phy is included. 

Reference 15THE INVESTIGATION OF PRESENT AGGREGATE 

GRADATION CONTROL PRACTICES AND THE 
DEVELOPMENT OF SHORT-CUT OR ALTERNATIVE 
TEST METHODS 

Richardson, E.S.; McCleland, R.L.; Rosenbaum, R.E.; 
Barger, R.J. Vancouver, Washington. Washington, DC: 
U.S. Federal Highway Administration, Offices of Re
search and Development; 1977 April. 108 p. (Report
# PB 274 154/4ST). 

Order from National Technical Information Service, 
Springfield, Virginia 22161. 

This report covers the first phase of an investigation
into current aggregate gradation control practices. It 
presents the results of a literature search and a 
survey of current testing procedures and sampling and 
testing frequencies for various aggregate uses. Sum
mary information is presented on length and method 
of sample drying; size and number of sieves; length
and method of shaking; source of the sample (i.e.
stockpile, truck, roadway, etc.); and who (producer or 
consumer) performs the test. Also included are 
recommendations as to testing and sampling frequen
cies based on the information gathered. Short-cut 
and alternative test methods for gradation determl
nation are described, and those that offer promise of 
being a good substitute for the standard method will 
be further investigated and tested in the second phase
of the study. 

Rif rence 16 
COMITE TECHNIQUE DES ESSAIS DE MATERIAUX 
ROUTIERS 

Association Internationale Permanente des Congr.s de 
la Route, 	 Paris, France, 1979. 61 p. (XVIe Congrs
Mondial de Ia Route, Vlenne, 16-21 Septembre 1979). 

Commandez : LAssociation Internatlonale Perrra
nente des Congris de Ia Route, Secretariat Giniral, 
43 Avenue du President Wilson, Paris XVIe. 

Ceci est l' dition fran;aise du texte choisi no. 8. 



Reference 17 
EFFECTS OF DIFFERENT METHODS OF STOCK-
PILING AND HANDLING AGGREGATES 

Miller-Warden Associates. Raleigh, North Carolina. 
Washington, DC: Highway Research Board, 1967.
102 p. (National Cooperative Highway Research Pro-
gram Report 46). 

Order from: Transportation Research Board, Publl-
cations Office, 2101 Constitution Avenue, NW,
Washington, DC 20418. 

This report contains the findings and recommenda-
tions on aggregate gradation variation resulting from 
field Investigations of stockpiling and base course 
construction procedures. A segregation Index has 
also been developed for rating the different stock-
piling methods. This study involved both uncrushed 
gravel and a :rushed limestone gradation in the 
evaluation of segregation as related to various stock-
piling techniques, plus a measure of degradation
caused by handling, spreading, and compaction meth-
ods for base courses. Six full-scale stockpiles were 
built and the degree of segregation was determined. 
To measure aggregate degradation, six dense-graded
aggregate base courses were constructed using
crushed limestone from two sources with significantly
different Los Angeles abrasion loss histories. Meth-
ods of minimizing segregation during stockpiling are 
discussed. The amount of degradation of the particular aggregates used and base course construction 
procedures investigated was much lower than antici-
pated. The report also contains considerable back-
ground information on related factors such as sample
size, reliability, and statistical concepts. 

Reference 18 
DENSITY STANDARDS FOR FIELD COMPACTION OF
GRANULAR BASES AND SUBBASES 

Roston, 3.P.; Roberts, F.L.; Baron, W. Washington, DC: 
Transportation Research Board, 1976. 73 p. (National
Cooperative Highway Research Program Report 172). 

Order from: Transportation Research Board, Publi-
cations Office, 2101 Constitution Avenue, NW,
Washington, DC 20418. 

This report presents the findings of a study to 
evaluate current procedures and criteria for the
setting of density standards to control compaction
during construction of granular base and subbase 
courses and to develop more appropriate procedures
and criteria. An extensive laboratory test program,
comprising seven conditions and gradations, was 
carried out. The aggregates tested were a granite-
gneiss, a crushed gravel, a dolomitic limestone, and a 
basalt. A prototype field compaction testing program 
was conducted using the same four aggregates.
Procedures and criteria are proposed for byuse 
highway agencies. 

Reference 19
QUALITY ASSURANCE THROUGH PROCESS
CONTROL AND ACCEPTANCE SAMPLING 

U.S. Department of Transportation, Statistical Quality
Control Group, Office of Research and Development,
Washington, DC: U.S. Department of Transportation,
Federal Highway Administration, Bureau of Public 

Roads; 1967, April; 79 p. (Reprinted May 1974).
(Report # PB 190 671). 

Order from: National Technical Information Service,Springfield, Virginia 22151. 

This publicatinn summarizes the status of the studies
 
relating to quality assurance, defines the significant
 
aspects of the problem and presents the statistical
definitions and concepts needed for application In
 
specification writing. The basic philosophy of statis
tical specifications is expressed in general terms, and
 
the problem of fitting statistics to the highwayproblem is discussed. Problems involved in deter
mining quality requirements and expressing the re
quIrements by specifications are also covered.
 
Writing specifications based on statistical concepts,

the normal distribution curve, risks, acceptance

sampling plans, acceptance sampling for attributes,

the operating characteristics curve, the average

outgoing quality curve, and acceptance sampling for
 
variables are discussed in some detail. The use of
 
control charts for variables and control charts for
 
attributes is explained.
 

Reference 20
 
STATISTICALLY ORIENTED END-RESULT
 
SPECIFICATIONS
 

Transportation Research Board. Washington, DC: 1976.
 
40 p. (National Cooperative Highway Research Pro
gram Synthesis of Highway Practice 38).
 

Order from: Transportation Research Board, Publi
cations Office, 2101 Constitution Avenue, NW,
Washington, DC 20418. 

This report, which discusses the advantages and
 
disadvantages of statistically defensible acceptance

plans, extends and amplifies the concepts of an
 
earlier HRB Special Report (#118) with respect to
specifications for highway materials and construc
tion, and shows how they have been applied in those
 
instances where the current information is available.
 
There are two types of statistical acceptance plans:
the attributes sampling plan (useful when the attri
bute can be accepted or rejected by visual inspec
tion); and the variables acceptance plan (uses both
 
average values and variability measurements to determine acceptance). Problems associated with such
 
specifications (buyers and sellers risk, defining good

and poor material, defining lot size and testing

frequency, determining equitable prediction in price,

administrative problems, human, legal and economic
 
factors, and cost-effectiveness) are discussed, and
 
contractors and producers quality control systsms are
 
reviewed. Contracting agency aceptance procedures
are described, and current practices in state highway

agencies (33 states have used, are using or planning to
 
use such specifications) and foreign countries are
 
outlined. Comments from trade associations and 
producers are also presented. 

Reference 21 
PROCEEDINGS NATIONAL CONFERENCE ON
STATISTICAL QUALITY CONTROL METHODOLOGY 
IN HIGHWAY AND AIRFIELD CONSTRUCTION 
(MAY 3-5, 1966) 

University of Virginia, School of General Studies. 
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Charlottesville, Vlrglnla 1966 November. 664 p.(Report i AD 742270). 

Order from: National Technical Information Service,Springfield, Virginia 22151. 

In this conference, which summarized existing (1966)knowledge and provided a forum for planning and
discussing the techniques and implications of statlstl-cal procedures in highway and airfield construction,33 papers were presented in five sessions. The papers
In the first session presented statistical concepts andmethods that can provide a basis for inferences onattributes or measured characteristics of a variableproduct. Papers discussed control charts and accep-
tance sampling plans as useful techniques for relatingthe science of statistical inference to the problems ofquality control. The papers at the second sessionnoted the use of the statistical approach by many
Industries, discussed the contractual relationships
between government and contractors In quality assur-ance, as well as the need for experience In the
application of statistical methods in road construc-

tion, and the problem of selecting appropriate levelsof quality. The third session covered the research 
being done In the measurement of construction. Thepapers pointed out the magnitude of the variations
found in construction and presented proof of the 
deficiencies In the present methods of quality control. A substantial portion of these variations may beattributed to variations In the sampling and testing
procedures. A knowledge of material, sampling, andtesting variation is essential to the establishing ofrealistic, enforceable limits and performance quality
criteria. The papers of the fourth session summa
rIzed and explained statistical techniques that can be
used In the control of highway and airfield construction, assessed these techniques, and gave examples of
their application to process control and acceptancetesting. The fifth session considered implications ofincreasing use of statistical quality control methodsin highway and airfield construction. Points of view 
were expressed by various elements of the pavementindustry including research management, auditing,
highway engineering, materials supply, equipment
manufacturing, and contracting. 



Index 
The following index is an alphabetical list of 
subject terms, names of people, and names of 
organizations that appear in one or another of 
the previous parts of this compendium, i.e., in
the overview, selected texts, or bibliography.
The subject terms listed are those that are most 
basic to the understanding of the topic of the 
compendium. 

Subject terms that are not proper nouns are 
shown in lower case. Personal names that are 
listed generally represent the authors of selected 
texts and other references given in the 

Indice 
El siguiente fndice es una lista alfabetica del vo-
cablo del tema, nombres de personas, y nom-
bres de organizaciones que aparecen en ',". u 
otra de las partes previas de este compendio, 
es decir, en la vista general, textos selecciona-
dos, o bibliograffa. Los vocablos del tema que
aparecen en el fndice son aquellos que son ne-
cesarios para el entendimiento de la materia del
compendio. 

Los vocablos del tema que no son nombres 
propios aparecen en letras minesculas. Los 
nombres personales que aparecen representan
los autores de los textos seleccionados y otras 
referencias dadas en la bibliograffa, pero tam-
bi~n pueden representar a personas que de otra 
manera est~n conectadas a los temas del com-
pendio. Los nombres personales aparecen con 
el apellido seguido por las iniciales. Las organi-

Index 
Cet index se compose d'une listb alphabetique
de mots-cl6s, noms d'auteurs, et noms d'organi-
sations qui paraissent dans une section ou une 
autre de ce recueil, c'est Adire dans I'expos6,
les textes choisis, ou la bibliographie. Les 
mots-cl6s sont ceux qui sont le plus 6l6men-
taires A la comprehension de ce recueil. 

Les mots-cles qui ne sont pas des noms pro-pres sont imprim6s en minuscules. Les noms 
propres cites sont les noms des auteurs des tex-
tes choisis ou de textes de r6ference cites dans 

bibliography, but they also represent people
who are otherwise identified with the
 
compendium subjects. Personal names are
 
listed as surname followed by initials.
 
Organizations listed are those that have
 
produced information on the topic of the
 
compendium and that continue to be a source of
 
information on the topic. For this reason, postal

addresses are given for each organization listed.
 

Numbers that follow a subject term, personal
 
name, or organization name are the page

numbers of this compendium on which the term
 

zaciones nombradas son las que han producido
informaci6n sobre la materia del compendio y
 
que siguen siendo fuentes de informaci6n sobre
 
la materia. Por esta raz6n se dan las direcciones
 
postales de cada organizaci6n que aparece en
 
el indice.
 

Los nLimeros que siguen a un vocablo del 

tema, nombre personal, o nombre de organiza
ci6n son los nimeros de p~gina del compendio

donde el vocablo o nombre aparecen. Los nO
meros romanos se refieren a las ptginas en la
 
vista general, los nOmeros ar6bigos se refieren a

p~ginas en los textos seleccionados, y los nO
meros de referencia (por ejemplo, Ref. 5) indi
can referencias en la bibliograffa.


Algunos vocablos del tema y nombres de or
ganizaciones estn seguidos por la palabra see.
 
En tales casos los nimeros de p~gina del com

la bibliographie, ou alors les noms d'experts en 
la matiere de ce recueil. Le nom de famille est
suivi des initiales des prenoms. Les organisa-"
tions cit6es sont celles qui ont fait des recher
ches sur le sujet de ce recueil et qui continue
ront .tre une source de documentation. Les 
adresses de toutes ces organisations sont inclu
ses. 

Le num6ro qui suit chaque mot-cl, nom d'au
teur, ou nom d'organisation est le num6ro de la 
page oO ce nom ou mot-cl6 parait. Les num6ros 
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or name appears. Roman numerals refer to under the alternative term or name that followspages in the overview, Arabic numerals refer to the word see. Some subject terms andoages in the selected texts, and reference organization names are followed by the wordsnumbers (e.g., Ref. 5) refer to references in the see also. In such cases, relevant referencesbibliography. should be sought among the page numbersSome subject terms and organization names listed under the terms that follow the words see are followed by the word see. In such cases, the also.
compendium page numbers should be sought The foregoing explanation is illustrated below. 

pendio se encontrar~n bajo el termino o nombre trarcn entre los nOmeros de p~gina indicadosalternativo que sigue a la palabra see. Algunos baju los t6rminos que siguen a las palabras seevocablos del tema ynombres de organizaciones also.
estdn seguidos por las palabras see also. En La explicaci6n anterior estA subsiguiente
tales casos las referencias pertinentes se encon- mente ilustrada. 

6crits en chiffres romains se rapportent aux pa- mero des pages du recueil se trouvera apres leges de I'expos6 et les num6ros 6crits en chiffres mot-cld ou le nom d'organisation qui suit learabes se rapportent aux pages des textes terme see. D'autres mots-cles ou noms d'orgachoisis. Les numeros de reference (par exem- nisations sont suivis des mots see also. Dans cepie, Ref. 5) indiquent les numeros des r6f6- cas, leurs ref6rences se trouveront cit6es aprbsrences de la bibliographie. les mots-cl6s qui suivent la notation see also.Certains mots-cls et noms d'organisations Ces explications sont illustr6es ci-dessous. 
sont suivis du terme see. Dans ces cas, le nu-

Illustration (from Comp. 1) Ilustracl6n (del Comp. 1) Illustration (du Recuell 1) 

Selected Text page numbers Subject term and see also termsNfimeros do pigina en los Texto- Vocablo del tame y t~rminos see alsoSaleccionados (var tambign)Num6ros des pages des Textes Chosis Mot-cli at see also 

Organization name and address mountainous terrain (see also degree of curvature;Nombre ydirecci6n do Iaorganizacl6n deign speed; maximum gradient; radius of curva-Nom at adresse de I'organisation tureq, shoulder width): 11, 17, 34, 33, 38, 173, 175, 
217, 234, 238 

National Association of Australian State Road Author-Overview page numbers and ltles(P.O. Box 3141, Bricidield Hill, N.SW. 2000,
reference number Australi):


Nfmero de pigina en Ia Vista _________tons___ Asr, Ref.8,Ref. 9
General y ndmeros do referenclaNumro des pages do I'Expose at no-passing markings and signs: 31, 93, 132
num6ros des r6f6rences 

non-passing sight distance, se stopping sight distance 
Subject term and see term Odler, L.: Ref.3
 
Vocablo del tema y tirmino see (or)Mot-cli at see Oglesby, C.H.: 231, 233, 234, 239, 240, 241, 242, Ref.14 

. Selected Text page numbers and reference 
number

L-.-Numeros do pagin. on los TextosPersonal names I Seleccionados y ndmero do referenciaNombres personales Num6ros des pages des Texts&Choisis etNoms propres num6ros des r6firences 



abrasion and soundness tests: 8 

acceptance criteria and tests: xil, 8, 10, 11, Ref. 14, 

Ref. 19, Ref. 20, Ref. 21
 

adsorbed water, see water adsorption 

aggregates: 28, 52, 108, 110-1 11, Ref. 13, Ref. 17

numbers, 101, 102, 103, 103, 106

shape, xxiv, 192, 197-198, Ref. 8 

soil mixtures, 29-30, 149-136 

testing, xxiv, 84, 99-100, 191-200, Ref. 5, Ref. 6,
Ref. 18 


aggregation indices: 101, 118 


air gap nuclear test method: 149, 153-13 


American Association of State Highway and TransportationOfficials (AASHTO) (444 North Capitol Street, N.W.,
Suite 223, Washington, DC 20001) (see also American 
Association of State Highway Officials ASHO)hRef. 6 

specifications, xx, 146-148
tests, 74, 75, 79, 149, 157, Ref. 6 


American Association of State Highway Officials (AASHO)(see also American Association of State Highway 
an-Transportation Officials (AASHTO)):soil classification, 204, 205, 212, Ref. 3 

tests, 2--26, 54, 115, 178, 179 


American Society for Testing and Materials (ASTM)(1916 Race Street, Philadelphia, Pennsylvania 

19103A xix 

specifications, I46-148
tests, 25-26, 40, 41, 57, 58, 74, 75, 79, 115, 149,
157, 177, 178, 179, Ref. 3, Ref. 6, Ref. 7


1chor,
so,1,9e Ref. 7 

anchors, soil: Ref. 9
 

Antrim, 3.D.: Ref. 14
 

arid regions: 34 


Asphalt Institute (Executive Offices and Research

Center, Asphalt Institute Building, College Park,
Maryland 20740): Ref. 3 


Atterberg limits: 8, 77-79, 113, 116, 173 


Australian Road Research Board (P.O. Box 156 (Bag 4)

Nunawading, Victoria 3131, Australia): Ref. # 


backscatter nuclear test method: 149, 131-132, 168 


ballast: xxvi, 232, Ref. 10 


Barger, R.3.: Ref. 15 


Baron, W. Ref. 18 


basalt: Ref. 18 


base courses: x, xvUi, xviII, 8, 20, 32, 33, 49, 53, 64,
83, 99, 108, Ref. 2, Ref. 5, Ref. 12, Ref. 14, Ref. 17,
Ref. 13 


Benkelman beam test: I I 


boulders: 204, 207, 213 


Brown, F.B.i Ref. 14 


Busching, H.W.: Re. 1# 

California bearing ratio (CBR): xvlii, xx, 8, 38, 39-40,
 
41, 42, 47, 48, 83-95, 117, Ref. 3, Ref. 3
soaked, xix, 41, 42, 43, 47, 115
 

Califo nia durability tests (see also coarse durabilitytests; fine durability test x"
 

Canadian Good Roads Association (now Roads and

Transportation Association of Canada) (see also
Roads and Transportation Association orCan-da):
 

Ref. 7
 

CBR, see California bearing ratio
 

ChIsman, 3.A.: Ref. 14
 

clay soils: xx, 21, 28, 41, 42, 43, 45, 46, 49, 30, 34,

73, 77, 81, 82, 170, 175, 204, 210, 211, 214, Ref. 2
 

coarse durability tests: 
 102, 103, 104, 103-109, 111,

123, 126
 

cohesionless materials ealso sands: 34, 77
 

cohesive soils (see also clay soils; silty clay): 
 xxv,
 

24, 31, 63,170

combination rollers: 226, 228
 

compaction control (see also constant dry weight (CDW)

method; field compacto-ntests; job control; quality
 
contro; tests and testing): xiii, xxiv, 32, 54-67,
86, Ref. 14

statistical, xiii, 65, 180-182, 185-186, Ref. 7, Ref. 13,


Ref. 21
 

compaction equipment, see equipment, compaction
 

compactive efforts 
 xvii, 26, 32-37, 44, Ref. 2, Ref. 12 


compliances 8
 
consistency tests and indices (see also Atterberg limits):
xvii, 77-79, Ref. 3
 

€onsolidometers: 130-131
 

constant dry weight (CDW) method. xxiii, 60, 63-64,
 

163-189, Ref. 2, Ref. 7
Construction Contracting, Reader Services Department
(2300 Artesia Boulevard, Redondo Beach, California
 
90278): Ref. 10
 

control charts: Ref. 19, Ref. 21
 

control strip technique: 64-63, Ref. 2
 

cyclic load tests: 103, 111
 

deformation, resistance to- xi, xii, 20, 37
 

densLfication: xv, xvil, Ref. 2
 
resistance to, xi, xii, 20, 37
 

density (see also dry density; nuclear field density

tests): xiixxiii, 29-30, 36, 79, 80, 81, 80, 176,
 

186, 192, 195-197, 212, Ref. 14, Ref. 17
field, 8, 37-59, Ref. 2
 
maximum, 81, 176, 224

relative, 32, 37, 106, 195, 196
 

density compaction tests 166
 

dilatancy test: 208
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dlpsticla 171, 172, 173 


direct transmission nuclear test method: 149, 152-153 

dry density: xxii, 21, 22, 26, 31, 34, 41, 46, 47, 36, 


65, 108

maximum, 27, 33, 37, 42, 52, 53, 62, 165, 177, 180,
181
 

dry unit weight: 29-30, 31, 32, 34, 36, 37
 
maximum, 34, 177 


drying rate and strength 208-120 


durability: xix, Ref. 5 

aggregates, 118-126,Ref. 5
laterites, 99-111 


earthquakes: Ref. 9 


embankments: 
 xvi, xxili, 8, 32, 33, 34, 53, 55, 233-234, 

Ref. 2, Ref. 7, Ref. 10
 

equipment, compaction (see also pneumatic-tired rollers;
sheepsfoot rollers: smooth-wheeled rollers; steel
wheel rollers; vibratory rollers): xv, xxv, 26, 34-35,
49-52, 214-216, 220-234, Ref. 5, Ref. 6, Ref. 10,


Ref. 11 


expansion tests: 132-133, 134
 

FAA (Federal Aviation Administration) soil classification 

system: 204, 205 


family of curves method: 46-49, 54, Ref. 2 


FHA (Federal Housing Administration) soil PVC meters 


246 xx, 127-130 

field compaction tests (see also constant dry weight


(CDW) method; field testing- Hilf method; Humphres

method; nuclear field density tests; Ohio typical

moisture-density curves method): xxiii, 56-67, 165-186,
213--216, Ref. 7 


field testing (see also field compaction tests): xix,
 
xv, Ref. 2 


fills: xi, 20, Ref. 9 


fine durability tests: 105-109, 111, 125 


fine-grained soils (see also clay soils; silts): 24, 32, 

34, 37-48, 53, 8,7-, 81, 82, 86, 90, 210, 212,
Ref. 2 


Fisher, C.P.: Ref. 13
 

flakiness index: 198
 

floating ring apparatus: 131 


freezing sensitivity test: xxlv, 192, 200, Ref. 8 


friction angle: 108, 110 

fritio110esRttetsangle 108,


frost action and susceptibility: 9, 20, 24, 38* 


geology: Ref. 9 


gradation: 28, 115, 175 


grain size analysis, see particle size analysis 


granular materials (see also gravel; sands; sandy silts):

21,.22, 28, 29, 34,-35,37, 38, 40, 51, 52, 64, 77,

81, 83, 86, 90, 170, 211, 231, Ref. 12, Ref. 18
 

gravel: xvii, 204, 207, 210, 214, 215, 231, Ref. 2, Ref. 4,
 
Ref. 17, Ref. 18
 

content, 30
 

ground water: Ref. 9
 

growth curves: 34, 35
 

hand-feel tests: xxiv, 204-216
 

Harvard miniature compaction test: 26-27, 41
 

Hinault, Giles G.: Ref. I
 

Highway Research Board (HRB) (now Transportation

Research Board (TRB)) soil classification: 34
publications, Ref. 11, Ref. 12, Ref. 17
 

Hilf method: 60, 62-63, 167, Ref. 2
 

humid regions: 54
 

Humphres method; 167
 

hydrometer analysis: 73-74, 11
 

Idaho Department of Highways, Materials Division

(3311 W.State Street, P.O. Box 7129, Boise, Idaho
 
83707): Ref.-9
 

impact type compaction: xxv, 31, 46, 220, 226-228
tests (see also constant dry weight (CDW) method;

Hill method; Ohio typical moisture-densiti curves
 

method), 53, 54, 59-0, 62, 63, 64, Ref. 2
 

Inspection: xv, xvi, xxiv, 7-8, 174, Ref. 1, Ref. 5
 

job control (see also compaction contro). 10-1l
 
3ohnson, A.W.: Ref. 1I
 

Kerr, Byron T.: Ref. I
 

kneading action compaction (see also sheepsfoot rollers. 
xxv, 22, 27, 46, 51, 220 -


Krebs, Robert D.: Ref. 2
 

laboratory compacted soils (see also laboratory compaction
 
tests): xviii, 27, 38, 46, 83-95, Ref. 3, Ref. 11
 

laboratory compaction tests (see also laboratory compacted
soils): 54-56, 212-214, Ref. 3,Ref. 12, Ref. 18
 

laboratory testing (see also laboratory compaction
 
tests): xiv, xviii, Ref.3
 

land use: Ref. 9
 

landfills: xii 20, Ref. 9
 

Lane-Wells logger: 168
 

Langfelder, L.3.: Ref. 13
 

LAR, see Los Angeles Rattler test
 
laterites and lateritic soils: xx, 99-111, 115-134,


Ref. 4, Ref. 5
 

lift heights, see lift thickness '' ,,
 

lift thickness: xxvi, 20, 35, 49, 231-232, Ref.' 10

lime stabilization and lime stabilized sll! 21,40;1
 

46
 



limestone% 32, 106, Ref. 17, Ref. 18 

liquid limit: xx, 24, 31, 32, 71, 79, 84, 115, 117, 113, 
206, 213, Ref. 3,Ref. 10 

Los Angeles Rattler tests (LAR): xxiv, 100, 102, 103-103, 
109-110, 192, 193-194, Ref. 8 

Los Angeles test, see Los Angeles Rattler tests
 

Lyon Associates, Incorporated (6707 Whitestone Road,
Baltimore, Maryland 21207): Ref. 5 


Marshall test: Ref. 8 


McCleland, R.L.: Ref. 15 

McGraw-Hill Book Company (1221 Avenue of the Americas,
New York, New York 10020): Ref. 2, Ref. 10 

mechanical analysis (see also particle size analysis): 
xviil, Ref. 3 

mechanical sand equivalent shaker: 120, 122 


modulus of resilience: 106, 107, 108, 110, 111 


moisture content (see also family of curves method; 

moisture-density relations and tests; Ohio typicalmoisture-density curves method): xi, xvii, xlx, xxvi,

23-24, 39, 41, 46, 50, 52, 33-54, 63, 77, 78, 115, 
116, Ref. 2, Ref. 10, Ref. 11, Ref. 14

compaction, 42, 43, 48, 52, 207, 210-212, 230 

determinations, 8, 56, 58-59, 80

molding, 44, 46, 47, 53, 84 

optimum, 24-25, 27, 31, 32, 34, 37, 42, 43, 45, 54,


62, 63, 79, 81, 204, 212-214, 224, Ref. 7 


moisture-density relations and tests (see also family 

of curves method; Ohio typical moi-ture-density

curves method): xviii, xx, 22-27, 36, 79-82, 84, 

86, 115, 116, 117, 167, 178, Ref. 2, Ref. 3, Ref. 5,
Ref. 13 

curves, 22, 23, 24-27, 28, 37, 5 

Moore, 3.H.: Ref. 14 

Morin, W.J.t Ref. 5 

Morris, M.D.: Ref. 10 

multiple-shoe vibrator: 225 

North Carolina State University. Department of Civil 

Engineering (P.O. Box 5993 Raleigh, North Carolina 

27607): Ref. 13 


no-weighing field compaction test, see constant dry 
weight (CDW) method 

nuclear field density tests: xxii, 11, 58-39, 64, 63,149-156, 167-168, 181, 182-183, Ref. 2, Ref. 7,
Ref. 10 

Ohio typical moisture-density curves method: 60-62, .
 
167, Ref. 2 

one-dimensional expansion and uplift pressure of clay :,
soils test: xx, 130-134 

optimum moisture content, see moisture content 

particle orientation: 43, 44, 45 

particle size analysis: xx, xxiv, 8, 28, 72-75, 84, 117,
192-193, Ref. 3,Ref. 9 

pat-stan method; Ref. 14
 

pavement design- Ref. 3, Ref. 3
 

penetration testing: 91--92
 pe 

performance, pavement: 21
 
prediction, 9
 

permafrost: Ref. 9 
Permanent International Association of Road Congresses


(PIARC), British National Committee (St. Christopher

House, Southwark Street, London SEI 07E). Ref. 8,
 

Ref. 16
 

permeability, degree of: 73
 

petrographic number determinations: 8, 11
 

plastic limit: xx, 24, 31, 78, 84, 116, 204, 211, Ref. 11
 

plasticity index: xx, 31, 32, 77, 78, 84, 127, 128, 1301
205, 206, 213, Ref. 3
 

plate bearing test: Ref. 3
 

plinthite: 99, 109
 

pneumatic-tired rollers: xxv, 22, 34, 31, 221-22,
 
228, 229, Ref. 10, Ref. 11
 

polished-stone-value: xxiv, 192, 194
 

pore space: 44
 

pore water pressure: 43
 

porous particle soils: 76 
 247j 

preconstructlon testing: xIv, 11, Ref. i 

Proctor mould: 166, 168, 171, 173 
Proctor test, standard: xxi, 8, 9, 23, 179-180, 185-146, 

Ref. 7 

proof rolling: 36-37, 234, Ref. 10 

prooving ring: 127, 130 

quality assurance: Ref. 19 

quality control (see also compaction control: xvi,

7-11, Ref. 1, Ret. 2, Ref. 7, Ref. 12, Ref. 13,

Ref. 14, Ref. 19, Ref. 20, Ref. 21
 

reconnaissance, soil: Ref. 10 

records, progress: 8 

references, bibliographic: xxvl-xxvil, 67-68, 111,
184, 216-217, Ref. 13, Ref. 14 

reinforced earth: Ref. 9 

relative density, see density 

remoulded specimens: 84-92, 131, 132 

resilience modulus: 106, 107, 108, 110, 111, Ref. 3 

Richardson, E.S.: Ref. 15 

Roads and Transportation Association of Canada (formerly
Canadian Good Roads Association) (1763 St. Laurent 



Boulevard, Ottawa, Ontario, Canada KIG 3V4)h 


Ref. 1, Ref. 7 


Roberts, F.L: Ref. 18 


Rosenbaum, R.E.: Ref. 15 


Rostron, 3.P.: Ref. 14, Ref. 18
rubber-tired rollers: 33, 34, 233 


Saliberg , .R .: Ref. 1pI1 

samples and sampling: xx, 8-9, 8"-6, 123-124, 199,
Ref. 1, Ref. 3, Ref. 5, Ref. 6, Ref. 9, Ref. 14,' 


Ref. 15, Ref. 19, Ref. 20, Ref. 21
 
sand equivalent value: xx, xxiv, 101, 115, 118, 192, 


194, Ref. 5, Ref. 8, Ref. 10
test apparatus, 120, 121, 122 


sand replacement test: 57-58 


sands: 
 xxv, 28, 31, 34, 50, 62, 73, 74, 204, 207, 210,
211, 214, 215 


sandy slits: xxv, 224 


saturation-moisture content: 
 23-24 


Schwart, R..: Ref. 7 

Schwartz, A.E.: Re. 14 


segregation index: Ret. 17 

scheduling of construction: 11 

schedhaking of onst2ruc, I 


4
sheaing st:208,:209strength, 

shear stralns: 46 

shearing resistance (see also deformation, resistance 

to). 38, 79, 83
 

sheepsfoot rollers: xxv, 22, 27, 33, 34, 51, 214, 222-224,

228, 229, Ref. 10
 

shotrock. 204, 207, 215
 
shrinkage, soil: 46, 127 


limit, 78
test, 133-134 


Shuster, 3.A.: Ref. 4 


silts: 28, 31, 73, 74, 81, 82, 204, 210, 211, 214 


silty clay: 41, 42, 46 


single-shoe vibrator: 226 


smooth-wheeled rollers (see also steel wheel rollers):

xxv, 33, 31, 32 


soil classification systems: 32, 33, 34, 204, 205, 207-216, 

Ref. 3, Ref. 9
 

soil mixing: xxvi, 230-231
 

soil stability: 41-48
 
soil stiffness, see stiffness, sol 


soil strength, see strength, soil 

soil structure: 3g-39, 41-46 


soil type and relation to compaction: 27-32, 33, 34,
 

207-216, 230, Ref. 2, Ref. 9, Ref. 10, Ref. 11
 

Southeast Asia: xix, 99-111, Ref. 4
 

specific gravity: xvIiI, xx, 75-76, 101, 117, Ref. 3,
 
Ref. 5
 

specifications: xii, xvi, 
 xx, 7, 8, 9-11, 52, 53, 81, 146-148,
233, Ref. 1, Ref. 5, Ref. 6, Ref. 10, Ref. 11, Ref. 12,
Ref. 13, Ref. 19, Ref. 20
 
e y mi t u e t s e t 3


speedy moisture tester: 58
 
stability indices: 38-39, Ref. 2
 

stability tests (see also California bearing ratio (CBR)hunconfined ciiive strength tests) 38, Ref. 8
 

stabilization: 20, 21, Ref. 5, Ref. 9
 

standard Proctor test: 
 xxi, 8, 9, 25
 

static action compaction (see also pneumatic-tired
rollers; rubber-tired roller-s;smooth-wheeled rollers,
steel wheel rollers): 220, 226
laboratory, 27, 46
 

statistical compaction control: xill, 65, 180-182, 185-186,
 
Ref. 7, Ref. 13, Ref. 21
 

steel wheel rollers: 33, 220-221, 228, Ref. 10
three-wheel rollers, 220-221
 

stiffness, soil (see also modulus of resillenceh 42
 
test, 208, 200"'-ts,28 

stockpiling, aggregates: Ref. 17
 
soil (see also ultimate strength): 41, 46,


79
 

stress-penetration curve: xix, 9-94, Ref. 3
 

stress-stran relations: 108
 
curves, 40, 111
 

subbases: xvii, xvll, 64, 83, Ref. 2, Ref. 3, Ref. 18
 
subgrades: xi, xvii, xviii, xxill, 20, 32, 33, 37, 48, 54,
57, 83, 115, Ref. 2, Ref. 7, Ref. 10
 

swelling: 9, 41, 42, 44, 54, 83, 127, 128, 129, 130
 

tandem rollers: 220
 

tests and testing (see also aggregates; California bearing
 
ratio; constant dr-yweight (CDW) method; field
compaction tests; moisture-density relations and 
tests; nuclear field density tests): xiii-xiv, xvi-xxlI,7-11, 24, 26-27, 28, 31, 38, 56-67, 72-95, 99-111,
 

115-134, 149-16, 165-1 
 O, 191-200, 204-216,

Ref. 1, Ret. 2, Ref. 3, Ref. 4, Ref. 5, Ref. 6, Ref. 8,
Ref. 10, Ref. 13, Ref. 14, Ref. 15
results, xvi, 9, 54-56, 74, 78-79, 166, 177-180, 208,
209, Ref. 1, Ref. 3
 

Thailand; 99, 107, Ref. 4
 
three-wheel rollers: 220-221
 

tie-ba: Ref. 9
 
Todor, Peter C.: Ref. S 
Transportation Research Board (TRB) (2101 ConstitutionAvenue, NW, Washington, DC 20418) (see also Highway 



207 

Research Board (HRB)h 71, Ref. 14, Re. 18, Ref. 20 


Tyler shaker: 119, 120 


ultimate strength: 40-108 


unconfined compressive strength tests: 38, 40-41, 


undisturbed specimens: 130, 131-132 


unified soil classification system: 32, 33, 204, 205, 

207, Ref. 3
 

United States Department of Transportation, Federal 
Highway Administration Region 10, Office of FederalHighway Projects (610 E. Fifth Street, Vancouver, 
Washington 98661). Ref. 1. 

University of Virginia, School of General Studies (Virginia

22904): Ref. 21 


vibratory compaction (see also vibratory rollers): 

xxv, 27, 31, 34, 46,-20
 

vibratory plates: xxv, 224, 229 


vibratory rollers: xxv, 22, 31, 33, 3, 51, 52, 216,

224-226, 227, 228, 229
 

vibroflotatior. 31 

volumetric compaction test: 166
 

Wahls, H.E.: Ref. 13
 

Walker, Richard D.: Ref. 2
 

water adsorption. 38, 44
 

water content (see also moisture content): 21-22,
31, 36, 37, -1- "
 

wet density (see also moisture-density relations andtests): 149, 167

wet unit. weight: 62
 

wheel loads: xi, 20, 31, 51
 

Wilson compaction test: 26-27
 

Wyoming flask method. Ref. 14
 

ZAVD, see zero air voids density (ZAVD)
 
zero air voids density (ZAVD) 23, 24, 48
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Compendium 1: Compendium 10:Geometric Design Standards for Low-Volume Roads. $12.00 Compaction of Roadway Soils. $10.50
Normas de disehio geometrico para caminos de bajo volumen. 
 Compactaci6n de suelos viales.Normes de dimensionnement gdomdtrique pour routes Afaible Le cor-,actage des sols routiers.
 
capacitY.
 

Compendium 2:
 
Drainage and Geological Considerations in Highway Location. Synthesis 1:
 

$12.00 Synthe 1:
 
Consideraciones de drenaje y geol6gicas en la ubicaci6n de Maintenance of Unpaved Roads. $6.00 

carreteras.
 
Consid6rations sur les facteurs de drainage et de gologie qui 
 Synthesis 2:

influencent le choix de 1'emplacement d'une route. Stage Construction. $6.00 

Compendium 3:
 
Small Drainage Structures. $12.00
 
Pequefias estructuras de drenaje.
 
Petits ouvrages de drainage.
 

Compendium 4:
 
Low-Cost Water Crossings. $9.00
 
Traveslas de agua de bajo costo.
 
Ouvrages de franchissement d'eau 6conomiques.
 

Compendium 5:
 
Roadside Drainage. $9.00
 
Drenaje del borde de !acarretera.
 
Drainage des bas-c6tes de iaroute.
 

Compendium 6: 
Investigation and Development of Materials Resources. $10.50 
Investigaci6n y desarrollo de recursos de materiales. 
Investigation et developpement des gisements de rnateriaux 

routiers. 

Compendium 7:
 
Road Gravels. $9.00
 
Gravas.
 
Les graviers.
 

Compendium 8:
 
Chemical Soil Stabilization. $10.50
 
Estabilizaci6n qufmica de suelos.
 
La stabilisation chimique des sols.
 

Compendium 9:
 
Control of Erosion. $12.00
 
Control de erosi6n.
 
Contr6le de I'6rosion.
 


