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FOREWORD
 

A four-year research program entitled, "Performance of
 

Paraffinic-Waxy Asphalt Cements in Egyptian Road Construc­

tion," sponsored jointly by the United States Agency for In­

ternational Development and a group of Egyptian road construc­

tion companies was initiated in June, 1979 by the Massachu­

setts Institute of Technology, MIT, and Cairo University, CU.
 

The final objective of the project is to improve the perfor­

mance of pavements constructed with the Egyptian paraffinic­

waxy asphalt.
 

The first year research (July, 1979 to June, 1980) was
 

mainly aimed at achieving a better understanding of the impor­

tant factors affecting the use of Egyptian asphalts in road
 

construction. The results of the first year research were
 

published in two previous reports entitled:
 

1) Performance of Paraffinic-Waxy Asphalt Cements in
 

Egyptian Road Construction: Literature Review and Background
 

of the Problem in Egypt, TAP Report No. 80-4.
 

2) Performance of Paraffinic-Waxy Asphalt Cements in
 

Egyptian Road Construction: Chemicax and Physical Properties
 

of Western Desert Asphalt Cements, TAP Report No. 80-5.
 

The work during the second phase included the following
 

tasks:
 

1) Establish the basic chemical, physical and engineer­

ing properties of the pavement samples recovered during the
 

first year from selected roadway sections;
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2) Investigate methods of improving the performance of
 

pavements constructed with Egyptian waxy asphalt; and
 

3) Design of a full scale field testing program.
 

The results of part 1 of the second phase were published
 

in a previous report entitled: "Field and Laboratory Evalua­

tion of In-Service Roadway Pavements," TAP Report No. 81-4.
 

This report presents the results of the second work item
 

listed above. The work was supervised by Professors Abdel-


Moneim Osman and Mohsen M. Baligh. The following individuals,
 

listed alphabetically, have participated in the preparation of
 

this report: A. Azzouz (MIT); F. Ebaid (Egyptian Petroleum
 

Research Institute, EPRI); R. Elmitiny (CU); F. Ezzat (EPRI);
 

A. Gadallah (CU); M. Noureldin (CU); L. Radwan (CU); M. Rushdy
 

(EPRI); E. Sarhan (Ain Shams University); M. Talaat and S. El
 

Beih (Roads and Bridges Authority). S. Noureldin and G. Dar­

wish provided valuable assistance during the course of the
 

study and the preparation of this report.
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CHAPTER 1
 

INTRODUCTION
 

The perfurmance of Egyptian roads constructed by means of
 

paraffinic waxy asphalt cement produced from Western Desert
 

crudes is often less than satisfactory. This report presents
 

the results of a laboratory investigation to evaluate methods
 

of improving the properties of these asphalt cements and their
 

asphalt concrete mixtures.
 

Chapter 2 reviews existing experience and literature re­

garding the effect of additives on the behavior of asphalts
 

and asphalt-concrete mixtures. Chapter 3 discusses the avail­

ability of additives in Egypt and presents a cost-analysis of
 

various improvement methods. Chapter 4 describes the experi­

mental design for this study and the basic properties of the
 

materials used (asphalts, aggregates,...etc.). Chapter 5 pre­

sents the results of laboratory tests conducted to re-evaluate
 

the effects of additives and aggregate types and gradation on
 

properties. Chapter 6 summarizes the main conclusions of the
 

study and provides recommendations for practice and for future
 

research.
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CHAPTER 2
 

LITERATURE REVIEW
 

2.1 	 General:
 

A review of previous work conducted in the area of im­

proving asphalt cements and/or their mix characteristics indi­

cates that one of the most successful methods consists of uti­

lizing additives. The additives may react with and/or substi­

tute the asphalt binder or improve one or more of the weaker
 

properties by changing the viscosity or thermal susceptibil­

ity. Furthermore, stress improvements can be achieved by add­

ing to the bitumen a new material with elastic properties sim­

ilar to those of the asphaltic concrete mixture but having a
 

higher tensile strength, such as rubber. This literature re­

view concentrates on additives that partially substitute or
 

improve the behavior of the asphalt binder.
 

The mosL commonly used types of additives that improve
 

the asphalt binder and consequently the mixture properties are
 

sulfur, carbon black, rubber and resins. The previous exper­

ience with these four types of additives will be discussed in
 

the following sections.
 

2.2 	 Sulfur Asphalt Mixture:
 

Sulfur was first used in the paving industry around 1935
 

in Ohio, U.S.A. (2). A paving brick filler (named Sulmor),
 

consisting of asphalt and plasticized sulfur, was developed by
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Lotehiser and Schofield (3). In 1936, Bacon and Bencowits
 

(4,5) developed "The Texas Gulf" by basically adding as much
 

as 50% of elemental sulfur in asphalt at 149°C and stirring
 

the mixture vigorously.
 

Since 1960, significant advances in the use of sulfur in
 

asphalt mixtures were achieved. One of the methods used was
 

adding hot liquid sulfur, essentially as a filler, to a hot
 

sand-asphalt mix during a second wet mixing cycle which occurs
 

after the asphalt has been mixed with the aggregate (6). The
 

addition of sulfur using the prescribed method transforms the
 

mixtures containing poorly graded, unstable sands with low
 

stability and produces mixtures of high stability. Cary (7)
 

found that a significant increase in the stability of sand
 

mixtures with poorly graded sands takes place. Mixing temper­

ature ranged between 132*C. and 140*C. The final mixture was
 

composed of sand, asphalt and sulfur with approximate weight
 

ratios of 82, 6 and 12, respectively. The mechanical stabil­

ity of the mixture was very high due to the solidified sulfur,
 

which fills the internal voids and becomes part of the aggre­

gate structure. In another methode sulfur was preblended with
 

asphalt to produce sulfur extended asphalt. The hot sulfur
 

extended asphalt binder was then mixed with the aggregates in
 

the same way as asphalt alone (8). A third method attempted
 

also to create a sulfur extended asphalt binder by the separ­

ate addition of the components and pugmill blending of sulfur
 

and asphalt, rather than preblending (9, 11). The use of
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this method has been described in detail by Kennepols, et al
 

(10). This method can be used with a batch or a continuous
 

type mix plant. This process is considered to be simpler than
 

the preblending process.
 

2.2.1 Proportioning of Sulfur-Asphalt
 

The effect of sulfur in asphalt concrete mixtures depends
 

on the sulfur concentration and the sulfur-asphalt ratio. At
 

low sulfur asphalt ratios (less than 1 : 5, by weight), the
 

sulfur modifies the chemical and rheological properties of the
 

asphalt through chemical reactions, and the predominant reac­

tions depend on temperature. At higher temperatures (above
 

240°C) dehydrogenation of the asphalt (similar to air blowing)
 

takes place (14). At lowcr temperatures (below 1401C) sulfur
 

combines with asphalt. In either case, the rheological prop­

erties of the asphalt (penetration, temperature susceptibil­

ity, ductility, etc...) are modified mainly due to the change
 

in the asphaltene-resin ratio. With a ratio of sulfur to as­

phalt exceeding unity, the sulfur acts as a filler and a
 

"structuring agent." At 
these high sulfur contents, the work­

ability (at processing temperatures between 130°C and 160°C)
 

and the mechanical strength (at service temperatures) of the
 

mixture are improved. This permits the lowering of aggregate
 

quality standards and the design of high quality mixtures us­

ing inexpensive poorly-graded materials, such as one-sized
 

sands.
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2.2.2 Effect of Sulfur on Asphalt Properties:
 

A series of laboratory tests were carried out by Dah­

Jinn-Lee (15) to study the effect of adding different types of
 

sulfur to asphalt cements with different penetration grades.
 

Results showed that the addition of small amounts of sulfur at
 

149*C increased penetration and decreased the softening point
 

and viscosity of the asphalt. The optimum sulfur content was
 

5-10% for tire sulfur and 15-20% for insoluble sulfur. Tests
 

to determine the amount of bonded vs. free sulfur indicated
 

that about 75% of the added sulfur remained in colloidal sus­

pension (15). Only 5 to 20% of the sulfur reacted and actu­

ally entered the asphalt molecules. This low percentage of
 

bonded sulfur compared with what was found by Petrossi (16) is
 

thought to be due to differences in asphalt composition, es­

pecially in naphthene-aromatics, and in the reaction tempera­

ture.
 

Sulfurized asphalts were subjected to loss-on heating by
 

the thin-film oven and durability tests (15). It was found
 

that at low sulfur concentrations and under less severe weath­

ering conditions, some improvement in aging characteristics
 

takes place due to sulfur addition. At high sulfur concentra­

tions and more severe aging conditions, sulfur caused no im­

provement and, in some cases, caused an increased hardening.
 

This hardening was associated with an increase in the asphal­

tene content.
 



2.2.3 	 Mechanical Properties of Sulfur-Asphalt Concrete Mix­

tures
 

Dah-Jinn-Lee (15) added sulfur to asphalt at 1500C, be­

fore mixing with limestone aggregates. Test results indicated
 

an increase in stability, immersion strength and cohesion
 

(15). On the other hand, when sulfur was mixed with aggre­

gates before adding the asphalt, no consistent results were
 

obtained (15). At 7% asphalt, the optimum sulfur content,
 

based on stability, cohesion and unit weight, was 5%. This
 

sulfuir content increased stability by 123%, immersion compres­

sion strength by 62%, cohesiometer 'alue by 10% and the unit 

weight by 8%. 

Kennedy and Haas (16) found that by adding up to 50% sul­

fur, all engineering properties, including the stiffness and
 

fatigue characteristics, were significantly improved.
 

2.3 Carbon Black:
 

Commercial carbon products, in essentially pure form,
 

range in properties from the very dense, hard and brilliant
 

diamond, and in decreasing order of densities and crystallin­

ity, through graphite, carbon black, coke and charcoal. Car­

bon black is unique amongst these materials in being the only
 

one formed in the vapor phase from the decomposition of vapor­

ized hydrocarbons, whereas the other carbon products (with the
 

exception of crystalline diamonds) are produced by pyrolysis
 

of solid organic substances.
 

Vapor phase pyrolysis is a smoke containing very small
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size particles of carbon black having a high surface area and
 

a carbon content of over 97%. The large surface area of the
 

carbon black particles and their hydrophobic character makes
 

carbon black, when properly dispersed, a part of the asphalt
 

cement. The carbon black is of sub-micron size and, there­

fore, fine enough to become an integral part of asphalt and
 

serves as a reinforcing agent. Studies carried out at the
 

Matrecon Inc. laboratories by the Cabot Corporation from 1972
 

to 1976 (24) in the U.S.A. made the concept of reinforcing as­

phalt with carbon black practical by the development of a pel­

letized form of carbon black. Flux oil was used as a pelle­

tizing agent in order to: (1) facilitate carbon black disper­

sion, and (2) balance its stiffening effect on asphalt (25).
 

The chemical and physical properties of carbon black were
 

discussed by Donnet, Smith and Strokes (17,18,19). The impor­

tant role of carbon black as a useful model to study the ef­

fects-of filler dimensions and asphalt wettability has been
 

recognized by Anderson and Goetz (20). The earliest work on
 

using carbon black as a reinforcing agent for asphalt has been
 

reported by Alliotti (21) and Martin (22).
 

In order to improve wear resistance of pavements, the
 

Federal Highway Administration in the U.S.A. (FHWA) carried
 

out a detailed experiment (23) to determine the marked differ­

ences between carbon black and conventional fillers in their
 

effect on asphalt. Results showed significant improvements in
 

the durability, wear resistance and temperature viscosity
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characteristics of the asphalt achieved when
 

certain types of carbon black were dispersed in asphalt at
 

concentrations of 11 to 16 percent (by weight).
 

2.4 Rubber
 

The first attempt to modify bituminous binders by adding
 

rubber was conducted in 1898 by de Caudenberg, who patented a
 

process for manufacturing rubber-bitumen. Many difficulties
 

were encountered in exploiting the patent and the process
 

lapsed. This work was reported later by Freier (26).
 

The rubber industry used bitumen to modify rubber for
 

various purposes, until the advent of rubber in granular and
 

powder forms (about 1930), no significant progress was made to
 

bitumen properties by the addition of small proportions of
 

rubber. Work began in the Netherlands (27,30) and Great Bri­

tain (29,30,31), mainly on the assessment of the change in the
 

rheological properties of the binders as measured in the la­

boratory. Full-scale road trials were carried out (34,35) and
 

experimental rubberized sections showed improved performance.
 

In Great Britain, rubberized rolled-asphalt carpets were
 

laid by Dussek in 1937 (38). The ground tyre-tread was of a
 

coarse grading and intended to remain as discrete rubber par­

ticles rather than being blended in the bitumen.
 

From about 1950, research on the use of rubber in bitumi­

nous road sutfaces was intensified. Laboratory research has
 

shown clearly that quite small percentages of rubber,
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incorporated in bituminous binders, have marked effects on the
 

physical properties.
 

Synthetic rubbers, such as nitrile rubber, have also been
 

suggested as materials for modifying bitumens. Research on
 

the use of synthetic rubbers with bitumens has been carried
 

out mainly in Great Britain (39). Rubber was first used in
 

road construction in tine form of solid blocks. In recent
 

years, relatively small amounts of rubber are added to bitumi­

nous road mixtures.
 

2.4.1 Types of Natural Rubber Used in Bituminous Binders
 

The natural rubber molecule consists of a very long chain
 

of many isoprene units ([-CH2-CH = C (CH3 ) -CH2 -In) which are
 

linked or coiled. The elasticity of rubber results from this
 

form. Heating and milling lead to the degradation of rubber.
 

The rate of degradation depends on the temperature and the ma­

terial in which rubber is dispersed.
 

There are different forms of rubber available for use in
 

bituminous binders. The following is a brief summary of com­

mercially available natural rubber.
 

1. Latex: Latex consists of a suspension of rubber globules 

in a waterway serum. Natural rubber is extracted from the 

trees in the form of latex which is then concentrated and sta­

bilized in various ways to give commercial products with vary­

ing dry-rubber contents, usually between 60 and 70%. The com­

position of the latex varies with the process used as well as 

the concentration and the stabilizing agents utilized. 
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Rubber latex is available in two forms: evaporated lates and
 

centrifuged lates depending on the process used for concentra­

ting the natural products.
 

2. Sheet Rubbers: Various forms of sheet rubbers made from
 

coagulated latex are available.
 

3. Rubber Powder: Rubber powder is made by spray-drying the
 

latex or by hammering lightly volcanized coagulum.
 

4. Ground Tyre-Tread: Tyres used are ground tyre-tread powder
 

to improve permanent performance. The volcanized powders are
 

more difficult to disperse in the mix, but are generally chea-­

per than unvolcanized powder which contains approximately 40
 

percent of inert filler.
 

2.4.2 Effect of Rubber on the Properties of Bituminous Binders
 

A number of theories are available to explain the effects
 

of rubber on the rheological and physical properties of as­

phalts. Van Rooijen (40) proposed that, by absorbing some of
 

the oily constituents from the bitumen, rubber grains swell to
 

about five times their volume, disperse in the bitumen, and
 

thus increase the bitumen hardness. De Decker and Nijveld
 

(41) considered that at least part of the rubber dissolves in­

to the bitumen and hence influences certain properties.
 

Mason, Thrower and Smith (42) found that the changes in vis­

cosity and brittleness of the bitumen take place due to mole­

cular dispersion of the rubber.
 

Presently, no conclusive evidence exists to prove the
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superiority of one hypothesis over the others, but it is clear
 

that the degree of dispersion of the rubber has a profound
 

effect on the resultant mixture (43).
 

The addition of rubber tends to increase the viscosity
 

and reduce the brittleness of the bitumen (44). The degree of
 

these changes depends on the bitumen and "abber types, and the
 

method of preparation of the binder (44,45,46,47), the quan­

tity of rubber used and the heat treatment of the mixture be­

fore testing. Smith (44) found that the increase in bitumen
 

viscosity was more pronounced with softer bitumens and that,
 

at 25*C, rubber content is proportional to the logarithm of
 

viscosity.
 

The addition of rubber invariably increases the softening
 

point of the binder (40,44,45). Experiments by Welborn and
 

Babashak (46) found that the softening point increases due to
 

the addition of up to 15% free sulfur with rubber latex.
 

In most cases, rubber reduces the penetration of the bin­

der. However, there are a few exceptions. Using a bitumen of
 

low asphaltene content, Lewis and Welborn (47) found that pe­

netration increases with increasing rubber content. The addi­

tion of free sulfur with the rubber has also been found to in­

crease penetration (41).
 

Rubber reduces the temperature susceptibility over all
 

temperature ranges (48). The effect is more pronounced for
 

the softer bitumens.
 

Rubber increases the elasticity of bitumens (4A,45,47).
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However, no improvement in ductility was observed unless up to
 

10% of sulfur is added to the rubber (46).
 

2.4.3 The Use of Rubber in Bituminous Mixtures
 

Experience indicates that, unless special precautions are
 

taken, the effects of adding rubber will be negligible. A
 

most effective method consists of dispersing rubber in the
 

binder before mixing with the aggregates. Nevertheless, poor
 

dispersion of the rubber in the binder produces unworkable
 

mixtures and thus leads to difficulties in compaction opera­

tions of the road. Materials containing a high percentage of
 

ground tyre-tread (5% of total mixture) were difficult to com­

pact and disintegrated rapidly.
 

2.5 	 Resins:
 

The addition of small quantities of resin (say up to 5%)
 

to the bitumen can improve its performance. No compatibility
 

problems were encountered and the resin dissolved completely
 

in the bitumen. Also, the resins increased the bitumen flex­

ibility and resilience.
 

In Egypt, Bahram, Ezzat and Shaker (50) used resins to
 

improve the poor temperature-susceptibility charanteristics of
 

selected bitumens. A series of experiments were undertaken to
 

find out the possibility of increasing stability with the ad­

dition of resins (51). The type used was of the Escorez-3000,
 

as denoted by ESSO Chemicals Co. of Egypt. Varying concentra­

tions of the resins were mixed with different amounts of bitu­
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men used in concrete mixtures. The addition of 5% resins to a
 

sand-asphalt mix increased stability to a maximum of 710 lb.
 

2.6 Summary:
 

1. 	Sulfur can be used as an additive to improve bitumen
 

properties and performance. At small sulfur contents (up
 

to 20% by weight of the bitumen), sulfur acts as a modi­

fier and the associated reactions depend primarily on the
 

mixing tempei:ature, At temperatures below 140*C, sulfur
 

combines with the asphalt, and above 3406C, asphalt dehy­

drogenates. In either case, the sulfur modifies the rheo­

logical properties of the asphalt through chemical reac­

tions, and changes the asphaltene/resins ratio. At high
 

sulfur contents (e.g. above 20% by weight of bitumen),
 

sulfur can be considered as a filler and a structural
 

agent that generally improves the mixture workability at
 

processing temperatures and its chemical properties at
 

service temperatures.
 

2. 	When carbon black is properly dispersed in the bitumen, it
 

becomes part of the binder and improves the bitumen dura­

bility, wear resistance and temperature susceptibility.
 

3. 	The effects of adding rubber to bitumen depend on the type
 

of bitumen, the type of rubber and the preparation method
 

used. Rubber increases bitumen viscosity and tends to de­

crease its brittlene3s, softening point, elasticity, pene­

tration, and temperature susceptibility over all tempera­

tures.
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4. 	The addition of resins increases bitumen flexibility,
 

resilience, and most notably, improves its temperature
 

susceptibility. In Egypt, Escorez resin was found to in­

crease asphalt mix stability without causing compatibil­

ity problems.
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CHAPTER 3
 

AVAILABILITY OF ADDITIVES IN EGYPT AND COST ANALYSIS
 

The availability and unit costs of various additives in
 

Egypt represent essential factors in finding practical solu­

tions to the performance problems associated with the Egyptian
 

paraffinic waxy asphalt cement (Alexandria asphalt). Field
 

visits were therefore male to investigate the availability of
 

additives in Egypt, as well as the quantities and unit prices
 

of the imported and locally produced materials. Table 1 sum­

marizes these data.
 

Figure 1 shows the increase in cost of the Alexandria as­

phalt cement due to the use of various additive types and con­

tents*. Based on the price difference between the Suez as­

phalt (L.E. 27.5/ton) and Alexandria asphalt (L.E. 17.5/ton),
 

an allowable percent increase in the price of Alexandria as­

phalt of 57.14% is considered reasonable. For example, when
 

sulfur or air-blown asphalts (L.E. 60/ton) are utilized as ad­

ditives, economical considerations require their proportions
 

not to exceed approximately 20% by weight of Alexandria as­

phalt. Similarly, the petroleum coke content cannot exceed
 

14% whereas the other types of additive contents could not ex­

ceed 2% in order to keep the final product economically com­

petitive with the Suez asphalt.
 

* Prices and comparisons do not include transportation costs. 
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Additive 

Quantity tons/year 

Imported Locally Produced 
Existing Expected 

1. Sulfur 20,000 
5,500 

70,000 

2. Petroleum 
Coke 

100,000 

3. Propane 
Deasphal-
ting tar 
Asphaltene 

4. Carbon 
Black 

HAF 
FEF 
SRE 
ISAF 

104,000 

10,000 

5. Rubber 
Natural 
Raber 

SBR 
NBR 

Synthetic 
rubber 

SBR 80,000 

6. Resins 
No.3102 
No.1200 

Producing Co. Unit
 
Price
 

El-Nasr Petro­
leum C., Alex. 
and General 
Petroleum Co. 
(Ras Gharib) 
Suez Petro- L.E. 
leum Co., and 60/ton 
Mostorod Pet­
rol Co. 

Suez Petro- L.E. 72
 
leum Co. to
 

100/ton
 

El-Nasr Pet- L.E.
 
roleum Co. 20/ton
 
and Alex.
 
Pet. Co.
 

El-Nasr P.Co. L.E.700/ton
 

L.E.1800/ton
 
L.E.1400/ton
 

Egyptian L.E.1150/ton
 
Rubber
 
Corporation
 

ESSO Chem.Co. L.E. 400/ton
 
ESSO Chem.Co. L.E.1200/ton
 

HAR high abrasion furnace ISAF Intermediate abrasion furnace 
FEF fine extraction furnace SBR Styrene butadiene rubber 
SRE Semi-reinforcing furnace NBR nitrile butadiene rubber 

Table l.: Quantities, Sources and Prices of Possible Asphalt Cement
 
Additives
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CHAPTER 4
 

EXPERIMENTAL DESIGN AND BASIC PROPERTIES OF MATERIALS
 

4.1: 	 Experimental Design
 

The experimental program of this study is divided into
 

two main phases:
 

Phase 1: Investigation of mix component effects on the
 

behavior of laboratory asphalt concrete mixtures.
 

Phase 2: Investigation of the effects of several ad­

ditive types and their concentrations on the physical
 

and chemical characteristics of asphalts and engineering
 

properties of asphalt concrete mixtures.
 

4.1.1. 	 Phase 1: Mix Component Effects:
 

Based on previous field experience, the severity of
 

the waxy-asphalt cement performance problems appears to
 

depend on two main factors related to mix components:
 

(1) the coarse aggregate type; and (2) the gradation of
 

the aggregate mix. Therefore, the experimental program
 

in this phase of the study is designed to include the
 

two coarse aggregate types available in Egypt (crushed
 

limestone and basalt) and two surface mix aggregate gra­

dations (4C dense and 3B coarse standard gradations, see
 

ref. 1, table 8.10). Silicious sand and limestone dust
 

are used as the fine aggregate and mineral filler, res­

pectively.
 

Table 2 shows the arrangement of mixtures prepared
 

to study the effects of the above mix components. Mix­
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Coarse Aggregate Asphalt Asphalt Number Number
 
_: iaq ate G-d tion . Content of of
taiX 

-,. 	
_Repli- Mix


No. lime- Basalt Dense' Coarse' Alex Suez 	 cates Samples
 

stone
 

x
 
x 

1 x x x 	 x 3 12
 
x
 

_ _ 	 _x 

2 x x x 	 x 3 12
 
x
 
x
 

x
3 x xjx 	 x 312
 

I 	 x
x 
x
 

4 x x x x 312
 

x 
x
 

x 
5 x x x 	 x 3 12 

x 
x
 

x=.
 
6 xxx x 3 12
 

x
 
x
 

1) Asphalt Inistiftute 4-C gradation of Surface mix
 
2) Asphalt Institute 3-B gradation of Surface mix
 

Table 2: Experimental Program: Investigation of Mix Component Effects.
 



tures number 5 and 6 are considered as a reference
 

for comparisons and are prepared according to the common
 

standards in Egypt utilizing the accepted Suez asphalt
 

cement (60/70 pen. grade) and crushed limestone (Mixture
 

No.5) or crushed basalt (Mixture No.6) as a coarse aggre­

gate in the surface mix.
 

4.1.2: Phase 2: Additive Effects:
 

Based on available quantities in Egypt, and prac­

tical and economical considerations, the study involves
 

four types of additives: (1) Sulfur; (2) petroleum coke;
 

(3) air-blown asphalt; and (4) propane deasphalting tar
 

(PDT).
 

The investigation of additive effects is divided
 

into two phases. The first consists of a pilot study to
 

determine the general effects of the vi-rious additives on
 

Egyptian waxy asphalt cement properties and the second is
 

aimed at selecting the different improved asphalt blends
 

to be used in the large scale test track (additive type,
 

concentration, preparation method,...etc.).
 

For each additive type, a complete laboratory test­

ing program consirts of determining the effects of three
 

to four additive contents on the physical properties of
 

the treated asphalt cement. The optimum content(s) are
 

then utilized in the asphalt concrete mixtures to study
 

the effects of additives on the engineering properties.
 

4.2: Testing Program:
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The various tests conducted to evaluate the basic
 

properties of materials and mixtures are given in Table 3.
 

4.3: Basic Properties of Materials:
 

Table 4 presents the physical properties of the two
 

coarse aggregates investigated herein: limestone and basalt.
 

As expected, limestone exhibits higher degree of absorption,
 

disintegration, and wear whereas basalt has a markedly higher
 

specific gravity. Table 5 gives the specific gravity of the
 

fine aggregate and the mineral filler.
 

Tables 6 and 7 show the physical. properties and structu­

ral components of Alexandria and Suez asphalt cements and Fig­

ures 2 and 3 compare their properties.
 

Table 6 clearly shows that the kinematic viscosity of the
 

Suez asphalt is significantly higher than that of Alexandria
 

asphalt at all test temperatures (600, 1000, and 135*C), both
 

before and after the thin-film-oven test. Further examination
 

of Table 6 shows that the change in properties due to thin­

film-oven testing are more pronounced in the Suez asphalt,
 

compared to changes in Alexandria asphalt. This may be ex­

plained by the results shown in Table 7 which indicate that
 

Suez asphalt has higher resin and asphaltene contents and,
 

therefore, is more susceptible to the hardening conditions im­

posed during thin-film-oven testing. These results indicate
 

that the Alexandria asphalt cement is less susceptible to har­

dening during plant mixing operations and, hence, suggest that
 

pavements constructed with Alexandria asphalt cements will
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Designation Number
 
TEST AASHO 

Standards 
ASTM 
Standards 

I. Aggregates 
- Bulk Specific Gravity of Coarse 

Aggregate 
- Bulk Specific Gravity of Fine 

Aggregate 
- Bulk Specific Gravity of Mineral 

Filler 
- Bulk Specific Gravity-Saturated 

surface-dry basis 
- Disintegration in water 
- Los-Angeles test 
- Sieve Analysis 

T85 

T84 

TIO 

T96 
T27 

C127 

C128 

D854 

C131 
C136 

II. Asphalt Cement 
- Penetration at 25*C,i00g, 5 sec. 
- Ductility at 25*C, 5cm per min. 
- Softening Point 
- Absolute Viscosity at 60°C 
- Kinematic Viscosity 
- Thin-Film-Oven Test 
- Specific Gravity 

T 49 
T 51 
T 53 
T202 
T201 
T179 
T228 

D1270 
D 113 
D2398 
D2171 
D2170 
D1759 
D 70 

III. Asphalt Concrete Mixtures 

- Marshall Test --- D1559 

- Hveem Cohesion Test --- D1560 

Table 3: Tests Conducted on Materials and Mixtures.
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Standard 
PROPERTY Lime- Basalt Specifica­

stone tions 

- Bulk Specific Gravity 	 2.539 2.853
 

- Bulk Specific Gravity 2.583 2.888
 
(saturated surface-dry
 
basis)
 

- Apparent specific gravity 2.663 2.957 --­

- Percent absorption 	 1.88 0.80 5 max.
 

- Percent disintegration 0.46 0 --­
in water
 

- Percent wear (Los-Angeles 31.8 20 40 max.
 
test)
 

Table 4: Physical Properties of Coarse Aggregates
 

Specific
 
Aggregate Types Gravity
 

Fine aggregates-sili- 2.680
 
cious sand
 

Mineral Filler- 2.800
 
Limestone dust
 

Table 5: 	Specific Gravities of Fine Aggregate
 
and Mineral Filler
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SPECIFICATIONS 
Alex. Suez 

Egyptian AASHTO ASTM 

I. Original Asphalt Cement 
Penetration, 0.1 mm 
at 5°C 9 9.2 

at 10°C 15 15 

at 15°C 25 24 

at 25oC 66 62 60/70 60/70 60/70 

Ductility, cm 100+ 100+ 90+ 100+ 100+ 

Softening Point, °C 50.0 50.5 45/55 

Kinematic Viscosity, C.St. 
at 60°C 96,758 208,039 

at 1000C 1,792 3,185 

at 135oC 240 352 320* 

Specific Gravity 
at 60°C 1.018 1.020 

II. After Thin-Film Oven 
Test 
Penetration,% of 59.1 59.7 54+ 52+ 

original 

Ductility, Cm. 100+ 46.0 50+ 50+ 

Softening Point, 0C 51.2 57.8 

Kinematic Viscosity, 
C.St. 
at 600C 252,810 941,078 

at 100 0C 3,027 7,562 

at 135*C 336 664 

Weight Loss, % 0.14 0.7 1- 0.8­

* 	 Proposed to be included in the ne4 Egyptian Specifications 

Table 6: Physical Properties of Asphalt Cements 
and Standard 	Specifications
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Asphalt 
Source 

Wax 
Content,% 

Oils 
Content,% 

Resins 
Content % 

Asphaltenes 
Content,% 

Wax in Oil 
Fraction.% 

Asphaltenes 
in Resinous 
Fraction,% 

Alex. 

Suez 

7.5 

5.68 

33 

23 

51 

55 

16 

22 

22.73 

24.70 

23.9 

28.6 

L 

Table 7: Component Analybis of Asphalt Cements. 
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100,1, . .. tO.I103%? 01?., 
.FF.
 

Alex. Suez Alex. Suez 

Figure 2 ;Physical Properties of Alex. vs. Suez Asphalt Cemnents 
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WAX CONTENT IN OILS OILS CONTENT 

100% 1 

MI ~ 75-'is 

Alex. Suez Alex. Suez 

ASPHALTENES CONTENT RESINS CONTENT 

138% 

100% 100% 108% 

w_ _ 
Alex Suez Alex Suez 

Figure 3 :Chemical Prporties of Alexandria vs. Suez 

Asphalt Cements 
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have a longer service life.
 

It is interesting to note that the percentage of wax in
 

the oil fraction of the Alexandria asphalt sample tested here­

in (22.73% in Table 7) is relatively low when compared to re­

sults of tests conducted earlier on 24 different samples (ref.
 

1, Table 3-4). On the other hand, in the Suez asphalt this
 

percentage (24.7%) is very high compared to previous test re­

sults (ref. 1). This suggests that the degree of improvements
 

determined in the present testing program on Alexandria as­

phalts and their concrete mixtures represent a lower bound on
 

improvements expected in the average Alexandria asphalt ce­

ments.
 

Figure 4 shows the "Bitumen Test Data Chart" suggested by
 

Heukelom (52) to relate the consistency of asphalt with tem­

perature. Results of penetration tests conducted at two or
 

three different temperatures are plotted on the upper left
 

part of the chart. Similarly, results of viscosity tests at
 

two temperatures (usually 60°C and 135°C) are plotted on the
 

lower part of the chart.
 

In order to compare the temperature susceptibility of the
 

Suez and Alexandria asphalts, test data are plotted in Figure
 

4. Both asphalt cements deviate from the line of the hypo­

thetical non-waxy asphalt. The higher slope of the Alexandria
 

asphalt viscosity line together with the greater wax content
 

of this asphalt (Table 7) clearly indicate its higher tempera­

ture susceptibility, as compared to the Suez asphalt.
 

28
 



4.4: 	 Gradation of Aggregate Mixtures:
 

Table 8 and Figures 5 and 6 show the specification limits
 

of the dense grading (4-C) and coarse grading (3-B) of aggre­

gates according to the Asphalt Institute Specifications. For
 

the purpose of this study, the required gradations are devel­

oped by controlling the proportions of the coarse aggregate,
 

fine aggregate and mineral filler to exactly satisfy the mid­

point of the specification limits in each case.
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Sieve Size Coarse-Graded Mix 
or 

Number Combined Specific-
Grading,% ation 

limits 
(3-B)* 

1-in. 

3/4 in. 100 100 

1/2 in. 87.5 75-100 

3/8 in. 72.5 60-85 

No.4 45.0 35-55 

No.8 27.5 20-35 

No.30 16.0 10-22 

No.50 11.0 6-16 

No.100 8.0 4-12 

No.200 5.0 2-8 

Dense-Graded Mix
 

Combined Specifica-

Grading,% tion limits,
 

(4.-C)*
 

100 100
 

90.0 80-90
 

......
 

70.0 60-80
 

56.5 48-65
 

42.5 35-50
 

24.5 19-30
 

18.0 13-23
 

11.0 7-15
 

5.5 3-8
 

* Asphalt Institute Specifications
 

Table 8: Gradation of Aggregate Mixtures
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CHAPTER 5
 

TEST RESULTS AND DISCUSSIONS
 

5.1: 	 INVESTIGATION OF MIX COMPONENT EFFECTS:
 

Table 9 summarizes the properties of mixtures tested to
 

study the effect of coarse aggregate type and gradation as
 

well as asphalt source on the behavior of asphalt concrete
 

mixtures.
 

Figures 7 and 8 compare the properties of the six mixes
 

at their optimum asphalt contents. These optimum asphalt con­

tents are determined according to Marshall design criteria.
 

5.1.1. Effect of Asphalt Source
 

Figure 7 shows that both stability and cohesion of the
 

Suez asphalt concrete mixtures are significantly higher than
 

those of all Alexandria asphalt concrete mixtures. The higher
 

asphaltene and lower wax contents of the Suez asphalt are
 

probably the cause of its higher stability and cohesion.
 

5.1.2. Effect of Coarse Aggregate Type
 

Figure 7 shows that the Marshall stability and the Hveem
 

cohesion of Alexandria asphalt concrete mixtures using lime­

stone as an aggregate are considerably higher than basalt mix­

tures. This is believed to be caused by the higher porosity
 

and absorption characteristics of limestone that tend to en­

hance the adhesion between Alexandria asphalt and the crushed
 

limestone particles and, therefore, lead to better
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Coarse
Mix Gradation. Asphalt OptimumSource Asphalt Mar- Unit Air Mar- Voids 
 Hveemj 

Aggregate Content shall Weight, Voids, shall in Co­
( k ( 3 ) (4 )  I !tahi1- PC P % Flo.-, Mineral hesion,No. L l) b - , C A(5) S(u) ILy,1L. 0.01 in. Aggre- go/in. 

gates, 

1 x K x 5.62 11,640 147.2 3.1 10.5 15.5 381.0
 

2 x x X 
 5.00 1,810 145.3 4.7 9.5 15.5 
 345.7
 

3 x x x 5.au 1,220 153.0 4.4 11.5 16.2 267.0 

4 
 x x x 4.75 l,liju 152.4 u.3 11.0 17.1 149.4 

5 x x 
 x 5.60 2,310 
 146.0 4.0 9.7 16.1 428.3
 

6 x x x 5.20 2,40 154.0 3.8 13.0 15.6 479.3
 

StanaddrJ Liese Agg. Mix 75Ut 3-5 8-16 13+ 

SpeciLicatios Coarse Agq. Mix -- 75u -- 3-8 8-16 14+ 

(1) Limetone (4) Cuarse J9.- mix (3-B)
(21 Ba.-;] t (5) A]ux. asphalt 
(3) ben"- Ag. mix (4-C) (6) Suez asL-4h1It 

Table v: InvesLigation of Mix Compoitent 5ftects: ;11.Lurv Properties at Optimum Asphalt Contents 
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Figure 7 :Investigation of Mix Components Effects Mix 

Properties at Optimum Asphalt Contents. 
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stability. The effect of coarse aggregate type on stability
 

and cohesion of the Suez asphalt concrete mixtures is believed
 

to be insignificant in view of the minor differences in the
 

measured values.
 

Unit weights of basalt mixtures are slightly higher than
 

those of limestone mixtures (Fig.8). This is due to the high­

er specific gravity of basalt aggregates.
 

Finally, by comparing the results of limestone versus
 

basalt mixtures, no significant differences can be detected in
 

the percent voids in the mineral aggregates (VMA).
 

5.1.3: Effect of Aggregate Gradation
 

Tak'le 9 shows that the percent air voids of coarse ag­

gregate mixtures are, as expected, higher than that of dense
 

mixtures. On the other hand, the effect of aggregate on stab­

ility is not clear. For instance, the stability of the
 

coarse-limestone mixture (Mix No.2) is 10% higher than that of
 

dense limestone mixture (Mix No.1), whereas the stability of
 

the dense-basalt mixture (Mix No.3) is slightly greater than
 

that of the coarse-basalt mixture. The Hveem cohesion shows a
 

more consistent trend whereby dense mixtures exhibit a high­

er cohesion than coarse mixtures.
 

No significant differences are observed between the flow
 

values of dense and coarse mixtures.
 

5.2: Pilot Study on Additive Effects:
 

5.2.1: Sulfur
 

Experiences reported in the literature indicate that two
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main factors are important in the use of sulfur as an additive
 

to asphalt cements: (1) temperature and (2) time of mixing.
 

A temperature of 140*C and a mixing time of 20 minutes were
 

initially used in our experimental program. Required tests on
 

materials and mixtures were conducted after 3 hours of mixing
 

sulfur with asphalt.
 

5.2.1.1: Effect of Sulfur on Physical Properties of
 

Asphalt Cements:
 

Table 10 presents the results of physical tests perform­

ed on sulfur-asphalt blends. For comparison, properties of
 

the original asphalt cement are also shown in the table.
 

Figures 9 and 10 provide the physical properties of
 

asphalt-sulfur blends at various concentrations of sulfur be­

fore and after thin-film-oven test.
 

Penetration results show a consistent increasing trend
 

with the increase of sulfur content. Except for 15% sulfur
 

blends, the softening point and the kinematic viscosity gradu­

ally decrease as the sulfur content increases. These results
 

clearly suggest that, at the conce;-trations used and under the
 

mixing conditions employed, sulfur tends to soften asphalt
 

significantly.
 

The specific gravity of sulfur-asphalt blends is slight­

ly higher than that of the original asphalt cement. This is
 

due to the higher specific gravity of sulfur (approximately
 

twice as great as asphalt).
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Properties of sulfur-asphalt blends after thin-film-oven
 

test (TFOT) provide an indication of its susceptibility to
 

hardening. Results in Table 10 show that the percent weight
 

loss of all sulfur-asphalt blends exceeds the maximum specifi­

cation limit of 1%. Also, except for the 3% sulfur blend, the
 

percent of retained penetration after the TFOT is below the
 

ASTM minimum limit of 52%.
 

This means that pavements constructed with these sulfur­

asphalt blends would be susceptible to a relatively high de­

gree of hardening during plant mixing operations and shortly
 

after construction.
 

5.2.1.2: Effect of Sulfur on Mixture Properties
 

Table 11 presents the results of tests performed on
 

sulfur-asphalt concrete mixtures at their optimum sulfur­

asphalt contents. The table also includes the properties of
 

the original mix (0% sulfur) for comparison. Figure 11 illus­

trates the comparisons between the mixture properties.
 

In general the addition of sulfur causes a pronounced
 

decrease in cohesion of the asphalt concrete. On the other
 

hand, the stability of mixtures increases by 16% when 5% sul­

fur is added. A relatively sharp reduction in the stability
 

occurs when a blend of 10% sulfur (by weight of asphalt) is
 

used. The Marshall flow is reduced at 3% sulfur content but
 

increases gradually for 5% and 10% sulfur.
 

5.2.1.3: Further Work on Sulfur
 

Additional tests on sulfur blends include an increase in
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Before Thin-Film-Ovon Test 	 After Thin-Film-Oven-Test
 

:.:uLur P.11. uuCL. JLL, KII.. Vi-...;t..,. 	 buCL. SOfL. lirn. i*j .C.St. WeightCona- 0.112Mn Ck Pt. 	 Grav. cm Pt. . .|Loss 

Lent 	 " 6U*C 1 C 135'C at 60*C I C 60"C 1000 135l %
 

0 66 100+ 50.0 96,758 1,792 240 1.018 59.1 100+ 51.2 252,810 3,027 336 0.14
 

3 75 100+ 45.5 74,755 1,506 225 1.022 53.3 100+ 46,7 288,790 3,214 348.5 1.27
 

5 81 100+ 44.5 54,528 1,259 177 1.027 50.6 100+ 49.0 293,155 3,279 349.C 1.88
 

10 88 luO+ 43.5 40,852 993 160 1.033 44.3 100+ 46.7 163,980 2,075 267 2.44
 

15 101 73 44.5 43,499 709 120 1.046 39.1 69 46.4 222,431 2,158 247 3.22
 

*gypL- 6 
an 6u-70 90+ 44-55 	 320 
pecs.
 

* AsphalL - Weight Basis
 

, Proposco
 

Table 	10: Physical Propertiues of Sulfurized
 
Asphalt Coments
 



Mix Sulfur* Optimum Marshall Unit Air Marshall Voids Hvee
 
No. Content Asphalt Stability weight Voids flow in Min- Cohe
 

Content lbs. PCF % 0.01 in. eral Ag- sion
 
gregates gm/i
 

1 0 5.62 1,640 147.2 3.1 10.5 15.5 381.
 

6 3 5.5 1,640 146.4 3.7 9.0 15.5 224.
 

7 5. 5.6 1,900 146.8 3.8 9.3 15.5 255.1
 

8 10 6.0 1,140 146.8 4.5 11.2 16.4 204.1
 

* Asphalt Weight Basis 

Table 11: Investigation of Sulfur Effects:
 

Mixture Properties at Optimum Asphalt Contents
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Figure II :Investigation of Sulfur Effects on Mix 

Properties at Optimum Asphalt Contents. 
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mixing temperature and mixing time. Results of physical tests
 

indicate that better properties are obtained when mixing of
 

sulfur and asphalt are carried out at a higher temperature of
 

1600C for 20 minutes. The absolute and kinematic viscosities
 

of sulfur asphalt blends are markedly higher than those of the
 

original asphalt and the blends prepared at lower tempera­

tures. However, at the higher mixing temperature, sulfur
 

fumes become more pronounced and are thus expected to cause
 

significant problems in plant mixing and field operations.
 

5.2.1.4: Conclusions Regarding the Use of Sulfur
 

In conclusion, results of laboratory tests conducted to
 

investigate sulfur as an additive indicate that at the low
 

sulfur concentrations allowed by economic considerations in
 

Egypt, sulfur does not give satisfactory improvements in the
 

properties of western desert asphalt cements. Hence, sulfur­

asphalt blends will not be studied in the Large Scale Test
 

Track.
 

5.2.2 Petroleum Coke
 

Petroleum Coke is a by-product of the coking process
 

performed on heavy petroleum products in order to produce
 

light fractions. Large quantities of petroleum coke will be
 

available in Egypt at very reasonable prices after coking
 

plant operations commence in 1984. The chemical composition
 

of petroleum coke is as follows:
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Specific gravity = 1.2
 

Volatile matter at 800oC = 10% by weight
 

Ash content = 0.6%
 

Sulfur content = 4.8%
 

Carbon content = 89.9%
 

An examination of the chemical composition of petroleum
 

coke indicates that coke exhibits strong similarities with
 

"Carbon Black", another product marketed in the U.S. as an ad­

ditive to improve asphalt properties. Based on experiences
 

with Carbon Black as an additive, petroleum coke is expected
 

to generally improve the performance of paraffinic Egyptian
 

asphalts. On the other hand, Carbon Black increases the as­

phalt viscosity and reduces its penetration (i.e., causes har­

dening of the asphalt). Therefore, in the pilot study of pe­

troleum coke as an additive, a higher penetration grade as­

phalt* (80/100 pen.) was selected such that, after the addi­

tion of coke, the !-improved asphalt grade will be 60/70 pen.
 

asphalt representing the current standard production of the
 

Alexandria refinery.
 

5.2.2.1 Effect of Petroleum Coke on Physical Properties
 

of Asphalt Cements
 

The mixing of asphalt and coke is conducted at 140*C for
 

20 min. after grinding the coke to a fine powder (532 ft2/lb.
 

surface area and 73% passing sieve No. 200). Table 12 pre­

sents the results of physical tests performed on coke­

*Available 	 at the Egyptian Petroleum Research Institute and
 

produced by the Alexandria Refinery before 1976.
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Before Thin-Film-Oven Test After Thin-Film-Oven-Test
 

Coke* Pen. Duc. Soit. Kin. Vizc.C.St. Spiec. Pun. Duct. Soft. KiA.Visc .C.St. Weight
 
Con- O.1mm cin Pt. Gray. cm Pt. Loss
 
tent C C 100'C 135*C at 601C %C 601C 135C %
 

0 86 150 47.5 1,416 234 1.02
 

7 70 57 48.0 1,592 2,976 348 1.U32 i0.00 26 8,808 583 0.13
 

9

10 63 49 49 1,8du 3,242 364 1.038 u1. 0 21 10,350 613 0.15
 

15 54 35 49 2,035 3.604 402 1.047 7u.40 17 14,795 777 0.15
 

rgypt­
ian 60-70 90* 45-55 '20+ Max.1%
 
Spec.
 
Limits
 

Asphalt Baisti~.sis
 

Proposod
 

...l,. 12: Physical Properties o C.ke-Asphalt blends
 

http:Vizc.C.St


asphalt blends. Properties of the original asphalt ._ ent are 

also included in the table for comparison. 

Figure 12 compares the physical properties of coke­

asphalt blends at various concentrations of coke before and
 

after thin-film-oven testing. Results in Fig. 12 show that
 

the addition of petroleum coke sharply decreases the penetra­

tion and the ductility of the asphalt cement and increases its
 

kinematic viscosity. At a coke concentration of 10% (by
 

weight of asphalt), the asphalt penetration is reduced to 63
 

(i.e.,within the 60/70 pen. grade range) and its kinematic
 

viscosity is increased to 364 C.St. This viscosity is clearly
 

superior to the 240 C.St. corresponding to the 60/70 pen.
 

grade asphalt cement produced by the Alexandria refinery (1).
 

The ductility of the improved asphalt, however, does not sat­

isfy the standard specifications (90 cm is the minimum). This
 

is not surprising since, after adding coke, the ductility
 

measured by the standard test is not representative. In order
 

to prove this point, the carbon was extracted from the im­

proved asphalt and its ductility was remeasured. Results in­

dicate that the new ductility exceeds the minimum limit re­

quired by the standard specifications.
 

5.2.2.2.: Effect of Petroleum Coke on Mixture Properties
 

Dense-graded limestone aggregate m~xtures (4C according
 

to the Asphalt Institute Specifications) are utilized in the
 

coke-asphalt concrete mixtures. Table 13 presents the proper­

ties of these concrete mixtures at their optimum asphalt
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contents. The table also includes the properties of the un­

treated Alexandria (60/70 pen.grade) asphalt concrete mixtures
 

for comparison. Figure 13 illustrates the comparison between
 

the main mixture properties.
 

From Table 13 and Fig. 13, it is clear that Marshall
 

stability of coke-asphalt concrete mixtures is approximately
 

40% higher than that of the untreated 60/70 pen. asphalt con­

crete mixtures. Furthermore, the addition of coke to the as­

phalt increases cohesion of the concrete mixtures by 45% to
 

67%.
 

5.2.2.3.: Conclusions Regarding the Use of Petroleum
 
Coke as an Additive
 

Results discussed above indicate that the addition of
 

petroleum coke to the 80/100 pen. grade western desert asphalt
 

cement results in a distinct improvement in the measured pro­

perties. However, the penetration of the improved asphalt de­

creases and falls within a lower penetration grade range. A
 

maximum concentration of petroleum coke of 10% (by weight of
 

asphalt) should be used to keep the improved asphalt within
 

the 60/70 pen. grade range.
 

In order to ascertain these results, a new batch of the
 

80/100 pen. asphalt cement was secured from the Alexandria re­

finery. This batch was manufactured especially for the pur­

pose of this study in 1981 since the refinery does not cur­

rently produce this asphalt grade. Results of physical tests
 

conducted on samples of this batch show that the kinematic
 

viscosity of the new asphalt is much lower than that
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HVEEM COHESION
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145% sO% 

100%. 

MARSHALL STABILITY 
1431. 143% 140% 

100%I 

. 
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100%
 

100%
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7%C,Coke 10% Ccke 15% Coke 

Untreated Asphalt Cement 60170. 

Figure 13: Investigation of Petroleum 
Coke Effects on Mix Properties at 

Optimum Asphalt Contents 
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of the "old" 80/100 pen. asphalt cement (167 C.St. for the new
 

1981 sample compared to 234 C.St. for the old one). When 10%
 

of petroleum coke was added to the "1981" 80/100 pen. grade
 

asphalt, its penetration decreased from 85 to 57 and its kine­

matic viscosity increased from 167 C.St. to 219 C.St. These
 

results follow the same trends exhibited by the "old" 80/100
 

pen. asphalt cement, but the improved "new" asphalt is still
 

inferior to the 60/70 pen. asphalt cements produced by the re­

finery in 1979.
 

Finally, additional tests were performed to evaluate the
 

various factors affecting the properties of the petroleum
 

coke-asphalt blends. Results indicate that better homogeneity
 

and more stable properties can be achieved if catalysts are
 

utilized during mixing. For example, when 10% petroleum coke
 

is added to the "1981" 80/100 pen. asphalt cement in the pre­

sence of 0.03% (by weight of asphalt) manganese stearate,
 

test results indicate that the kinematic viscosity of the
 

blend increases to 248 C.St., whereas penetration remains ba­

sically unchanged (58 compared to 57 in the previous trial).
 

5.2.3: Air-Blown Asphalt
 

The production of air-blown asphalt involves blowing air
 

through a heated charge of asphalt cement at atmospheric pres­

sure in either a still batch or a continuous column. These
 

conditions cause oxidation of the asphalt and some of the hy­

drogen is removed in the form of water which leads to
 

polymerization of the partially dehydrogenated molecules. The
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oxygen content of the final product is slightly increased. As
 

the oxidation reaction is exothermic, heating is only required
 

to start the reaction, which then becomes self-supported and
 

has to be carefully controlled by adjusting the rate of blow­

ing.
 

In order to investigate the possibility of using air­

blown asphalts to improve the properties of Egyptian paraffin­

ic waxy asphalt cements, samples of air-blown asphalt with a
 

penetration of 15 and a softening point of 115°C were secured
 

from the Alexandria refinery (El-Nasr Company). Three concen­

trations of the air-blown asphalt (5,10 and 15% by weight of
 

asphalt) were tested. The mixing was performed for 30 min.
 

after heating the "new" 80/100 pen. asphalt cement produced in
 

1981 to 1600C and the air-blown asphalt to 200°C.
 

Results of physical tests are shown in Table 14. Clear­

ly, the effects of adding air-blown asphalt are very similar
 

to the effects of petroleum coke, namely a decrease in pene­

tration and an increase in kinematic viscosity. Furthermore,
 

in order to comply with the standard specifications of the
 

60/70 pen. grade, no more than 10% by weight of air-blown as­

phalt should be used.
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% of Air-Blown Penetration Kinematic Softening
 
Asphalt (0.1 mm) viscosity point


(C.St.) (CO)
 

0 	 85 167 46
 
5 66.5 200 48
 

10 60.0 233 50
 
15 57.0 256 50.5
 

Table 	14 - Effects of Air Blown Asphalt on the Physical
 
Properties of 80/100 pen. (new) Asphalt Cement.
 

5.2.4: Propane Deasphaltizing Tar, PDT
 

PDT is usually applied to the vacuum distillation resi­

due during manufacture of lubricating oil to obtain an
 

asphalt-free residue in order to avoid emulsion difficulties
 

in the solvent treating step.
 

Two concentrations of the PDT were investigated in the
 

pilot study: 10% and 15% by weight of asphalt. Mixing was
 

performed for 30 min. after heating the 80/100 pen. "new,
 

1981" asphalt to 160°C and the PDT to 200°C.
 

Results of 	physical tests are shown in Table 15. Clear­

ly, the PDT hardens the asphalt cement by significantly de­

creasing penetration and by increasing kinematic viscosity.
 

% of PDT (by Penetration Kinematic Softening
 
weight of (0.1 mm) viscosity point
 
asphalt) (C.St.) (CO)
 

0 85 167 46
 
10 50 238 50
 
15 50 242 50
 

Table 15: 	Effects of Propane Deasphalting Tar on the
 
Physical Properties of 80/100 pen. "New, 1981"
 
Asphalt Cement.
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5.3: 	 Selection of Improved Asphalts for the Large Scale Test
 

Track
 

Based on the results of the pilot study, the selection
 

of improved asphalts to be evaluated in the Large Scale Test
 

Track, (LSTT), can follow one of two approaches. The first
 

consists of attempting to improve the properties of the 60/70
 

pen. asphalt presently produced by the Alexandria refinery and
 

accepting the fact tha. the improved asphalt will belong to a
 

lower penetration grade. The second approach consists of im­

proving the properties of a higher penetration grade asphalt
 

(80/100 pen., say) such that the improved asphalt belongs to
 

the 60/70 pen. grade. Simply stated, the first approach util­

izes the present product of the refinery, but leads to a har­

der improved asphalt, whereas the second approach requires a
 

change in the current production of the refinery, but leads to
 

an improved asphalt with a 60/70 penetration grade.
 

After careful examination of the laboratory data and in
 

view of practical considerations related to asphalt production
 

in the refinery, the first approach was selected. This deci­

sion was particularly influenced by the fact that test results
 

obtained in the pilot study on improved stiff asphalt (40/50
 

pen. grade, say) indicate that, after thin-film-oven test, the
 

absolute viscosity in poises at 60°C (140°F) is reasonably
 

small [below the maximum limit of 10,000 poises specified in
 

ASTM standards for this grade of asphalt (ref. 53)] and hence
 

suggests that the use of stiff improved asphalts (40/50 pen.
 

grade, say) will not necessarily lead to a reduction
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in the service life of pavements constructed with Egyptian
 

waxy asphalts. Therefore, a new batch of the 60/70 pen. as­

phalt cement was secured from the Alexandria refinery for the
 

purpose of this phase of the study. Results of tests perform­

ed to evaluate the properties of this batch are shown in Ta­

bles 16 and 17. Table 18 presents the Marshall stability and
 

Hveem cohesion of the asphalt concrete mixture (limestone, 4C
 

dense gradation and 60/70 pen. asphalt cement).
 

Test results in Tables 16,17 and 18 show that the vis­

cosity of the "new" (1981) 60/70 pen. asphalt are quite simi­

lar to those of the old (1979) 60/70 pen. asphalt tested ear­

lier in this project (1). However, the "new" (1981) asphalt
 

has a higher wax content (8.9% vs. 7.5%), a slightly lower
 

Marshall stability (1450 vs. 1640 lbs), and a much lower Hveem
 

cohesion (113 vs. 381 gm/in). Therefore, the new (1981) 60/70
 

pen. asphalt was selected for the LSTT because, on one hand,
 

it represents the latest available production of the refinery
 

and, on the other, it is poorer in quality. Hence, the
 

methods of improvements utilized with this asphalt can be ap­

plied to better quality asphalts produced by the refinery in
 

the future provided that the performance of the improved as­

phalts in the LSTT are satisfactory.
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Softening
Pen. Kinematic Absolute 

Point (CO)
(0.1 mm) Viscosity Viscosity 


(C.St.) (Poise)
 

64 	 231 986 47
 

wNew" 60/70 pen. Asphalt
Table 16: 	Physical Properties of the 

Cement Presently Produced by the Alexandria Refinery
 

(1981).
 

*Asphaltenes, 25.2 %
 

Oils , 35.6 % 

Resins , 47.2 % 

Wax , 	 8.9 % 

Table 17: 	Component Analysis of the "New" 60/70 pen. Alex.
 

Asphalt Cement (1981).
 

Marshall
 
Stability, lbs. 1450
 

Hveem Cohesion, gm/in. 113
 
10
Flow, 0.01 in. 


Air Voids 3.8
 
% Voids in Mineral
 
Aggregates 16.8
 

Unit Weight. PCF 145.3
 

Table 18: 	Mechanical Properties of the "New" 60/70 pen.
 
Asphalt Concrete Mixtures at Optimum Asphalt
 
Contents (1981).
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5.3.1: Petroleum Coke
 

Based on the results of the pilot study, a 10% petroleum
 

coke concentration and 0.03% manganese stearate were utilized
 

in the mix preparation. Results of tests performed to evaluate
 

the physical properties of the new blend as well as properties
 

of the original untreated 60/70 pen. asphalt cement are shown
 

in Table 19.
 

Table 19 indicates that petroleum coke tends to consid­

erably increase the kinematic viscosity and decrease penetra­

tion. The absolute viscosity after thin-film-oven test (3539
 

poises) is far below the ASTM limit of 8,000 poises and thus
 

suggests that the reduction in penetration does not necessar­

ily 	mean that the service life of the pavement is decreased.
 

Finally, test results on asphalt concrete mixtures pre­

pared with this blend show that both Marshall stability and
 

Hveem cohesion values of the petroleum coke-asphalt concrete
 

mixtures (1650 lbs. and 261 gm/in., respectively) are consid­

erably higher than those of the original 60/70 pen. asphalt
 

concrete mixtures (1450 lbs., and 113 gm/in., respectively).
 

5.3.2: Air-Blown Asphalt
 

Based on the findings of the pilot study, blends of the
 

"1981" 60/70 pen. asphalt were prepared with 10% air-blown as­

phalt concentration and 0.03% manganese stearate as a cata­

lyst. Results of tests on this new blend are shown in 

Table 20. 
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Clearly, a considerable improvement in asphalt proper­

ties is observed and the absolute viscosity after thin­

film-oven test (4,485 poises) is less than the critical limit
 

specified by the ASTM standards (8,000 poises).
 

Test results on asphalt concrete mixtures prepared with
 

this blend show much higher Marshall stability and Hveem cohe­

sion values (1640 lbs, and 245 gm/in., respectively) as com­

pared to those of the original untreated asphalt concrete mix­

tures (1450 lbs, and 113 gm/in., respectively).
 

Penetra- Soften- Viscosity
 
tion ing poises C.St.
 

Asphalt Sample (0.1mm) Point, at at
 
C0
at 25°C 60°C 135 0C
 

original 60/70 pen. 64 47 986 231
 
asphalt cement
 

Petroleum coke +
 
60/70 pen. asphalt + 44 49.5 1,653 321
 
0.03% manganese
 
stearate
 

Table 19: Physical Properties
 
of Petroleum Coke ­
60/70 pen. 1981
 
Asphalt Cement
 
Blends
 

61
 



Penetra-	 Soften- Viscosity
 
Asphalt Sample 	 tion ing poises C.St.
 

(O.1mm) point, at at
 
at 250C CO 600C 135 0C
 

Original 60/70 pen. 64 47 986 231
 
asphalt cement
 

Air-Blown asphalt +
 
60/70 pen. asphalt ce- 43 50 1,794 326
 
ment + 0.03% manga­
nese stearate
 

Table 20: 	 Physical Properties of Air-blown
 
asphalt - 60/70 pen. New Asphalt
 
Cement Blends
 

5.3.3: Propane Deasphalting Tar (PDT)
 

Based on the results of the pilot study, blends of the
 

1981 60/70 pen. asphalt were prepared at a PDT concentration
 

of 20% pen. asphalt in the presence of 0.03% manganese stear­

ate.
 

Test results in Table 21 show that the effects of PDT on
 

the physical properties follow the same trends as petroleum
 

coke and air-blown 	asphalt: penetration decreases and kine­

matic viscosity significantly increases. Also, the absolute
 

viscosity after thin-film-oven testing (4,567 poises) is less
 

than the critical ASTM limit of 8,000 poises.
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Penetra- Soften- Viscosity 
Asphalt Sample tion 

(0.1mm) 
at 250C 

ing 
point, 
Co 

poises 
at 

600C 

C.St. 
at 

1350C 

Original 60/70 pen. 64 47 986 231
 
asphalt cement
 

PDT + 60/70 pen. as­
phalt cement + 0.03% 42 52 2,665 360
 
manganese stearate
 

Table 21: Physical Properties of Propane
 
Deasphalting Tar - 60/70 Pen.
 
New Asphalt Cement Blends
 

5.3.4: The 40/50 pen. Grade Asphdlt Cement
 

Results of the experimental program on additives des­

cribed above suggest that another method of improving the per­

formance of Egyptian paraffinic-waxy asphalt cements consists
 

of using a lower penetration grade of the asphalt cement: the
 

40/50 pen. grade. This is basically due to the fact that the
 

three additives discussed earlier tend to harden the 60/70
 

pen. grade and increase its kinematic viscosity to an accep­

table limit (e.g. 320 C.St. suggested by the experts of the
 

Egyptian Roads and Bridges Authority). A study performed to
 

investigate the properties of the western 40/50 pen. grade as­

phalt cement shows that this grade may have the same desired
 

properties of the improved 60/70 pen. asphalt. Test results
 

of the 40/50 pen. asphalt are shown in Tables 23
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and 24.
 

These results show that the 40/50 pea. grade has a kine­

matic viscosity that exceeds the 320 C.St. limit. Also, the
 

absolute viscosity after thin-film-oven test is far below the
 

limit of 8,000 poises. Both stability and cohesion are higher
 

than the 60/70 pen. asphalt concrete mixtues. Therefore, the
 

40/50 pen. grade asphalt cement will be evaluated in the
 

LSTT.
 

Before Thin - Film - Oven Test 	 After TFOT
 

Pen. Ductil- Soft. Kin. Absol. Pen. Absol.
 
0.1mm ity Pt. Vis. Visc. % Visc.,
 

C0
cm C.St. Poise 	 Poise
 

44 150 54 321 1885 	 66 4000
 

Table 22: 	 Physical Properties of the Western
 
40/50 Pen. Asphalt Cement
 
(June 1980)
 

Asphaltene, % 18.8
 

Resins ,% 53.5
 

Oils ,% 27.5
 

Wax ,% 7.5
 

Table 23: 	 Component Analysis of the Western
 
40/50 Pen. Asphalt Cement
 
(June 1980)
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Type ot Opt. Marshall Unit % Air % Voids M;shall Hveem 
Coarse A.C. Stability Weight Voids in Flow Cohesion 
A4gregate Content,% lbs. PCF Mineral 0.01 in. gm/in. 

Aggregates
 

Basalt 5.4 	 ].730 154.9 3 14.7 10.8 267
 

Limestone 5.6 	 lt05 146.2 4.2 15.6 10.0 300
 

TaLle 24: 	 Nechanical Properties of the 40/50 pen. Western Asphalt
 
Concrete Mixtures (June 1980).
 



CHAPTER 6
 

SUMMARY AND CONCLUSIONS
 

This report presents the results of a study aimed at in­

vestigating the various methods of improving the properties of
 

paraffinic-waxy asphalt cements and their concrete mixtures.
 

These methods can be divided into:
 

1. Changes in mix components; and 2. The use of addi­

tives.
 

1. Effects of Mix Components
 

Based on field experience, the severity of the waxy as­

phalt performance problems appears to depend on two factors
 

related to mix components: (1) the type of coarse aggregate,
 

and (2) the gradation of the aggregate. Therefore, two coarse
 

aggregate types (crushed limestone and basalt) and two aggre­

gate gradations (dense and coarse surface mix gradations, As­

phalt Institute 4-C and 3-B gradations, respectively) were in­

vestigated. For comparison purposes, two standard mixes were
 

also prepared according to the common practice in Egypt uti­

lizing the accepted Suez asphalt cement. The first utilizes
 

limestone as an aggregate and the second uses basalt.
 

Results of tests indicate that in Alexandria asphalt
 

concrete mixes:
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1. 	 Limestone aggregates lead to higher stability and cohe­

sion than basalt aggregates. This is probably caused by
 

the higher absorption characteristics of limestone com­

paree to basalt.
 

2. 	 Coarse versus dense aggregate gradations do not have a
 

consistent trend of stability, whereas the Hveem cohe­

sion of dense-graded mixtures is higher than the coarse
 

mixtures.
 

3. 	 Sue? asphalt concrete mixtures exhibit a higher stabil­

ity and a higher cohesion than Alexandria asphalt con­

crete mixtures. These superior properties of the Suez
 

mixtures are believed to be due to the higher kinematic
 

viscosity of Suez asphalts and their better adhesive
 

qualities.
 

2. 	 Investigation of Additives
 

Based on available quantities in Egypt, practical and
 

economical considerations, the study involves four types of
 

additives:
 

1. Sulfur; 2. Petroleum coke; 3. Air-blown asphalt;
 

and 4. Propane deasphalting tar (PDT).
 

The investigation of additive effects is divided into
 

two phases: the first consists of a pilot study to determine
 

the general effects of the various additives on Egyptian waxy
 

asphalt properties and the second is aimed at selecting the
 

different improved asphalt blends to be used in the Large
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Scale Field Test Track (additive type, concentration, prepara­

tion method,...etc.).
 

2.1 	 Pilot Study of Additive Effects
 

a) Sulfur: Pesults of laboratory tests conducted to inves­

tigate sulfur as an additive indicate that, at the low
 

sulfur concentrations allowed by economic considerations
 

in Egypt, sulfur does not cause satisfactory improve­

ments in the properties of western desert asphalt ce­

ments. Hence, sulfur-asphalt blends will not be studied
 

in the Large Scale Test Track.
 

b) 	Petroleum Coke: Petroleum coke is a by-product of the
 

coking process performed on heavy petroleum products in
 

order to produce light fractions. Large quantities of
 

petroleum coke will be available in Egypt at very re­

sonable prices after coking plant operations in 1984.
 

An examination of the chemical composition of petroleum
 

coke indicates that coke exhibits strong similarities with
 

"Carbon Black", another product marketed in the U.S. as an ad­

ditive to improve asphalt properties.
 

Based on experiences with Carbon Black as an additive,
 

petroleum coke is expected to generally improve the perfor­

mance of paraffinic Egyptian asphalts. On the other hand, Car­

bon Black increases the asphalt viscosity and reduces
 

its penetration (i.e., causes hardening of the asphalt).
 

Therefore, in the pilot study of petroleum coke as an addi­
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tive, a higher penetration grade asphalt (80/100 pen.) was
 

selected such that, after the addition of coke, the improved
 

asphalt grade is 60/70 pen. asphalt representing the current
 

standard production of the Alexandria refinery.
 

Laboratory test results indicate that the addition of
 

petroleum coke sharply decreases the penetration and increases
 

the viscosity. Mechanical tests conducted to investigate the
 

mixture properties at optimum asphalt contents indicate that
 

both Marshall stability and Hveem cohesion values of coke­

asphalt concrete samples utilizing the dense graded limestone
 

mixtures are markedly higher than those obtained by means of
 

the untreated 60/70 pen. asphalt concrete mixtures.
 

Additional tests were performed to evaluate the various
 

factors affecting the properties of the petroleum coke-asphalt
 

blends. Results indicate that better homogeneity and more
 

stable properties can be achieved if catalysts are utilized
 

during mixing. Results of these tests indicate that 0.03% of
 

manganese stearate (by weight of asphalt) acts as a proper
 

catalyst hence the kinematic viscosity of the coke-asphalt
 

blends increases whereas penetration remains basically un­

changed.
 

c) Air-Blown Asphalt
 

In order to investigate the possibility of using air­

blown asphalts to improve the properties of Egyptian
 

paraffinic waxy asphalt cements, samples of air-blown asphalt
 

with a penetration of 15 and a softening point of 115*C were
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secure, the Alexandria refinery (El-Nasr Company). The
 

mix., '4,,' rformed for 30 min. after heating the 80/100 pen.
 

asphalt cement to 160*C and the air-blown asphalt to 2000C.
 

Results of physical tests show that the effects of ad­

ding air-blown asphalt are very similar to the effects of pet­

roleum coke, namely a decrease in penetration and an increase
 

in kinematic viscosity. Furthermore, in order to comply with
 

the standard specifications of the 60/70 pen. grade, 
 no more
 

than 10% by weight of air-blown asphalt should be used.
 

d) Propane Deasphalting Tar, PDT
 

Two concentrations of the PDT were investigated in the
 

pilot study: 10% and 15% by weight of asphalt. Mixing was
 

performed for 30 min. after heating the 80/100 pen. asphalt to
 

160*C and the PDT to 200 0 C.
 

Results of physical tests indicate that PDT hardens the
 

asphalt cement (i.e., penetration decreases and kinematic vis­

cosity increases).
 

2.2 Selection of Improved Asphalts for the Large Scale
 

Test Track
 

Based on the results of the pilot study, the selection
 

of improved asphalts to be evaluated in the Large Scale Test
 

Track (LSTT) may follow one of two approaches. The first con­

sists of attempting to improve the properties of the 60/70
 

pen. asphalt presently produced by the Alexandria refinery
 

taking into consideration that the improved asphalt will have
 

70
 



a lower penetration grade. The second approach consists of
 

improving the properties of a higher penetration grade asphalt
 

(80/100 pen., say) such that the improved asphalt belongs to
 

the 60/70 pen. grade. Simply stated, the first approach util­

izes the present product of the refinery, but leads to a har­

der improved asphalt, whereas the second approach requires a
 

change in the current production of the refinery, but leads to
 

an improved asphalt with a 60/70 penetration grade.
 

After careful examination of the laboratory data and in
 

view of practical considerations related to asphalt production
 

at the refinery, the first approach was selected. This deci­

sion was particularly influenced by the fact that test results
 

obtained in the pilot study on improved stiff asphalt (40/50
 

pen. grade, say) indicate that after thin.-film-oven testing,
 

the absolute viscosity is reasonably small (below the maximum
 

limit of 8,000 poises) and hence suggests that the use of
 

stiff improved asphalts (40/50 pen. grade, say) will not ne­

cessarily lead to a reduction in the service life of pavements
 

constructed with Egyptian waxy asphalts. Therefore, a new
 

60/70 pen. asphalt cement batch was secured from the Alexan­

dria refinery for the purpose of this phase of the study.
 

a. Petroleum Coke
 

Based on the results of the pilot study, a 10% petroleum
 

coke concentration and 0.03% manganese stearate were utilized
 

in the mix preparation. Results of tests performed to evalu­
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ate the physical properties of the new blend indicate that
 

petroleum coke tends to considerably increase the kinematic
 

viscosity and decrease penetration. The absolute viscosity
 

after thin-film-oven test (3539 poises) is far below the ASTM
 

limit of 8,000 poises and thus suggests that the reduction in
 

penetration does not necessarily mean that the service life of
 

the pavement is decreased.
 

Finally, test results on asphalt concrete mixtures pre­

pared with this blend show that both Marshall stability and
 

Hveem cohesion values of the petroleum coke-asphalt concrete
 

mixtures (1650 lbs. and 261 gm/in., respectively) are consid­

erably higher than those of the original 60/70 pen. asphalt
 

concrete mixtures (1450 lbs. and 113 gm/in., respectively).
 

b. Air-Blown Asphalt
 

Based on the findings of the pilot study, blends of the
 

60/70 pen. asphalt cement were prepared with 10% air-blown as­

phalt concentration and 0.03% manganese stearate as a cata­

lyst. Results of tests on this blend show a considerable im­

provement in asphalt properties and the absolute viscosity af­

ter thin-film-oven test is less than the critical limit spec­

ified by the ASTM standards.
 

Teel cesults on asphalt concrete mixtures prepared with
 

this blend show much higher Marshall stability and Hveem
 

cohesion values (1640 lbs., and 245 gm/in., respectively) as
 

compared to those of the original untreiated asphalt concrete
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mixtures (1450 lbs, and 113 gm/in., respectively).
 

c. Propane Deasphalting Tar (PDT)
 

Based on the results of the pilot study, blends of the
 

60/70 pen. asphalt cement were prepared at a PDT concentration
 

of 20% in the presence of 0.03% manganese stearate.
 

Test results show that the effects of PDT on the physi­

cal properties follow the same trends as petroleum coke and
 

air-blown asphalt: penetration decreases and the kinematic
 

viscosity significantly increases. However, the absolute vis­

cosity after thin-film-oven test is less than the critical
 

ASTM limit of 8,000 poises.
 

d. The 40/50 Pen. Grade Asphalt Cement
 

Results of the experimental program on additives suggest
 

that another method of improving the performance of Itrptian
 

paraffinic-waxy asphalt cements consists of using a lower pen­

etration grade of the asphalt cement: the 40/50 pen. grade.
 

This is basically due to the fact that the three additives in­

vestigated tend to harden the 60/70 pen. grade and increase
 

its kinematic viscosity to an acceptable limit (e.g., 320
 

C.St. suggested by the experts of the Egyptian Roads and
 

Bridges Authority). A study performed to investigate the
 

properties of the western 40/50 pen. grade asphalt cement
 

shows that this grade may have the same desired properties of 

the improved 60/70 pen. asphalt. Tests on the 40/50 pen. 

asphalt were therefore conducted. 
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Results show that the 40/50 pen. grade has a kinematic
 

viscosity that exceeds the 320 C.St. limit. Also, the abso­

lute viscosity after thin-film-oven test is far below the lim­

it of 8,000 poises. Both stability and cohesion are higher
 

than the 60/70 pen. asphalt concrete mixtures. Therefore, the
 

40/50 pen. grade asphalt cement will be evaluated in the LSTT.
 

74
 



REFERENCES
 

1. 	Performance of Paraffinic Waxy Asphalt Cements in Egypt­
ian Road Construction, "Chemical and Physical Properties
 
of Western Desert Asphalt Cements", Technical Report
 
-CU/MIT Technological Planning Program. Cairo Univer­
sity, April, 1980.
 

2. 	Dvecker, W.W., Proc. Metl. Paving and Brick Association,
 
P. 60, 1937.
 

3. 	Litehiser, R.R., and H.Z. Schofield, proc. Highway Re­

search Board, P. 182, 1936.
 

4. 	Bencowitz, I., ASTM, Preprints No. 95, 539, 1936.
 

5. 	Bacon, R.F., and I. Bencowitz, U.S. Patent No. 2, 182,
 
837, 1939.
 

6. 	Shelss International Research Moats -Chaapij, Germany
 
Offen., 2, 149, 67C, Brit., Pat. No. 11 076, 866, Can.
 
Pat. No. 755, 999.
 

7. 	Carey, Donalt, E., "Sand-Asphalt - Sulfur Hot Mix", Re­
search Report, La. Dept. of Transportation, June, 1977.
 

8. 	Gallaway, B.M. and Saylak, "Sulfur/Asphalt Mixture Design
 
and Construction Details - Lufkin Field", Texas Transpor­
tation Institute at A. & M., Jan., 1976.
 

9. 	Fromm, H.J., and G.J.A. Kennepohl, "Sulfur Asphalt Con­
crete, Three Ontario Test Roads", Proc. Association of
 
Asphalt Paving Technologists, Vol. 48, 1979.
 

10. 	 Kennepohl, G.J.A., Alogan and D.C. Bean, "Sulfur Asphalt
 
Binders in Paving Mixes", Proc. Canadian Sulfur Sympo­
sium, Jan., 1974.
 

11. 	 Mc Bee, W.C., and T.A. Sullivan, "Substitution of Sulfur
 
for Asphalt Paving Materials", Paper Presented at the An­
nual Meeting on the Transportation Research Board, 1978.
 

12. 	 Gallaway, B.M. and Saylak, D., Paper Presented at the
 
167th National Meeting of the American Chemical Society,
 
Sulfur Use Symposium, Los Angeles, Calif., 1974.
 

13. 	 Burgess, R.A., and I. Deme, Paper Presented at the
 
167th National Meeting of the American Chemical Socie­
ty, Sulfur Use Symposium, Los Angeles, Calif., 1974.
 

75
 



14. 	 Tucker, J.R. and Schweyer, H.E., Ind. Eng. Chemical
 
Prod., Research Division, 4, 51, 1965.
 

15. 	 Dah, Jinn Lee, "Modification of Asphalt and Asphalt
 
Paving Mixtures by Sulfur Additives", Ind. Eng. Chem.
 
Prod. Res. Div., Vol. 14, No. 3, 1975.
 

16. 	 Kennedy, T.W. and Hass, R. "Engineering Evaluation of
 
Sulfur Asphalt Mixture", (file 3).
 

17. 	 Donnet, J.B. and A. Voet, Carbon Black, New York, Mar­
cel Decker, Inc., 1976.
 

18. 	 Smith, W.R., "Carbon Black", Encyclopedia of Chemical
 
Technology, 2nd ed., Vol. 4, New York: Interscience,
 
1964.
 

19. 	 Strokes, C.A., "Carbon Black", Encyclopedia of Chemical
 
Technology, Supplemental Volume, 2nd. ed., New York,
 
John Wiley and Sons, Inc., 1971.
 

20. 	 Anderson, A.D. and W.H. Goetz, "Mechanical Behavior and
 
Reinforcement of Mineral Filler -Asphalt Mixtures",
 
Proc. of the Association of Asphalt Paving Technolo­
gists, Vol. 42, pp. 37-61, Discussion, pp. 61-66,
 
1973.
 

21. 	 Alliotti, A.G., "Carbon Black -Its Nature and Possible
 
Effects on the Characteristics of Bituminous Road Bin­
ders", Proc., Australian Road Res. Board, Vol. I, part
 
1, p. 912, 1962.
 

22. 	 Martin, K.G., "Preliminary Microviscometer Studies of
 
Carbon Black (Rubber) Bitumen Dispersions", Proc. Aus­
tralian Road Ras. Board, Vol. I, Part 1, p. 895, 1962.
 

23. 	 Rostler, F.S., R.M. White, and P.J. Cass, "Modification
 
of Asphalt Cements for Improvement of Wear Resistance
 
of Pavement Surfaces", FHWA Report No. FHWA-RD-72-24,
 
Washington, D.C., 1972.
 

24. 	 Rostler, F.S., R.M. White, and E.M. Domnenberg, "Carbon
 
Black as a Reinforcing Agent for Asphalt", AAPT Pro­
ceedingsi Vol. 46, pp. 376-410, 1977.
 

25. 	 U.S. Patent 4,094,697, "Asphalt Cement and Concrete
 
Composition and Filler Compositions, Therefore", June
 
13, 1978.
 

26. 	 Friere, H., "Le Caoutchouc Dans les Revetements Routi­
eres", Revigen Caoutc., Paris, 21, 510, 1960.
 

76
 



27. 	 Van Heurn, F.C., and M.A. Begheyn, "Asphalt Rubber Mix­
tures -Kolliod Zeitschrift", Dresden, 66, 219-228,
 
1934.
 

28. 	 Fol., J.G., and J.A. Plaizier, "The Influence of Addi­
tion of Rubber on the Properties of Bitumen", Wagen, 13
 
(9), 201-211, 1937.
 

29. 	 Van Rooijen, J.M., "The System Asphaltic Bitumen-Rubber
 
Powder", Ind. Eng. Chem., Washington, 33, 820-4, 1941,
 
Kanitshut, 16, 87-9t., 103-5, 1940.
 

30. 	 Van der Bie, G.J., and P. Wijnhamer, "Application of
 
Rubber Powder to Asphalt Road Mixtures", Rds. and Str.,
 
Chicago, 84(11), 36-40, 1941.
 

31. 	 Davey, W.S., "Physical Properties of Rubber Bitumen
 
Mixtures", J. Soc. Chem. Ind. Lond, 55(10), 43T-B,
 
1936.
 

32. 	 Davey, W.S., "The Use of Rubber and Bitumen in Road
 
Surfacing Material", Bull, Rubber Growers Association,
 
London, 18(5), 199-201, 1936.
 

33. 	 Broome, D.C., "Rubber and Asphalt Mixtures for Road
 
Construction", India Rubber World, 97(3), 37-40, 1937.
 

34. 	 Platzier, J.A., "Asphalt-Rubber Mixtures in Road Build­
ing", Rubber Foundation, Communication No. 15, Amster­
dam, 1939, I.R.I., Transs, 15(1), 23-50, 1939.
 

35. 	 Hoedt, G.E., C. Drtt, G.J. Van der Bie and R.E. Kerk­
hoven, "Rubber for Roadway Construction", Arch., Rubber
 
Cltuser, 22, 33-123, 1938.
 

36. 	 Van der Bie, G.J., "New Evidence in Favour of Using
 
Rubber in the Composition of Road Surfacing", Rev. Gen.
 
Caoutch., Paris, 24(5), 173-5, 1947.
 

37. 	 Bokma, F.T., "Rubber in Bituminous Road Construction",
 
Rubber Stitching Communication No. 96, Delft, 1949
 
(Rubber Stitching).
 

38. 	 Aron, "A Practical Rubber Road at Last", The Dussek
 
System, Highway and Bridges, 4(179), 3, 1937.
 

39. 	 Parker, W.D., and W.D.C. Walker, "Rubberized Bituminous
 
Materials and their Use in Road Construction", J. App.
 
Chem., London, 48L491, 1957.
 

77
 



40. 	 Van Roojen, J.M., "The Effect of Rubber Upon Some Prop­
erties of Asphaltic Bitumen", Rubber Foundation Commun­
ication, No. 7, Amsterdam, 1938 (The Foundation).
 

41. 	 De Decker, H.C.J., and H.A.W. Nijveld, 'Influence of
 
Rubber on Some Mechanical Properties of Asphalt Bitu­
men", Proc. 3rd World Pet. Congress, London, Section
 
VII, p. 496, 1951 (E.J. Brill).
 

42. 	 Manson, P., E.N. Thrower and L.M. Smith, "The Influence
 
of Rubber on the Brittleness and Viscosity of Bitumin­
ous Materials", J. App. Chem., London, 7, 451, 1957.
 

43. 	 Grgee, L.E. and W.H. Alcoke, "Investigations of Rubber
 
Additives in Asphalt Paving Mixtures", Proc. Ass. Asph.
 
Pav. Techn., Michigan, 23, 28-60, 1S64.
 

44. 	 Smith, L.M., "Some Viscous and Elastic Properties of
 
Rubberized Bitumens", J. Aopl. Chem., London 10(7),
 
296-305, 1960.
 

45. 	 Nijveld, H.A.W., H.C.J. de Decker, and H.A.0. Geesink,
 
"Mechanical and Rheological Measurements on Rubber Bi­
tumen and Rubber Asphalt Mixtures", Proc. 4th World
 
Pet. Congress, Rome, Section VIA, 1956.
 

46. 	 Welborn, J.Y. and F.J. Babashak, "Rubbersized Asphalt
 
for Roads", Proc. Amer. Soc. Civil Engineers, 8ft,
 
(HWZ), 1651-22, 1958.
 

47. 	 Lewis, R.H., and J.Y. Welborn, "The Effect of Various
 
Rubbers on the Properties of Petroleum Asphalts", Pub.
 
Rds., Wash, 28(4), 63-69, 1954.
 

48. 	 Lee, A.R., J.B. Watren, and D.B. Waters, "The Flow
 
Properties of Bituminous Materials", J. Inst. Petrol.,
 
London, 26(197), 101-28, 1940.
 

49. 	 C. Verga, G. Battiato and C. La Bella, "Laboratory
 
Evaluation of Rheological Behavior of an Asphalt Con­
crete Containing an SBR Elastomer", Natioitl Research
 
Council, HRB 53rd Annual Meeting, Washinoten (Jan.
 
1974).
 

50. 	 Bahram, H. Mahmoud, M.F. Ezzat, and M.I. Shaker, "Waxy
 
Asphalts -.-A Problem and a Solution", 9th Arab Petrol.
 
Congr., Duba ., March 10-16th, Paper No. 97, (C-3),
 
1975.
 

51. 	 Bahram, H.A., Gohara, W.F., Abdel Kader M.H., Paper 36
 
(C-3), V llth Arab Petrol. Conference, March 16-22,
 
Kuwait, 1970.
 

78
 



52. 	 Heukelom, W., "A Bitumen Test Data Chart for Showing
 
the Effect of Temperature on the " chanical Behavior of
 
Asphaltic Bitumen", Journal v. the Institute of Petro­
leum, Vol. 55, 546, 1969.
 

53. 	 1980 Annual Book of ASTM standards -Part 15-Road and
 
Paving Materials; Bituminous Materials for Highway Con­
struction, Waterproofing, and Roofing and Pipe; Skid,
 
Resistance", Specifications for Asphalt Cement, Viscos­
ity Graded at 1400F, American 3ociety for Testing and
 
Materials.
 

79
 


