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ABSTRACT 

The primary objective of this study is to investigate 

the suitability of utilizing dune sand as a paving con

struction material in hot desert-like areas of the world, 

where regions of sand dunes exist. The high availability, 

low cost, and excellent physical properties of the current 

surplus of elemental sulfur and the benefits given to 

asphaltic binders by sulfur raises the possibility of using 

sulfur in asphalt mixes to produce stable mixtures with 

locally obtainable dune sand. Characterization of various 

sulfur-asphalt-dune sand mixtures for highway construction 

were made. 

The materials used in this investigation were 

elemental sulfur, AR-4000 (60-70 pen.) asphalt, and dune 

sand from Yuma, Arizona. The main variables include (a) 

proportion of sulfur and asphalt in the binder, (b) amount of 

binder in the mixture, (c) curing temperature, (d) test 

temperature, and (e) mixing techniques. The various mixtures 

were prepared by the one-wet mixing cycle technique. Similar 

dune sand mixtures with asphalt only were evaluated for com

parison purposes. The different mixes were evaluated by 

the Marshall method, tensile strength tests (double punch), 

xv 



xv i 

compression tests (standard and immersion), flexural tests 

(standard), dynamic modulus tests (double punch), and micro

scopic examinations of sulfur-asphalt binders and sulfur-

asphalt-dune sand mixtures (thin sections). 

Preliminary characterizations of the various mixes 

were made on the basis of their Marshall stability, flow, 

density, and air void contents. Other engineering properties 

such as tensile strength, compressive strength, modulus of 

rupture, dynamic modulus, and microscopic studies were 

determined for selected mixes. 

The results consistently indicated that the sulfur-

asphalt-dune sand mixes exhibited superior engineering 

characteristics and performance as compared to similar mixes 

without sulfur. The overall conclusion drawn from this study 

is that the dune sand which is not normally accepted for use 

as aggregate in asphaltic mixtures, can be used with the 

utilization of sulfur-asphalt binder systems to produce 

paving mixtures with compatible or better engineering pro

perties in comparison to conventional asphaltic concretes. 



CHAPTER 1 

INTRODUCTION 

Current and Potential Uses of Sulfur 

Throughout history continued references are made 

concerning the benefits of sulfur. Common uses of sulfur 

include: sulfuric acid, wood pulping, paper, steel, and 

many economically important and technically necessary com

pounds (Fike 1972). During the past two decades, the 

supply of sulfur has been largely furnished from primary 

sources such as volcanic sulfur deposits, pyrite deposits, 

elemental sulfur deposits, and fossils. Concern over envi

ronmental air quality has resulted in ever increasing 

efforts to desulfurize various hydrocarbon fuels prior to 

use and remove sulfur oxides from effluent stack gases. 

This, in conjunction with extensive sulfur removal from 

natural gas is resulting in a rapid growth of available 

sulfur resources. 

In 197 0 world consumption of sulfur in all forms 

totaled 38 million tons (Fike 1972). In 1976 the 

estimated total world production of sulfur was about 80 mil

lion tons. In 197 2 the U.S. Bureau of Mines forcast that 

1 
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by the year 2000 A.D., 40 million metric tons of sulfur 

could be recovered annually in the U.S. from coal, gas, and 

metal sulfides, whereas the forcast for domestic demands 

for sulfur in the same year is 30 million tons (U.S. Depart

ment of the Interior 1972). Based on the anticipated world 

oversupply of sulfur, a search for potential uses of large 

tonnages of sulfur was focused primarily on the construction 

industry and particularly on the paving industry. 

Uses of Sulfur as a Structural Material 

The use of elemental sulfur as a structural material 

has been developed as sulfur concretes, mortars, and masonry 

blocks (Sullivan and McBee 1976a, West 1975). The rela

tively low cost, high availability, and excellent physical 

properties of sulfur have justified considering it. as a con

struction material. Its excellent bonding or adhesive 

qualities as well as chemical compatibility with many types 

of inorganic materials make it competitive for many applica

tions which currently use cement or plaster binders. Its 

water repellancy makes it even more attractive for construc

tion applications. 

Sulfur concretes possess many useful features exhi

bited by other aggregate containing materials as well as 

some unique properties which make them suitable for many 

specialty applications as well as being economically com

petitive with Portland Cement Concretes. Research done on 
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the physical properties of sulfur (Dale and Ludwig 1965 and 

1968) led to a better understanding of its potential use in 

construction materials. Their work using sulfur as a binder 

for aggregate to prepare concretes showed that such mate

rials could be produced with compressive, flexural, and 

tensile strengths comparable to Portland Cement Concretes. 

A workable mixture of sulfur with fine and coarse aggregates 

is desired in preparing sulfur concretes that have good 

strength properties. A workable mixture may be described 

as one that is fluid enough to pour and tamp easily into 

forms or molds without separation of sulfur on solidification 

of the concrete. Sulfur concretes can be produced with a 

wide range of sulfur binder contents but a number of studies 

have suggested that the optimum binder content lies in the 

range of 16-27%. The strength of sulfur concrete is prin

cipally dependent on the strength of the aggregate used, 

the strength of sulfur, and the bonding developed between 

the two which depends on the thermosetting characteristics 

of the sulfur. It would be feasible to think that the 

highest compressive strength sulfur concretes could be ob

tained by completely filling the voids between the large 

aggregates with a mixture of sulfur and fine aggregates. 

However, the most satisfactory sulfur concrete mix designs 

are basically similar to these used for asphaltic concretes, 

relying on the voids just-filled criterion rather than the 
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voids overfilled criterion commonly used for Portland Cement 

concretes. There are many potential specialty uses for 

sulfur concretes (Dale etal. 1968). As a corrosion resis

tant material, it can be used for acidproof leach tanks, 

reaction vessels, and for handling sewage and wastes that 

contain acid and salts. One major benefit of using sulfur 

as a binder is the rapid strength gain of sulfur composites. 

Unlike Portland Cement Concretes which usually take many 

days to reach full design strength, sulfur concretes gain 

strength as the binder solidifies and typically achieve 80% 

or more of their strength within hours of pouring (Sullivan 

et al. 1976b). Additional qualities associated with sulfur 

composites which could prove to be advantageous include 

their good insulating properties, low electrical conduc

tivity, and lower overall energy requirements for their 

production as compared to Portland Cement or asphalt binder 

systems. 

Sulfur coatings and mortars are those composites 

with no coarse aggregate generally, containing more than 

40% sulfur. Mortars typically contain 40-60% sulfur binder 

while coatings may use up to 90% sulfur, or more. Sulfur 

composites can be used for a wide variety of sealing, coat

ing, jointing and bonding applications. They are especially 

suited to those uses in which their chemical resistance, 

durability and .high strength are desirable. In addition to 

strength and chemical resistance, sulfur coatings, like the 
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concretes/ set very rapidly in any ambient temperature and 

can be put into service essentially immediately without a 

curing period. Other favorable characteristics of sulfur 

coatings are their excellent durability and abrasion re

sistance and good impact strength. In comparison with other 

materials of similar performance, sulfur coatings are very 

competitively priced and thus they are already finding 

acceptance for uses in which their desirable properties are 

needed. Chevron has developed sulfur formulations which 

are strong and durable. The trade name of these products 

is "SUCOAT". These formulations contain in excess of 

80% sulfur mixed with plastic precursors, such as 

isocyantates, and small amounts of organic filters, such as 

fiber glass. The resulting compositions retain .the desir

able acid and salt resistance of sulfur and show excellent 

temperature durability and weatherability. The SUCOAT can 

be used in two different ways. It may be sprayed onto a 

variety of surfaces including concrete and wood, act as a 

liner, bonding or protective coating; alternatively, it 

may be mixed with sand or aggregate to produce concrete— 

like materials which can be used for structural purposes. 

Potential uses include lining of reservoirs, water ponds, 

irrigation ditches, chemical storage tanks, soil and slope 

stabilization, and concrete corrosion protection. 

Sulfur may play an important part in construction 

of low cost buildings at a saving of time and money, and 
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with advantages in strength and sealing capabilities. The 

Southwest Research Institute demonstrated the feasiblity of 

a system for constructing building walls using a sulfur-

based, fiber reinforced coating composition (Sulfur Inst. 

Journal Summer 1972). The method is comparatively simple 

and applicable to structures utilizing light-weight concrete 

blocks or any other block-like materials. No mortar or 

jointing material is used between the blocks. The blocks 

are simply stacked dry, one upon the other, until the 

desired wall configuration is achieved. Over the outside 

and the inside of the wall a thin single coating of a 

molten sulfur-mixture is applied. Within seconds, the mol

ten coating solidifies and forms a hard, impervious surface, 

which has proven both weather-proof and insulative in use. 

A concrete block wall 10 feet long by 8 feet high with a 

standard-size window opening in the center was constructed. 

This wall was made by stacking the blocks dry with no 

mortar between the joints, followed by the application of 

the coating formulation to both sides of the wall. Immedi

ately after the coating had been completely applied to the 

wall, a demonstration of the strength of the coating was 

conducted. A sling was placed through the window. The en

tire wall, which weighed some 3500 lbs., was lifted comple

tely off the ground. After suspending the wall in the air, 

it was then set back on the ground and placed in racking 

position. It did not fail. Using conventional masonry 
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construction, one could never expect to do this immediately 

after construction or at any time during the life of a 

masonry wall, because masonry joints have very little 

strength in tension. As a final test, the wall was pushed 

over and allowed to fall on its side. Failure across the 

tips of the upper corners was evidenced by cracks running 

across the corners forming triangles on each corner. On 

close inspection of these failures, it was noted that they 

occured primarily through the blocks, rather than through 

the joints, indicating that the joint strengths were equal 

to or greater than the strength of the block material. 

Uses of Sulfur as a Soil Stabilizer 

Sulfur also appears to have a promising potential 

use in soil stabilization. Especially soils that contain 

considerable quantities of salt, which in some cases have 

undesirable influences on the strength of Portland Cement, 

can be effectively treated with sulfur. Dale and Ludwig 

(1968) had conducted a study on sulfur-soil mixtures. A 

sandy-clay soil was used. In preparing the specimens, one 

percent by weight sodium chloride was added. The results 

indicated that there was an optimum amount of sulfur required 

to obtain the maximum strength which was as high as 4000 psi 

as shown in Fig. 1. Also the results showed that the ad

dition of a fine material would help to distribute the 

sulfur more evenly and increase strength. The presence of 
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salt in the mixtures was not found to alter the rate of 

solidification. Two other new products were developed by 

Chevron under the trade names of SUBIND and SUFERM for 

use as soil stabilizers and reinforcing agents. SUBIND is 

a water solution of an organic sulfur formulation containing 

a soil stabilizer. It is particularly well suited for road 

work, base stabilization and dust control on estabilished 

roads and shoulders. SUFERM is an aqueous mixture of in

organic chemical stabilizers. It is intended for the stabi

lization of earth structures such as adobe, mud bricks and 

walls. Both SUBIND and SUFERM can be applied to soil by 

simple spray equipment to provide a surface penetration 

treatment. They are useful stabilizers for a wide variety 

of soils. However, a clay content of at least several per-

cents is required as well as the presence of intermediate 

size particles between clay and fine sand. Mono-sized sands, 

such as beach sands, do not respond to this type of chem

ical stabilization. Soils stabilized with these stabilizers 

are expected to have excellent durability under a wide vari

ety of exposure conditions. The results of compressive and 

tensile strengths for both untreated and treated soil are 

shown in Table 1 and Table 2, respectively. 

Uses of Sulfur with Asphalt 

The attempts to utilize elemental sulfur in asphalt 

were initiated early, and the process of treating asphalts 
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Table 1. Compressive strength of untreated and treated soil.* 

Specimen Compressive strength 

kg/cm2 lb/in2 

Untreated soil + 12% water 

Soil + 12% SUBIND 

Soil + 15% SUFERM 

16.7 250 

73.0 1038 

71.2 1013 

*Chevron 1977 

Table 2. Tensile strength of untreated and treated soil.* 

Tensile strength 
Specimen oDry _ _Wet 0 

kg/cm lb/in kg/cm lb/in 

Untreated soil 2. 2 32 0 0 

Soil + 10% SUBIND 16. 6 236 1. 7 24 

Soil + 10% SUFERM to
 
o
 

• 8 296 3. 5 50 

*Chevron 1977 
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with sulfur was introduced commercially over 100 years ago 

(Abraham 1960). It was shown that asphalts treated with 

sulfur were more resistant to weathering and more durable, 

particularly at low temperatures. The recent renewed in

terest in the utilization of sulfur in pavement has 

emerged because of: 

a. An anticipated oversupplv of sulfur recovered 

from primary sources and also from coal, natural 

gas and petroleum which is expected in a near 

future as a result of air pollution abatement 

regulations. 

b. Diminishing reserves of petroleum may make it 

desirable and economically advisable to re

duce the consumption of petroleum products, 

including asphalt, where satisfactory substi

tutes can be found. 

c. The need to utilize, lower grade aggregates, 

since good quality aggregate resources are 

poor in some areas and quickly depleting in 

others, making it difficult to obtain suitable 

paving materials at reasonable cost. 

Research and development work has demonstrated conclusively 

that adding sulfur to asphalt to give sulfur-asphalt (SA) 

binders can improve the properties and lower the cost of 

asphalt paving materials. The three-component (sulfur-asphalt-

aggregate) paving materials have been found to have some 
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important advantages over the two-component (asphalt-aggregate) 

paving materials. Several companies have been involved 

in the development of sulfur-asphalt materials. Shell Canada 

Limited made pioneering efforts in this regard, which led 

to the material trade marked "Thermopave". It consists of 

sulfur, asphalt, and sand (Deme 1973a). In France, The 

Societe Nationale des Petroles d'Aquitaine (SNPA) has been 

carrying out sulfur-asphalt research for several years, 

Their work has been directed towards ways of utilizing 

aggregates readily available in France (e.g., rolled river 

gravel) which are unsuitable for use in standard asphalt 

paving materials. Indications are that this type of aggre

gate can be used successfully in sulfur-asphalt formulations 

at considerable economic advantages. Preliminary trials 

indicate that the properties of sulfur-asphalt-aggregate 

materials are equal to or better than conventional paving 

materials. Durability, strength and resistance to water 

are generally excellent, and the materials appear to be 

particularly suitable for direct application on weak sub-

grades (Sulfur inst. Journal, Summer 1973) . 

Current rapid changes in the prices of material go

ing into highway construction have created excessive demands 

on researchers, suppliers, design engineers, and the 

construction industry in general, to make better use of 

available materials such as local aggregates, wastes and 

substitute binders. The production of aggregate is being 
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hampered in many ways such as: (a)changes in land use, 

(b) increase in aggregate production cost, and (c) changes in 

pollution control laws. The American Road Builder's Associ

ation, 1969 (ARBA) investigated the aggregate supply 

situation and the data from this study showed that approx

imately 4 0 percent of the total aggregate production goes 

into highway construction. Table 3, presents some data of 

this study projected to the year 1985 for the total aggre

gate production as well as highway consumption. 

Research Objectives and Scope 

The primary objective of this study is to investigate 

the feasibility of utilizing dune sands as paving construction 

materials in hot desert-like areas of the world, where re

gions of sand dunes exist (see Fig. 2). Throughout many 

parts of Libya, for example there is a limited supply of 

good quality aggregates for asphalt mixtures. Libya is 

a developing country where many road construction projects 

are being undertaken, so sources of quality aggregates for 

asphalt paving mixtures are quickly depleted. The 

high availability, lofa cost, and excellent physical prop

erties of the current surplus of elemental sulfur in many 

parts of the country (Libya) raises the possibility of 

using sulfur in asphalt mixes to produce stable mixtures 

with locally obtainable dune sands. Because of the bene-

ficiation given to asphaltic binders by sulfur and their 



Table 3. Highway and total aggregate consumption.* 

1 2 
Total Production (Millions of tons) Highway Consumption 

Sand Iron 
Year and Crushed and Total Million Percent Total 

Gravel Stone Steel Tons Production 
Slaga 

1956 625 504 32 1161 4 4 3 b  38 

1961 752 613 27 1392 555 40 

1966 934 811 29 1774 660 37 

1975 1330 1260 33c 2623 1199 46 

1985 1970 2060 37c . 4067 1447 36 

Average = 39.4 

*American Road Builders' Association 1969. 

1. Total production data through 1966 was obtained from the Minerals 
Yearbook of the Bureau of Mines, U. S. Department of the Interior. Projections 
for 1975 and 1985 are based on a continued growth rate equal to the average for 
1956-1951 and 1961-1966 periods except as noted. 

2. Consumption in highway construction and maintenance through 1966 
is based on AASHO surveys and is projected for 1975 and 1985 on the basis for 
highway needs as reported to Congress by AASHO. 

a. Excludes expanded slag lightweight aggregate used almost exclusively 
in building construction. 

b. Assumes maintenance added 10% to construction use of 403 million tons. 

c. Estimates projected on basis of moderate increase in iron and steel 
production. 



Figure 2. Location of sand dunes. 

Al-Salloum (1973) 



potential use as a pavement material it seemed appropriate 

to conduct an investigation for the characterization of 

sulfur-asphalt dune sand mixtures for highway construction 

uses. The following outline describes the objectives of 

this study that were pursued to achieve that goal: 

1. Study the sulfur-asphalt emulsion system and 

evaluate its potential as a binder for road 

construction with dune sands. 

2. Evaluate the engineering properties of sulfur-

asphalt-dune sand mixtures, and comparable 

mixtures with asphalt alone as the binder, to de

termine the potential advantages of sulfur-asphalt 

binder system for highway navement construction, ai 

to examine its capabilities and limitations, 

if any. 

3. Examine the possibility of replacing a signif

icant portion of asphalt by elemental sulfur 

which is readily available and less expensive 

in asphaltic pavements to yield conventional, 

high performance flexible pavements. 

4. Report the results of a comprehensive labora

tory program and attempt to determine the 

potential implications of these results, and 

the conclusions drawn from this detailed study. 

5. Undertake a theoretical analysis using the 

elastic-multi-layered-system design analysis 
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to make a comparative study of the thickness re

quirements for sulfur-asphalt-dune sand mixtures 

and similar mixtures with asphalt alone under 

identical loading, subgrade, and environmental 

conditions. 

The objectives of this investigation were accom

plished through a comprehensive laboratory program of 

making, testing, and evaluating specimens commonly used by 

the pavement technologists to characterize and evaluate 

asphaltic concrete mixtures. The main variables considered 

in this study are (a) the proportion of sulfur in asphalt 

for the binder, (b) amount of binder in the mixtures, (c) 

curing temperatures, (d) test temperatures, and (e)mixing 

techiniques. The various mixtures are evaluated by the 

Marshall method which includes: Marshall stability, flow, 

unit weight, voids in mineral aggregate, and percent of air 

voids tests. The criteria used for evaluating these test 

results are those suggested by the Asphalt Institute (MS-2, 

1974) for asphaltic concrete mixtures as shown in Table 4. 

The other tests performed on selected mixtures in

clude: compression test (standard, immersion), tensile 

strength test (double punch) , dynamic modulus test (dynamic 

double punch), and microscopic studies of the sulfur-asphalt 

binder and the sulfur-asphalt-dune sand mixture (thin and 

polished sections). The material characteristics measured 
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Table 4. Suggested criteria for Marshall design. 

Heavy 
Traffic Category Traffic 

Medium 
Traffic 

Light 
Traffic 

Min. Max. Min. Max. Min. Max. 

Number of compaction 75 
blows, each end of 
specimen 

50 35 

Stability, lbs. 750 — 500 — 500 

Flow, units of 
0.01 in. 8 16 8 18 8 20 

Percent of air voids 
surfacing or leveling 3 
Base 3 

5 
8 

3 
3 

5 
8 

3 5 
3 8 

Asphalt Institute 1974 



in this laboratory evaluation program are incorporated into 

a theoretical analysis (multi-layered system) for thickness 

design criteria under typical arid climate conditions. 



CHAPTER 2 

REVIEW OF LITERATURE 

Factors Influencing Asphalt 
Paving Mixtures Design 

There are many factors to be considered in the sel

ection of a bituminous road design such as: anticipated 

traffic, available materials, available funds, climatic con

ditions, and available equipment. The basic objectives of 

road construction in general are: (a) support traffic loads 

in that the road should be capable of supporting the traffic 

loads without displacement in the surface, base, or subbase; 

(b) protect the roadbed from water because excess water in 

road materials causes lubrication of particles with loss 

in normal stability; (c) provide resistance to weathering 

i.e., the surface materials should be able to resist the 

destructive forces of sun, rain, wind, frost, heat, 

cold, . . . etc. and thus extend the life of the pavement; 

(d) provide flexibility for subbase deflections because it 

is desirable to provide a surface that will adjust itself 

to minor deflections without repair; and (e) minimizing 

loss of surface material and provide reasonable surface 

texture so it will resist the abrasive action of traffic 

which causes varying degrees of wear on any road surface. 

20 
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From the previous discussion it can be seen that, 

in order to assess properly the performance of any highway 

pavement, one must have some conception of what factors or 

qualities are desirable, necessary, and sufficient in the 

pavement itself. Asphalt mix design is actually the incor

poration of a number of desirable properties into the paving 

mixture. A number of desirable properties to be considered 

are (a) stability, (b) durability, (c) flexibility, (d) skid 

resistance, (e) perviousness, and (f) workability. 

Stability 

In the classical sense, stability has been defined 

as the resistance of a mix to deformation under load and can 

be considered as the load or stress to cause certain amounts 

of deformation or strain. This deformation or strain is 

dependent upon the expected field conditions. The deformation 

implied in this definition is a permanent or plastic deforma

tion. Hveem (1938) and Vallergar et al. (1956) have 

well summarized the factors influencing stability as shown 

in Figure 3. It can be seen that stability is a function 

of (a) frictional resistance, (b) cohesion (tensile strength), 

and (c) inertia. From thi.c; analysis, if the stability 

were to be maximized, the aggregate would have an angular 

particle shape and a rough texture, the gradation would 

be dense, and the asphalt content must be maintained 



Property Contributing Factors Variables 

Stability-
(resistance 
to deformation) 

Friction 

Interparticle-
(solid) 

Mass Viscosity-
(liquid) 

Cohesion 
(tensile strength) -

Inertia 
(resistance to displacement) 

1. Surface roughness of 
particles. 

2. Intergranular contact 
pressure (due to com
paction loading). 

3. Asphalt—amount (film 
thickness at points of 
contact. 

1. Rheologic properties of 
asphalt. 
a. initial consistency of 

asphalt 
b. temperature 
c. rate of loading 
d. effects of time and 

aging on consistency 
e. chemical composition 

2. Aggregate gradation and 
surface area. 

3. Aggregate density 
4. Adhesion between asphalt 

and aggregate. 

1. Magnitude of load (weight 
of vehicle). 

2. Rate and duration of 
loading (velocity of 
vehicle). 

3. Mass of paving mixture 
affected. 

Figure 3. Analysis of stability of asphalt paving mixtures. 

Hveem 1938 and Vallerga 1956 

to 
to 
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at comparatively low value so that the frictional resistance 

of the aggregate mass will be maintained at a level nec

essary to carry the load. 

Durability 

Durability of a paving mixture can be defined as its 

resistance to weathering, and to the abrasive action of 

traffic. Included under the effects of weathering are: 

(a) changes in the asphalt characteristics due to oxidation 

volatilization polymerization, thixotropy, and separation; 

and (b) changes in the mixture due to the action of water. 

The greater the protection of the aggregate provided by 

asphalt, the more durable the mix will be. In order to 

maximize durability one would design a mix that has suf

ficient asphalt to coat all the aggregate particles and 

also completely fill the interstitial void spaces among 

aggregate particles. In general, good durability in paving 

mixtures is promoted by high asphalt contents, dense gra

dation of the aggregate and well compacted impervious 

mixtures. In maximizing durability by void filling with 

asphalt, the most severe compromise is made in stability, 

because usually too thick an asphalt binder film occurs 

between aggregate particles, and thus reduces friction from 

surface texture or aggregate particles' interlock. 
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Flexibility 

Flexibility of an asphalt paving mixture is defined 

as either: (a) the ability of the mixture to conform to 

long-term variations in base and subgrade elevations, or (b) 

the ability of the paving mixture to bend repeatedly without 

fracture (also termed fatigue resistance). To maximize 

flexibility, an open-graded aggregate mixture would be used. 

However, here again there is a compromise with stability in 

that open-graded mixtures are not inherently stable as are 

those produced with dense aggregate gradation. This might 

be compensated for by providing a thicker paving; however, 

as the thickness of the paving layer increases, flexibility 

decreases. In general, long-term flexibility is promoted by 

high asphalt contents and relatively open-gradation of 

aggregate. 

Skid Resistance 

Skid resistance is the ability of the surface of an 

asphaltic paving mixture to provide sufficient friction so 

that a vehicle will be able to brake to a stop within a 

reasonable distance under all environmental conditions. High 

skid resistance is generally promoted by the same factors 

which contribute to high stability; that is, comparatively 

low asphalt contents and aggregates that possess rough 

textures and high resistance to the polishing action of 

traffic. Two categories of factors cause most slippery 

pavements. The first is pavement bleeding due to 
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insufficient void spaces in the mix, and the second is re

lated to aggregate polishing. The more the exposed 

aggregate surfaces polish, the more slippery the pavement 

becomes. 

Perviousness 

Perviousness or permeability of asphalt paving mix

ture can be simply defined as the ease with which air, 

water, and water vapor will pass into or through the mixture. 

In asphalt paving mixture, imperviousness to air and water 

is extremely important from the durability standpoint. A 

mixture with high degree of imperviousness to air, water, 

and water vapor is desirable to promote long-term durability 

and to allow surface water to be transported to drainage 

facilities rather than to percolate through the pavement to 

the underlying components. The same factors which maximize 

durability also insure imperviousness, such as: high as

phalt content, dense aggregate gradation, and proper 

compaction. 

Workability 

Workability can be defined as the ability of a 

paving mixture to present a smooth-finished surface texture 

when placed and compacted. Proper placement of any asphal-

tic paving mixture is required so that each of the above 

properties is optimized. 
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It can he seen that a balance between all of the 

desirable mix properties should be obtained so that the re

sulting mixture will represent the best compromise between 

all of the desirable properties for the particular 

pavement under consideration. Also from the previous 

discussion, one may safely state that as much asphalt as 

possible, should be incorporated in a given aggregate to 

insure a durable, water-resistant mixture that will be flex

ible but not so much asphalt that the stability of the mix 

is reduced below some minimum desirable value consistent 

with loading and environment. Finn (1967) has tabulated the 

mix variables such as asphalt content, aggregate gradation, 

and mix density (degree of compaction) which reoccur in the 

majority of mix properties as shown in Table 5. 

In addition to the foregoing characteristics, other 

factors must be included in the mix design requirements for 

asphaltic surfaces such as: (a) Rheological properties (i.e., 

stiffness or stress-strain characteristics of the mixture 

as a function of time, loading, and temperature), (b) frac

ture or tensile strength (the maximum strength which a 

mixture exhibits when subjected to tensile forces. It is 

dependent on both rate of loading and temperature), (c) 

thermal stresses, and (d) fatigue characteristics. 

Monismith (1961) analyzed in broad terms the types 

and causes of failures which may occur in the asphalt paving 
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Table 5. Desirable characteristics to optimize mixture 
properties (Finn, 1967). 

Mix Properties Asphalt 
Content 

Aggregate 
Gradation 

Degree of 
Compaction 

Stability Low Dense High 

Durability High Dense High 

Flexibility High Open — 

Fatigue resistance High Densea High 

Skid resistance Low Dense or Open'3 Highc 

Imperviousness High Dense High 

Fracture strength High Dense High 

a. Assuming heavy duty, comparatively thick layer 
of asphaltic concrete. 

b. Both types of gradations have indicated good 
skid resistance characteristics—what appears to be more 
important is the texture of the aggregate particles. 

c. Although compaction is not normally indicated 
for this property, it is applied to insure that the 
aggregate particles will not dislodge under the active 
forces applied to the surface. 



itself. He assumed that the base course and the subgrade 

soil are able to provide sufficient bearing capacity to 

support the traffic loads applied to the pavement without 

deforming plastically. Figure 4 represents a summary of 

this analysis which classifies all failures into three types 

and lists possible causes of each type of failure. It can 

be seen from Figure 4 that the three types of failures are: 

(a) instability which can be defined as plastic deformation 

of the asphalt paving under traffic loading such as flowing, 

pushing, shoving, grooving, distorting, etc., (b) disinte

gration which can be considered as the falling apart of the 

asphaltic paving mixture when subjected to weathering or to 

the abrasive action of traffic. The descriptive terms 

pitting, abrading, ravelling, spalling, stripping, etc. are 

used to describe this type of failure, (c) fracture (or 

cracking) is defined as the breaking or cracking of the 

asphalt paving into sections. The descriptive terms such as 

alligatoring, checking, haircracking, etc., are usually 

used to define this type of failure. 



OBJECTIVE 
TYPES OF 
PROBLEMS 

ENCOUNTERED 
CAUSES FUNCTION OF 

Improving 
Performance 

of 
Asphalt Paving 
Mixtures 

-Low interparticle friction 

j— Instability -}- Low liquid friction 
(or "masB viscosity') 

-Lack of inertia resistance 

-Low tensile strength 
(or "cohesion") 

Disintegration 

•Fracture 
(or cracking) 

Stripping (water action) 

'—Abrading (traffic action) 

[—Shrinkage (volume change) 

---Brittleness (inflexibility) 

•Slippage 

{Particle surface texture 
Quantity of asphalt (excess) 
Particle contact pressure (compaction) 

{Gradation or surface area (i.e. points of contact) 
Type and amount of asphalt 
Density 

{Speed of vehicle 
Weight of vehicle 
Mass of pavement affccted 

{Surface area (i.e. points of contact) 
Type and amount of asphalt 
Density 

-Adhesiveness, viscosity and amount (film thick
ness) of asphalt 

Wettability characteristics of aggregate 
-Density 

{
Amount of asphalt (insufficient) 
Relative hardness of aggregate 
Brittleness of binder 

{Loss of volatiles and temperature changes 
Absorption of asphalt by aggregate 
Internal structural adjustments in asphalt 

-Amount, viscosity and brittleness of binder 
Grading of aggregate and thickness of asphalt 

paving 
Resiliency ("rebounding") characteristics of base 

— or sub-grade 

{
Bond between courses (insufficient) 
Tensile strength of pavement 
Thickness of slipping layer 

Figure 4. An analysis of types and causes of failures in asphalt paving mixtures 

Monismith (1961) 
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Sulfur-Asphalt Interaction 

The need to improve the asphalt properties has been 

recognized for a long time. Processes for treating asphalt 

with sulfur were introduced commercially over 100 years ago 

(Day 1866). The development of sulfur-asphalt systems goes 

back into the late thirties when Bencowitz and Boe studied 

the effects of sulfur upon the properties of asphalt. 

Bencowitz and Boe (1938) produced sulfur-asphalt 

compositions by making elemental sulfur and asphalt under 

controlled conditions. For these compositions sulfur was 

mixed with asphalt in a temperature range of 248-320 F 

(120-160 C) by stirring the components for up to 4 hours. 

It was believed that no reaction occurred between the sulfur 

and asphalt at these temperatures. The physical combination 

of sulfur and asphalt that occurred had the nature of a solu

tion or emulsion. Beneficial properties were claimed for 

sulfur-asphalt ratios up to 1:1 by weight. Marked improve

ments were observed in the temperature susceptibility of 

the asphalts treated with sulfur, without adverse affects 

on the toughness and resistance to the wear. Although the 

results of Bencowitz and Boe were encouraging, little if 

any further work was conducted on sulfur-asphalt emulsion 

binder systems until the early 1970's. 
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Petrossi, Bocco, and Pacor (1972) presented an 

extensive study on the reactions between sulfur (1—15%) and 

asphalt. The sulfur used was of a pure commercial grade and 

the asphalt was a residuum from vacuum distillation of a 

Middle East Crude, having a penetration grade of 80, and a 

softening point (ring-and-ball) of 116°F (47°C). The reac

tion between asphalt and sulfur was studied either as a 

function of temperature or as a function of concentration 

of sulfur. When sulfur reacts with asphalt in a wide range 

of concentrations and temperatures, two different compet

itive reactions occur: dehydrogenation and introduction of 

sulfur into the molecule. Which of these reactions occur 

depend essentially on the temperature. At a high temperature 

of 464°F (240°C), sulfur dshydrogenates asphalt and at a low 

temperature of 284°F (140°C) it combines with asphalt. Sulfur 

at its melting point consists of eight-membered rings that 

at higher temperatures polymerize into long diradical chains. 

The study by Petrossi et al. (1972) revealed that the added 

sulfur may link or remain unreacted as colloidal solution 

and in both cases may be found in the end product or dis

appear as hydrogen sulfide. In Figure 5, the percent of 

bonded sulfur (total sulfur in the end product minus free 

sulfur) is reported as a function of sulfur added. At 

284°F (140°C) about 85% of the sulfur reacted enters the 

molecule. Small amounts (=<10%) of unreacted colloidal sul

fur were found only at higher content of sulfur added (>7%). 
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SWU»%*OOM 

Figure 5. Effect of temperature on sulfur 
behavior. 

Petrossi et al. (1972) 
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To understand in some detail the reactions occuring, the end 

product was fractionated into four classes of compounds: as-

phaltenes, naphthene— aromatics, polar— aromatics, and 

aliphaltics. The reactive part of the asphalt was the 

naphthene— aromatic fraction. The products were polysul-

fides when sulfur combined with asphalt (low temperature) 

and asphaltenes when dehydrogenation occured (i.e. at high 

temperatures). This is shown in Figures 6 and 7 where the 

change in composition of asphalt is given at two different 

temperatures when 2% sulfur is added. At 284°F (140°C) the 

four hydrocarbons considered are transformed into polar com

pounds through introduction of sulfur into molecules 

(Fig. 6). At 464°F (240°C) they are transformed into as-

paltenes through dehydrogenation and cyclization (Fig. 7). 

They also investigated the technological properties of sulfur 

treated asphalt. They found that, asphalt upon reaction 

with sulfur may become harder and more brittle or softer and 

more ductile, depending mainly on the temperature; that is, 

on whether or not sulfur enters the molecule. This is shown 

in Figures 8 through 12 where penetration, softening point 

(ring and ball), and ductility are plotted against the 

amount of sulfur reacted. At reaction temperature of 284°F 

(140°C) , as the sulfur amount increases the penetration in

creases (Fig. 8)f the softening point remains practically 

constant (Fig. 9), and the ductility values increase 



4UPM4TIC3 MAHfTMCm POLA* A4PHM.TCNCS ftftOfctAftCS AROMATIC*. 

Figure 6. Change of composition of asphalt upon reaction 
with 2% sulfur at 140°C. 

ALIPHATIC* NAPMTMKne POLAM ASPMAlTCltt* AMQMATICS AftOIMVICS 

Figure 7. Change of composition of asphalt upon reaction 
with 2% sulfur at 240 °C. 
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Figure 8. Influence of various amounts of sulfur on penetra
tion (T of reaction = 140°C). 
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Figure 9. Influence of various amounts of sulfur on 
ring-and-ball test (T of reaction = 140°C). 
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especially at low temperatures (Figure 10 and 11). At 

reaction temperature of 464°F (140°C) the penetration de

creases while the softening point values increase rapidly 

(Fig. 12), as the sulfur amount increases. This trend of 

penetration/softening point (ring and ball) relationship com

pletely agrees with the behavior of blown ashpalt as shown 

in Fig. 13. Based on the analysis of the results of this 

comprehensive study, the authors reached the following con

clusions: (a) sulfur reacts with asphalt in two different 

ways (dehydrogenate the asphalt or combine with it) depend

ing on the reaction temperature used; (b) the reactive part 

of the asphalt was the naphthene—aromatic fraction; and (c) 

the changes in technological properties of asphalt at 46 4°F 

(240°C) were due to the increase of asphaltene/resin ratio 

formed by dehydrogenation of aromatics which gave hard, 

brittle products similar to blown asphalt; and at 2 84°F 

(140°C) to the sulfurized products (resins) formed by the 

introduction of sulfur which promoted high ductility. 

Lee (1975) conducted five series of investigations 

with the objectives of evaluating the rheological and dura

bility effects of sulfur addition to asphalt and asphalt 

paving mixtures, the optimum condition of sulfur-asphalt 

reaction, and the factors affecting the hydrogen sulfide 

emission. The sulfur-asphalt series were made with 

combinations of two 50-60 pen. asphalt cements, 
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Figure 10. Influence of various amounts of sulfur on 
ductility at 5°C (T of reaction = 140°C). 

• 

o 

1 

19 0 5 10 

sucruR % 

Figure 11. Influence of various amounts of sulfur on 
ductility at 0°C (T of reaction = 140°C). 
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Figure 12. Influence of various amounts of sulfur on 
penetration and ring-and-ball tests (T of 
reaction = 240°C). 
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Figure 13. Penetration/ring-and-ball relationship for 
sulfur-treated asphalt (T of reaction = 240°C) 
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three 85-100 pen. asphalt cements, an elemental sulfur 

(Tire), an amorphous insloluble sulfur (crystex), 

and an aliphatic polysulfide. The results showed that, ad

dition of small amount of sulfur to asphalt at 300°F (149°C) 

softens the asphalt as indicated by increase in penetration, 

decrease in softening point, and decrease in viscosity. 

The effect of sulfur addition on ductility depends on tem

perature of ductility determination and original asphalt 

penetration. For ductility at 77°F (25°C), the addition of 

sulfur reduced the ductility for 85—100 pen. asphalts 

but increased the ductility of 50—60 pen. asphalts to an 

optimum at about 5% sulfur before dropping below original 

ductility at 20% sulfur. This is not in full agreement 

with the results of Pretossiet al. (1972) due mainly to the 

higher test temperature and level of sulfur concentrations 

used in this investigation and the complex properties that 

the ductility test measures and the existance of an optimum 

consistency for..ductility (Lee 1-975). Lee concluded that: 

(a) the addition of sulfur to asphalt at working temperature 

of 300°F (149°C) resulted in an increase in asphaltene con

tent, percent bonded sulfur, and evolution of hydrogen 

sulfide; however, more than 75% of added sulfur remained un-

reacted in colloidal suspension and only 5 to 20% of the 

sulfur reacted and entered the asphalt molecules which is 

a much lower percent of bonded sulfur compared with data by 
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Petrossi et al. (1972). This is probably due to differences 

in asphalt composition, especially in naphthene-aromatic and 

reaction temperature; (b)The addition of a small amount of 

sulfur to asphalt (5—20% by weight of asphalt) at 300°F 

(149°C) resulted in an increase in penetration and reduction 

in viscosity and ductility. 

Kennepohl, Logan and Bean (1975) reported the re

sults of the physical properties of sulfur-asphalt binders 

which include specific gravity, softening point, penetration, 

viscosity, ductility, flash point, and Fraas break point. 

The sulfur-asphalt binders invloved in that investigation 

were blends of 85—100 pen. asphalt with amounts of sulfur 

ranging from 0 to 60% by weight. The specific gravity was 

found to increase with increasing amounts of sulfur, because 

of high specific gravity of elemental sulfur. The softening 

points initially decrease upon addition of sulfur, but then 

slowly increase with increasing sulfur content. The addi

tion of 10% by weight sulfur decreases the viscosity of an 

85—100 pen. asphalt from 1557 to 570 poise. Further ad

dition of sulfur, however increases the viscosity, surpassing 

the viscosity of the original asphalt at a sulfur level of 

about 50% by weight. The viscosity temperature character

istics of "sulfur-asphalt (;SA) binder with 50% by weight 

sulfur is compared with 85—100 pen. asphalt in Figure 14. 

The viscosity range of 200 to 600 centistokes is considered 
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the approximate region of good workability with regard to 

aggregate coating, spreading and compacting. The relative 

amount of crystalline and dissolved sulfur as determined 

by differential scanning calorimetry (DSC), is depicted 

in a block diagram as shown in Figure 15 which indicates 

that up to 20% by weight, sulfur is no longer present in its 

crystalline state. 

Garrigues and Vincent (1975) presented a study on 

the process developed by SNPA which involves.a dispersion of 

elemental sulfur in asphalt to form sulfur-asphalt (SA) 

binders. Their results indicated that 10— 20% by weight of 

the sulfur added to asphalt is no longer present in the 

crystalline states. This is in agreement with previous 

findings. They also pointed out that the viscosity of SA-

binders and variations in their viscosity with temperature 

depend mainly on the sulfur content. The phenomenon of 

viscosity reduction of sulfur treated asphalts (SA-binders) 

is inverted as soon as the sulfur content exceeds 25-30% by 

weight. The specific weight increased with increasing sul

fur contents. The penetrability also increased, up to 10% 

sulfur content. With over 20% sulfur, penetration reverts 

to its initial value, then decreases in almost linear fashion 

as shown in Figure 16. The softening point hits its minimum 

value at about 10% sulfur content, exceeds the value of 

pure asphalt at 20% sulfur content, and continues to increase 
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thereafter (Fig. 16). The viscoelastic properties of sulfur-

asphalt (SA) binders were also studied by Garrigues and 

Vincent (1975) on the Weissnberg rheogoniometer. Their re

sults indicated that a 20/80 SA-binder was not very much 

different from the 80—100 pen. pure asphalt. But the 30/70 

SA-binder was at the same time more viscous and not so linear 

(Newtonian) as the corresponding pure asphalt. As a matter 

of fact, properties of 30/70 SA-binder with 80—100 pen. as

phalt base lie between those of conventional 40-50 pen. 

asphalt and 20-30 pen. "blown" asphalt. The results also 

showed that the viscoelastic properties of 30/7 0 SA-binder 

with 80—100 pen. asphalt base were the same as those of 

40—50 pen. "blown" asphalt. 

Kennepohl and Miller (1978) have recently investi

gated the sulfur-asphalt emulsion system. Sulfur and asphalt 

appear essentially immiscible and unreactive at the suggested 

mixing temperature of about 240—320 °F (116—160°C), the 

melting point and start of polymerization, respectively. 

High shear rate mixing produces a fine dispersion of liquid 

Sulfur in asphalt with an average particle size of 4—5 micron. 

At room temperature the finely dispersed sulfur is crystal

line. Their investigation of ageing characteristics and 

stability of non-crystalline portion of the SA-binder with 

three grades of paving asphalts (40—50 pen., 85—100 pen., and 

300—400 pen.) at four levels of sulfur concentrations 
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indicated that the amount of dissolved sulfur is independent 

of the asphalt grade and sulfur content and that no recrys-

tallization of the dissolved sulfur occurs at ambient 

temperatures with time. The absolute viscosities (poises) 

for the three grades of asphalt at four levels of sulfur (0%, 

20%, 40%, 50%, by weight of asphalt) were found to depend on 

temperature, sulfur content, and asphalt grade. At lower 

temperatures sulfur— asphalt binders containing more than 

20% sulfur have viscosities above that exhibited by the as

phalt. This increase in viscosity was maximized in the 

temperature range of 77—140 °F (25—60 °C) . At higher temp

eratures the viscosity for all SA-binders containing 

dispersed sulfur drops below that for the same asphalt. The 

data indicates that the orignial asphalt is softened by the 

dissolved and liquid dispersed sulfur. Upon cooling, how

ever, the dispersed sulfur solidifies and increases the 

viscosity depending on the amount of crystalline sulfur. 

Sulfur-Asphalt-Aggregate Mixes 

The development of asphalt paving mixes using sulfur 

is currently the subject of many extensive research programs 

conducted by several companies, institutions, and individ

uals. The most recent research and development activities 

in the area of sulfur-asphalt paving mixtures is presented 

below. These may include: mixing techniques, engineering 

properties of the final products, and field trials. 
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Mixing Techniques 

Deme (1974) introduced three mixing techniques for 

the manufacture of sand-asphalt-sulfur mixes which included: 

(a) the sand (medium coarse) is premixed with asphalt (150/200 

pen.), followed by the addition of sulfur and mixing of the 

sand-asphalt with sulfur in a second wet-mixing cycle. The 

sand particle-surfaces are coated with asphalt binder before 

the liquid sulfur is introduced. This mixing sequence is re

ferred to as the "regular" sequence; (b) the sand is premixed 

with the sulfur, followed by the addition of asphalt and 

mixing of the three components in a second wet-mixing cycle. 

This mixing technique is referred to as the "reverse" se

quence; and (c) in this mixing technique all three ingredients 

are brought together simultaneously and mixed in a single 

wet-mixing cycle. This mixing sequence is referred to as 

"simultaneous" sequence. On the basis of all the test re

sults, Deme (1974) concluded that the mixes prepared using 

the regular mixing sequence were judged to exhibit better 

mechanical properties, for the same quantity of sulfur used 

in the mix, than mixes prepared with the simultaneous and 

reverse mixing sequences. It should be noted that all mixes 

were prepared by first heating the sand, sulfur, and asphalt 

to 300°F (149°C) and then combining the ingredients in the 

various sequences discussed above. The batch size was 3000 

grams. Each wet-mixing time for the regular and reverse 

sequence was 30 seconds, while for the single wet-mixing 



48 

cycle in the simultaneous sequence was of 60 seconds dura

tion. 

Lee (1975) studied the feasibility of three mixing 

techniques that can be applied in the production of sulfur-

asphalt paving mixtures. The first was called the "pre-mix" 

sulfurized asphalt concrete, in which 5% sulfur (by weight 

of asphalt) at room temperature was added to asphalt at 

300°F (149°C) before being mixed with graded Ferguson Lime

stone at 320-356°F (160-18Q°C). The mixture was compacted by 

a Marshall compactor' using 50 blows per side at a mix temp

erature of 248-275°F (120-135°C). The mixtures were 

evaluated by the Marshall method and the results indicated 

that, at 5% sulfur, the sulfur-asphalt concretes behaved 

essentially in the same manner as did asphalt concretes 

without sulfur. The second mixing technique was "post-mix" 

sulfurized asphalt concrete in which the heated aggregate 

was mixed for 10 seconds, asphalt at 300?F . (149*C) was then 

added and mixed for 20 seconds followed by the addition of 

5% sulfur (by weight of asphalt) and mixed for 10-15 seconds 

more. Compaction and testing were performed as in the fore

going procedure. The results indicated that little could 

be observed between the two mixing sequences. In the third 

mixing technique, the aggregates at 320°F (160°C) were first 

mixed at room temperature with sulfur at 0, 3, 6, and 9% by 

weight of aggregate for 10 seconds, then 7% asphalt at 
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300°F (149°C) was added and mixed for 30 seconds to complete 

the mixing cycle. Compaction and testing procedures were the 

same as in the previous series. By analyzing the results of 

the three mixing techniques, Lee recommended the post-mix 

procedure with sulfur added at the end of the normal mixing 

cycle for practical considerations. 

As a part of a research program in the field of 

utilizing sulfur in pavement by Gulf Oil Candad Limited, 

Kennepohl, Logan, and Bean (19 75) developed a process of ex

tending paving asphalts by replacing portions of the asphalt 

with elemental sulfur. This has led to a mixing sequence in 

which molten sulfur is finely dispersed in asphalt by a high 

shear-rate mixer. The sulfur-asphalt binder is then mixed 

with the aggregate in a conventional way. They concluded 

that this mixing procedure is economically attractive and 

easily adaptable to current paving technology and practice. 

Engineering Characteristics 

Burgess and Deme (19 74) examined the prospect of 

using sulfur in hot mixes to develop stable, yet workable 

paving mixes. The program was carried out with mixes using 

medium-coarse sand, 150-180 pen. asphalt, and elemental sul

fur. The mix materials and specimens were prepared according 

to Marshall method (ASTM D 1559), except that the initial wet 

mixing with asphalt was followed by a second wet mixing cycle 

with molten sulfur (i.e., regular mixing sequence). The 
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engineering properties evaluated were: workability, Marshall 

stability, flexibility and fatigue resistance, and perme

ability. The mix workability increased with the addition of 

liquid sulfur so that the mix may be placed without roller 

densification. The liquid sulfur conformed to the shape of 

the voids in the mix and after cooling acted predominantly 

as a solid filler in the mix, formed in-situ. The work

ability of the mix was susceptible to temperature changes, 

so mix temperature control is important in handling, trans

porting and placing the mix, and also during test specimen 

preparation and mix testing. The Marshall stability was 

evaluated for mix compositions with asphalt contents of 2-10% 

and sulfur contents of 0-20% by weight of mix using 2-blows 

on one side of the specimens as the compaction criteria. The 

Marshall stabiltiy increased to a peak value with increasing 

sulfur content for all sulfur levels. The flexibility and 

fatigue resistance for mix composition of 6% asphalt and 

various amounts of sulfur were evaluated using a three point 

bending apparatus with constant stress mode. For tensile 

-4 -4 flexural strains of 1.5 x 10 and 2 x 10 , the results 

indicate that the fatigue life decreased to a peak with in

creasing sulfur content to an optimum value and then decreased 

as shown in Fig. 17. It was found that sand-asphalt-sulfur 

mixes exhibited a high degree of impermeability at higher air 

void, contents than conventional asphalt mixes; e.g., a mix is 

considered impervious if its coefficient of air permeability is 
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TEST TEMPERATURE: 50° F. 

TEST FREQUENCY: 60 HE. 

MATERIALS'-
MEDIUM-COURSE-SANO 
150/180 PEN. ASPHALT 

ASPHALT CONTENT: 6% WT. 

10" 10" ioT 
FATIGUE LIFE (LOG NO. CYCLES) 

Figure 17. Relation between sulfur content and fatigue 
life for a sand-asphalt-sulfur mix. 

Burgess and Deme 19 74 
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— 8 2 about 10 cm or less. This was obtained for sand-asphalt-

sulfur mixes at 16% air voids while for conventional dense-

graded asphalt conceret mixes the corresponding value was 

6% air voids, as shown in Figure 18. 

Kennepohl et al. (19 75) attempted to use the mixing 

technique of dispersing sulfur into asphalt to produce the 

binder then mixing it in a conventional way with the aggre

gates. The engineering properties evaluated were Marshall 

mix design properties, low-temperature characteristics, 

and fatigue properties. The materials used were 85-100 

pen. asphalt, two different aggregate gradations, and various 

amounts of elemental sulfur. In general the Marshall stabil

ity increased with increasing sulfur content. Despite the 

high stability values, no significant loss in flow was ex

perienced. Low temperature stiffness response was examined 

using a constant rate of extension test; the results 

indicated that the sulfur-asphalt binder has no adverse 

effect on low-temperature response of the mix despite the 

high Marshall Stabilities. The fatigue properties were eval

uated using the test method described by Morris and Haas 

(1973). The results showed that specimens prepared with 

85-100 pen. asphalt failed after about 2 x 10^ load appli

cations. They concluded that sulfur-asphalt mixes demonstrate 

relatively high stabilities, good flow properties, and 

good low-temperature and fatigue characteristics. 
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Lee (19 75), as a part of his study to evaluate mixing 

techniques of sulfur-asphalt mixtures (discussed before), in

vestigated the mechanical properties of some mixes. The 

results indicated that the addition of sulfur to asphalt 

mixtures (regardless of the asphalt content) significantly 

increased stability, resistance to water action, and tensile 

strength of compacted mixtures. There are definite improve

ments in certain sulfur-treated aggregates in reducing asphalt 

and water absorption and increasing mechanical stability of 

the mixes. Natural weathering of sulfur-asphalt concrete up 

to 30 months increased the Marshall stability of the mixes 

with little change in flow values. 

Saylak, Gallaway and Ahmad (1975a) conducted a study 

on sulfur-asphalt-sand mixtures. The materials used were 

three types of aggregates, beach sand from Texas Gulf Coast, 

concrete sand, and crushed limestone, 106 pen. asphalt cement, 

and elemental sulfur of commercial grade (99.8±purity)1 The 

mixing sequence used for preparing the various mixtures was 

the regular procedure (Deme 19 74) in which the aggregate is 

first mixed with asphalt followed by the addition of molten 

sulfur and mixing. The tests conducted were direct uniaxial 

tension, flexural fatigue, and dilatation. The results re

vealed an increase in stiffness and failure stress with 

increasing sulfur content and decreasing asphalt content. 

Beach sand gave more desirable properties than concrete sand. 
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The stiffness of the mix using beach sand was about 2.5 that 

for asphaltic concrete at high temperature (104°F) and 

slightly lower at low temperature (20°F). The fatigue be

havior of sulfur-asphalt-sand mixtures was superior to those 

for the asphaltic concrete. Specimens with 20% sulfur 
g 

resisted 10 stress-cycles without failure. The asphaltic 

concrete mixes appeared to have better resistance to dila

tion than sulfur-asphalt-sand mixes as reflected in the 

high stress required to initiate damage. 

Meyer et al. (1977) conducted a study to evaluate 

the temperature susceptibility of sulfur-asphalt mixes. The 

materials chosen for this study were a blend of Nelson Stone, ' 

screenings, washed screenings, and sand for the aggregate, 

three asphalt cements (40-50, 85-100, and 300-400 pen.), 

and elemental sulfur. Low temperature results indicated that 

the stiffness, which is directly related to low temperature 

cracking (i.e., as stiffness increases, the potential for 

cracking or the number of cracks increases), was affected only 

by asphalt penetration and temperature (as they increase, 

stiffness decreases). In other words, the effect of adding 

sulfur (S/A ratio), changing the binder content, or vary

ing the viscosity did not appear to affect the stiffness 

over the range investigated. High temperature results 

indicated that the addition of sulfur in excess of 20% pro

duced a significant increase in fatigue life. The addition 

of 50% sulfur produced a substantial increase in the 
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stiffness in terms of resilient modulus of elasticity, al

though in some cases 20% sulfur gave significant increases 

in stiffness. Also, the addition of sulfur in excess of 

20% produced a significant increase in strength. Based on 

this study, the authors concluded that the concept of 

"ideal mix" which was proposed by Hignell et al. (1972) can 

be obtained. The concept of "ideal mix" briefly is that, 

the mix should be flexible at low temperature and stable 

and stiff at high temperature. This hypothesis can be 

achieved using sulfur-asphalt mixes which can be designed 

to crack less at low temperature, rut less, and undergo less 

fatigue damage than conventional mixes under conditions 

where stress control is applicable. 

Kennedy et al. (1977) conducted a comprehensive 

laboratory testing program to evaluate the engineering prop

erties of sulfur-asphalt-paving mixtures. Static and 

repeated-load indirect tensile tests were used to evaluate 

fatigue life, resilient modulus of elasticity, and tensile 

strength. The major factors evaluated were asphalt consis

tency in terms of penetration (40-50 pen. and 85-100 pen.), 

type of asphalt in terms of temperature susceptibility (low 

and high), binder content, sulfur-asphalt ratio (0/100, 

20/100, and 50/50), stress level (low and high), and test 

temperature (50, 75, 100 and 125°F). The fatigue life was 

increased with the addition of sulfur in excess of 20% and 
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an optimum binder content for maximum fatigue life existed. 

The resilient modulus (stiffness) was also affected by 

sulfur-asphalt ratio, penetration of asphalt cement, and 

temperature. The resilient modulus was significantly in

creased with the addition of 50% sulfur, although in some 

cases the addition of 20% sulfur produced reasonable values. 

The optimum binder content for maximum resilient modulus was 

in the range of 6% or less. The tensile strength was also 

found to be affected by sulfur-asphalt ratio, penetration 

of asphalt cement, and temperature. The tensile strength 

increased by the addition of sulfur in excess of 20%. The 

increase in strength produced by adding 50% sulfur was 

approximately equal to the increase associated with using 

40~50 pen. asphalt cement rather than 85/100 pen. They 

concluded that sulfur-asphalt mixtures exhibit better engi

neering properties than conventional mixtures. The fatigue 

life in stress-controlled testing, resilient modulus of 

elasticity, and tensile strength were significantly im

proved by the addition of up to 50% sulfur. 

Field Test Sections 

All the laboratory investigations to examine the 

feasibility of utilizing sulfur in pavements showed prom

ising results. The second and perhaps the more important 

phase was to conduct field experimental projects to deter

mine the performance of sulfur-asphalt paving mixes under 
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actual field conditions. Leaders in the use of sulfur in 

the paving field include Shell Canada Limited (Deme, Hammond, 

Burgess, McManus, Shane. . .etc.), Gulf Oil Limited of Canada 

(Kennepohl, Logan, Bean, Fromm, Hignell, Meyer. . .etc.), and 

Societe Nationale de Petroles d'Aquitaine (SNPA) of France. 

Deme (1973b) described a number of Thermopave (trade 

name for sand-asphalt-sulfur mixes) test pavements that have 

been constructed in Canada without rolling the mixes. It 

should be noted that in the Shell Canada process, sulfur is 

used to fill the voids in an asphalt concrete (two-wet cycle 

mixing). This process uses a large fluid content. The test 

roads have been designed to permit the evaluation of mix 

durability and field performance variables under actual in-

service conditions. In 1970, a total of 13 00 feet of Thermo

pave was poured between forms in Richmond, British Columbia 

in thicknesses of 4 and 6 inches. In 1971, a 0.75 mile sur

face overlay was placed in Oakville, Ontario using thirteen 

mix formulations. Skid resistance, wear, and permeability 

were measured periodically to assess the suitability of 

thermopave mixes as surfacing materials on a heavily traf-

ficed road. After four years, many of the formulations 

performed as well as or better than the asphalt concrete 

control section. In 1972, 100 feet of test road were placed 

in St. Antoine, Quebec to evaluate the durability of the 

material under the prevailing low temperatures. 
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Construction equipment for Thermopave mixes were modified 

and tested to ensure proper mix homogeneity during trans

port and to permit adequate control during placement. The 

performance of all the above test sections has indicated 

encouraging results. 

Shane and Burgess (1976) briefly described various 

field trials using the Thermopave process. They also dis

cussed the method of processing, transporting, and placing 

the mixes. The Thermopave mixes can be produced using con

ventional batch type hot mix plants equipped with liquid 

sulfur storage, and a recirculating system as shown schemat

ically in Figure 19. The preparation of Thermopave 

necessitated two seperate mixing cycles. During the first 

wet cycle, the asphalt was released into the pugmill and 

mixed thoroughly with dry sand until all of the particles were 

coated. During the second wet mixing cycle the sulfur was 

released into the pugmill and mixed with the sand-asphalt 

material. The length of the first wet mixing, cycle was 30 

seconds while the second mixing cycle was 25 seconds. Heated 

dump bodies have been developed to maintain the mix temp

erature in the range of 270-300°F (132-149°C), regardless of 

length of haul, and to eliminate crusting caused by solidifi

cation of sulfur at 235°F (113°C) or lower. In 1972, a 1.0 

mile test road was constructed in Tillsonburg, Ontario to 

evaluate the performance of Thermopave mixes as pavement 
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bases. Four mix compositions were placed 3.5, 5.5, and 7.5 

inches thick to evaluate the performance characteristics of 

the materials under heavy traffic conditions. In 19 74, 2 

miles of test pavement were constructed in Saskatchewan. 

This trial section was designed to compare the performance of 

various Thermopave mixes and structures with conventional 

asphalt concretes under very low temperature conditions 

(ambient temperatures in the region can reach -40°F (-40°C) or 

lower). The results obtained indicate that Thermopave mixes, 

like many other materials, will crack under very low tempera

ture conditions when the material forms the surface of the 

pavement. However, the results also show that Thermopave is 

quite suitable as a base in a full depth structure. Per

formance evaluation of the above pavements is continuing 

until enough service life has been accumulated to produce 

conclusive results. 

Gallaway and Saylak (19 76) presented a study on pave

ment mix design and constr ction operation of a field trial 

on U.S. 69 north of Lufkin, Texas. The binders used in this 

test road consisted of pure asphalt cement which was Texaco 

AC-20 (58 pen.) for the control sections, and 30/70 weight 

percent of sulfur/asphalt emulsion as the test binder. The 

mineral aggregate mostly consisted of 60/40 ratio of pea 

gravel and local sand. All elements of the structural (thick

ness) design were produced in pairs for comparison purposes 
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with the exception of two thinner sections selected to 

possibly show distress in two or three years. The test road 

section for this field trial was 3650 feet long and divided 

into ten subsections. During construction a number of direct 

samplings were taken at the pugmill for Hveem stability 

determinations. The binder content of 30/70 sulfur-asphalt 

emulsion varied from 5.3 to 7.1 weight percent. The results 

of this field trial were encouraging. The use of sulfur-

asphalt binder in which 15 volume percent of asphalt was 

replaced by sulfur was the best proportion to construct the 

full scale field section on U.S. 69 north of Lufkin, Texas. 

Izzat et al. (1977) issued a construction report on a 

sand-asphalt-sulfur test road. Following a four-year labora

tory effort, a 3000 lineal foot, sand-asphalt-sulfur experi

mental test section was constructed along a portion of U.S. 77 

in Kennedy County, Texas. The test section was divided into 

six subsections of various thicknesses with two sections 

purposely underdesigned to show distress in two or three 

years. The mineral aggregate was a blend of 65/35 coarse to 

fine sand, the sulfur content varied from 10 to 20% by 

weight of total mix, and asphalt (Texaco AC-20) content 

ranged from 4 to 8% by weight of total mix. The techniques 

used in this field trial were basically those developed by 

Shell Canada (Deme 1973b; Shane and Burgess 1976). Specific 

results of this project indicated that a sand-asphalt-sulfur 
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paving mixture with respective weight percent ratio of 

80*2:6*2:13 of the total mix was successfully placed using 

techniques developed by Shell Canada Ltd. Cores taken from 

the finished pavement showed excellent bond strength between 

successive layers of sand-asphalt-sulfur base. 

Kennepohl et al. (1975) described the first indus

trial scale mix production which was made in a batch 

operated plant in Port Colborne, Ontario. The basic objec

tive of this field experiment was to test the feasibility of 

full-scale mix production and the use of conventional equip

ment for transporting, placing and compacting the mix. The 

process used for combining sulfur-asphalt production with 

mix production is outlined schematically for a mixing station 

in Figure.i20. The sulfur-asphalt binder was produced prior 

to mixing with the aggregate. The hot mix was hauled with 

conventional dump trucks. There was no problem with crust

ing or sticking to surfaces of the trucks, or any other 

equipment. The Port Colborne experiment demonstrated that 

sulfur-asphalt-binder based mixes could be easily produced 

in a full-scale mix plant. Moreover the mixes could be trans

ported, placed, and compacted in a normal manner. The authors 

also reported on a comprehensive field test placed in Blue 

Ridge, Alberta after the success of the first road section 

in Port Calborne. The primary reasons for the Blue Ridge 

test road of about 100 miles were: (a) to develop construc

tion experience with SA-binder based mixes, (b) to evaluate 
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the in-service structural behavior and performance of the 

test sections, (c) to develop a structural design technology 

for SA-mixes using fundamental engineering analysis, and 

(d) to estimate the potential economics of using SA-binder 

based mixes in flexible pavement. The conclusions drawn 

from the Blue Ridge Test road were similar to those obtained 

from Port Colborne. The success of the Blue Ridge Test road 

led to a decision to construct an overlay test at Windfall, 

Alberta. A 1.0 mile test section was designed for resurfacing 

using SA-binder on Alberta Highway 43 which was scheduled for 

repair work. This highway carries a heavy daily traffic and 

is also exposed to fairly severe temperature changes. The 

main conclusion drawn from this overlay test section was that 

the sulfur-asphalt based mixes can be successfully used in 

rehabilitation applications. The authors concluded that 

the process of sulfur-asphalt-binder is an economically 

attractive process with simplicity of construction require

ments for the utilization of elemental sulfur in pavements. 

Fromm (1979) summarized recent field trial develop

ment in Ontario. Three test roads have been placed using 

the Gulf Oil Canada Limited process for emulsifying the 

sulfur in asphalt (as described by Kennepuhl, Logan, and 

Bean, 1975). In 1975, the first test road section was 

constructed to determine the best sulfur-asphalt ratio, the 

best level of binder in the mix, the effect of sulfur on a 

softer asphalt cement, and to see if the presence of sulfur 
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would aid in retarding stripping. In 1977 a second test 

road was placed and was designed on the basis of previous 

findings from the first test section. The only variables 

were asphalt grade (150-200 pen., and 300-400 pen.), and 

pavement thickness; lh in. and 3 in. The mineral 

aggregate used in this project was a blend of stone, sand, 

and screenings. Preliminary results from these field trials . 

were promising, so a third test road was constructed where 

the temperatures are higher and the traffic is much heavier. 

The average annual daily traffic was 11,600 per day. The 

materials used were a blend of coarse aggregate, sand, and 

screenings for the mineral aggregate, 300-400 pen. asphalt 

cement, and elemental sulfur. The sulfur-asphalt ratio was 

40/60 by weight. The main objective of this full-depth 

test section was to see if the sulfur would impart sufficient 

bearing capacity to a road constructed from a very soft 

asphalt (300-400 pen.) and carrying heavy traffic. This test 

section was a four-lane road, divided in one direction. The 

conclusions drawn from these three test roads were that mixes 

made with sulfur-asphalt binder have the stability to resist 

rutting and deformation better than those mixes made with 

stiffer grade asphalt cements, and also they exhibit better 

or equal skid resistance than regular asphalt-mixes made 

from the same aggregate. 
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From this review of some of the field trials, it can 

be seen that the incorporation of sulfur in paving mixtures 

produced encouraging results in terms of pavement performance 

under actual in-service conditions. A summary of some field 

trial sections constructed by various companies in several 

countrieswas reported by Terrel and Al-Otaishan (1977) and 

is shown in Table 6. 

Evolved Gas Analysis 

Throughout the development of the SA-binder concept 

one of the major concerns of the industry has been the 

potential hazards created at the construction site due to 

the evolution of toxic gases (I^S and SC^) and the 

emmision of particulate sulfur. Because of their importance 

to the general acceptability of the sulfur-asphalt paving 

mixes emission monitoring activities were incorporated 

in many laboratory works and actual field trials. These 

three pollutants are discussed according to their importance. 

Hydrogen Sulfide (t^S) Emission 

Abraham (19 60) states that under the influence of 

heat, sulfur has a condensing effect upon asphalt, resulting 

in the formation of mostly gaseous hydrogen sulfides. 

Asphalts, being heavy hydrocarbons, will react with sulfur 

to form hydrogen sulfide mainly as a result of dehydrogen-

ation in accordance with the following reaction: 



Table 6. Summary of field trial elections (Terrell and Al-Otaishan 19 77). 

P R O J E C T  D E S I G N A T I O N  A N D  L O C A T I O N  Y E A R  P R O C E S S  

P L A C E D  

M A T E R I A L S  S T R U C T U R A L  L E N G T H  O F  

L A Y E R  P R O J E C T ,  

M i l e  

C a n a d a - O a k v i l l e ,  O n t a r i o  

C a n a d a - S t .  B o n i f a c e ,  M a n i t o b a  

C a n a d a - R i c h m o n d ,  B r i t i s h  C o l u m b i a  

C a n a d a - R i c h m o n d ,  B r i t i s h  C o l u m b i a  

C a n a d a - O a k v i l l e ,  O n t a r i o  

C a n a d a - S t .  A n t o i n e ,  Q u e b e c  

C a n a d a - T i l l s o n b u r g ,  O n t a r i o  

C a n a d a - M c L e a n ,  S a s k a t c h e w a n  

F r a n c e - L a c q  P l a n t  

C a n a d a - P o r t  C o l b o r n e ,  O n t a r i o  

C a n a d a - B l u e  R i d g e ,  A l b e r t a  

C a n a d a - W i n d f a l l ,  A l b e r t a  

U . S . A . - K e n e d y  C o u n t y ,  T e x a s  

U . S . A . - L u f k i n ,  T e x a s  

U . S . A . - S u l p h u r ,  L o u i s i a n a  

U . S . A . - B o u l d e r  C i t y ,  N e v a d a  

S p a i n - B a r a j a s  

F i n l a n d - ! ! e l  s i n k i  

F r a n c e - C h a l o n - s u r - S a o n e  

1964 

1964 
1970 
1970 
1971 
1972 
1972 
1974 
1973 

1974 

1974 
A p r i l  

1977 
S e p t .  

1975 

J a n .  

1977 
1974, 
1975 
t>\iy 

1976 

Aim. 
1975 

S e p t .  
1 'V> 

S h e l l  

S h e l l  

S h e l l  

S h e l l  

S h e l l  

S h e l l  

S h e l l  

S h e l l  

S K P A  

G u l f  

G u l f  

G u l f  

S h e l l  

S f J P A  

S h e l l  

U S 3 M  

S N P A  

srjPA 

sr-:°A 

g r a d e d  a g g r e g a t e - a s p h a l t  s u l p h u r  

s a n d - a s p h a l t - s u l p h u r  

s a n d - a s p h a l t - s u l p h u r  

s a n d - a s p h a l t - s u l p h u r  

s a n d - a s p h a l t - s u l p h u r  

s a n d - a s p h a l t - s u l p h u r  

s a n d - a s p h a l t - s u l p h u r  

s a n d - a s p h a l t - s u l p h u r  

s a n d - a s p h a l t - s u l p h u r  

s a n d s ,  g r a v e l s ,  a s p h a l t ,  s u l p h u r  

g r a d e d  a g g r e g a t e - a s p h a l t - s u l p h u r  

g r a d e d  a g g r e g a t e - a s p h a l t - s u l p h u r  

g r a d e d  a g g r e g a t e - a s p h a l t - s u l p h u r  

s a n d - a s p h a l t - s u l p h u r  

g r a v e l - s a n d - a s p h a l t - s u l p h u r  

s a n d - a s p h a l t - s u l p h u r  

s a n d - a s p h a l t - s u l p h u r  

B a s e  

O v e r l a y  

O v e r l  a y  

O v e r l a y  

B a s e  

B a s e  &  

O v e r l a y  

B a s e  &  

S u r f a c e  

O v e r l a y  

B a s e  

B a s e  

B a s e  

P a t c h i n g  

M a t e r i a l  s  

O v e r l a y  

B a s e  

O v e r l a y  

O v e r l a y  

0.25  

0 .05  

0 .75  

0 .19  

1.00 

0.63  

0 .38  

1.00 

0.28 

0.49  

0.26 

0.81 

0 . 6 2  

5.0 
cn 
en 
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cx HY + s Heat . cx HY_2 + H2S (gas) 

Hydrogen sulfide is an extremely poisonous gas at concentra

tions above 200 ppm. It is considered to be as toxic as 

hydrogen cyanide and four times as potent as carbon monoxide. 

It enters the body by inhalation and is not absorbed through 

the skin. Hydrogen sulfide poisoning is characterized by 

irritation of the eyes accompanied by irritation of the nose 

and throat, sallow complexion, headache, dizziness, weakness, 

colic, nausea, vomiting, and diarrhea. At concentrations 

above 400 ppm, H2S can be fatal by inducing paralysis of the 

respiratory center or, if absorbed in the blood, by producing 

systemic poisoning (Elkins 1950). At lower concentrations, 

hydrogen sulfide is primarily an irritant to the eyes and the 

respiratory tract. With concentrations as low as 20 ppm, 

hydrogen sulfide exposure results only in irratation to the 

eyes. No systemic effects are encountered at concentrations 

below 5-100 ppm (Elkins 1950). Hydrogen sulfide can be 

detected by its "rotten egg" odor at concentrations as low 

as 0.02 ppm, but odor is not a good indicator of concentra

tion level. Hydrogen sulfide has a paralyzing effect on the 

sense of smell, so high concentrations of can escape 

without recognition. One accepted value for the maximum 

allowable concentration (MAC) of hydrogen sulfide to which 

a person can be exposed without injury to health is 20 ppm 
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as set by the American Conference of Govermental Industrial 

Hygienists (ACGIH). Although this level is low to prevent 

injury to health, it is not low enough to prevent irritation 

of the eyes. In order to prevent this irritation, a maximum 

allowable concentration (MAC) of 5-10 PPM has been suggested 

(Elkins 1950). 

Izzat, Gallaway and Saylak (1977) conducted a com

prehensive investigation for measuring the concentration 

levels of f^S, SC>2 and particulate sulfur in their Highway 

U.S. 77 field trial at Kennedy County, Texas. Specifically, 

measurements were taken at the following locations: sulfur 

storage tank, hot-mix plant mixing chamber, and the paver 

hopper and auger. Additional measurements were taken down 

wind of the plant and paver so as to establish dissipation 

factors. For hydrogen sulfide measurements, a metronics Model 

721 "Rotorod" Gas Sampler (Figure 21)f which is designed 

for monitoring only f^S emissions, was used to collect data 

in the vicinity of the plant, within the quality control 

testing laboratory, inside the cab of hauling trucks, at 

the paver operator's seat, alongside the paver at the hopper 

and at the auger, and in the vicinity of the sulfur storage 

tanks. The Rotorod Gas Sampler spins a disc on which are 

mounted two lead acetate treated pads. Upon exposure to K^S 

the pads change color which can be compared with 5 standards 



Figure 21. The Metronics 'Rotorod' gas sampler 

C*)l (iRTt 
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located around the perimeter of the treated pads. Colortec 

cards (I^S detection pads) as shown in Figure 22 were also 

used. These were mounted on walls and other locations where 

sampling duration times were greater than 30 minutes. The 

color grade number of the stain produced on the pad and the 

duration of sampling time are then converted to H2S concentra

tions using the chart shown in Fig. 2 3 which is usually sup-

lied by Metronics Associates, Inc., with the gas sampler. The 

bases used for establishing the relative toxicity of emis

sions data generated in this project were the relationships 

between f^S concentrations and human effects as specified by 

ACGIH. These relationships are shown in Table 7. Shell-

Canada, Ltd. stated that as long as the temperatures of the 

sulfur-asphalt system are maintained below a maximum of 300°F 

(194°C) the concentration of I^S emissions were found to be 

well below the maximum allowable concentrations (MAC) as 

suggested by the American Conference of Governmental Indus

trial Hygienists (ACGIH). The results of this project 

indicated that the I^S concentrations as measured in locations 

normally frequented by construction personnel were signifi

cantly less than 5 ppm, except for some occasions when 

temperature control was lost. The highest concentrations 

encountered were at or near the loading plant of the sulfur 

storage tank and inside the pugmill. Since these were not 

considered to be personnel areas, their impact on workmen 

safety was considered to be minimal. 
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Table 7. Toxicity of hydrogen sulfide gas. 

H^S Concentration Environmental Impact 

0.2 ppm Odor threshold value 

5-10 ppm Suggested MAC* 

20 ppm MAC, eye irritation 

70-150 ppm Slight symptoms after exposure 
of several hours. 

170-300 ppm Maximum concentration that can 
be inhaled for one hour without 
serious consequences. 

400-700 ppm Dangerous after continuous 
exposure of 30 minutes to 1 hr. 

600 ppm Fatal with exposure greater 
than 30 minutes. 

•Maximum allowable concentration. Izzat et al. 1977 
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Gallaway and Saylak (19 74a) have documented informa

tion on emissions generated during preparation and con

struction of sulfur-asphalt pavements. This information as 

presented in Tables 8 and 9 gives actual field data on E^S 

emissions in the vicinities of the mix plant and the paving 

operations which were collected by Shell Canada in conjuction 

with their field trials at Mclean and Saskatchewan, Canada. 

The concentrations shown in Tables 8 and 9 are considered 

typical of those that would occur during a full 8-hour work

ing day. It was concluded that I^S emissions conformed to 

current environmental regulations both at the plant boundary 

and at all points around the paving site. Gallaway and 

Saylak (19 74a) also conducted a study on the H2S evolution 

during mixing and compaction phases of sample preparation. 

Metronics Model 721 gas sampler was used because it is port

able, sensitive, and yet simple to operate. Separate gas 

samples were taken for each phase to compare the evolution 

of I^S during mixing process to the evolution during com

paction of the same mix. The results indicated that the 

highest concentrations of H2S were evolved during the initial 

part of the mixing. These levels reduced sharply as the mix

ing continued. This is due to the decrease in unreacted 

sulfur and asphalt as the mixing proceeds which results in a 

reduction of the I^S produced. The results of this study 

concluded that the mean concentration of hydrogen sulfide 



Table 8. H^S emissions in the vicinity of the mix plant.* 

Location HjS Cone, 
ppm 

Comments 

Operating Platform 

Operating Platform 

Operating Platform 

Mix loading area 

Mix loading area 

Mix loading area 

200-300 ft from mixing 
plant 

0.3 Average concentration 
during total sampling 
period of 75 hours. 

0.02 Average concentration 
during 60 hours within 
the total sampling period 
considered above. 

1.6 Maximum average concen
tration on any single 
working day. Sampling 
period 6 hours. 

0.2 Average concentration 
during total sampling 
period of 71 hours. 

0.01 Average concentration 
during 51 hours within 
the total sampling period 
considered above. 

2.5 Maximum average concentra
tion on any single working 
day. Sampling period 4.4 
hours. Main H_S source 
was the overheated sulphur 
tank during 23/7/74. 

No detectable H_S. 
<0.01 Sampling point downwind. 

Sulphur storage tank 

Sulphur storage tank 

5-400 Concentration range in 
air space above sulphur. 

600 Concentration in air 
space above sulphur dur
ing period sulphur over
heated to 320°F (23/7/74) 

Sulphur deliver truck 15-500 Concentration in air 
space above sulphur 
during unloading. Sul

phur used throughout 
trial was remelted 
sulphur from stockpile. 

*Gallaway and Saylak (1974a) 
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Table 9. H2S emissions in the vicinity of the paving 
operation.* 

Location 
t^S Cone, 

ppm Comments 

Paver controls 

Paver controls 

Screed area 

Hopper area 

50 ft. from paver 

0.2 Average concentration 
during a total sampling 
period of 12 3 hours. 

1.3 Maximum average concentra
tion in any single working 
day. Sampling period 7.9 
hours. 

0.2 Average concentration 
during total sampling 
period of 37 hours. 
Sampling point 5 ft from 
pavement. 

0.5 Average concentration 
during total sampling 
period of 37 hours. 
Sampling point 4 ft. from 
pavement, 1 ft. out from 
hopper side. 

<0.01 No detectable concentra
tions of H2S at a station
ary location 50 ft downwind 
from the paver. Averaged 
during 1 hour period as 
paver passed the sampling 
point. 

*Gallaway and Saylak 0.974a} 
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Figure 24. Comparison of I^S evolution during mixing 
and compaction. 

Gallaway and Saylak 1974a 
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evolved during preparation of sand-asphalt-sulfur paving mixes 

in the laboratory were well below the suggested maximum 

allowable concentration level. 

Sulfur Dioxide (SC^) Emission 

Sulfur dioxide is a colorless gas with a pungent odor 

which, unlike I^S, gives ample warning of its presence. Izzat 

et al. (1977) generated a relative toxicity of SC^ emissions 

data during their field trial at Highway U.S. 77, Kenedy 

County, Texas. The bases for establishing this data were the 

relationships between the sulfur dioxide (SC^) concentrations 

and human effects as specified by the National Institute for 

Occupational Safety by Health and the Manufacturing Chemists 

Association as shown in Table 10. The maximum allowable con

centration (MAC) by Federal Standard for SC>2 in an 8-hour 

time-weighted average is 5 PPM. Measurements of SC^ con

centration were taken using Drager Tubes in many 

locations such as above the paving hopper, alongside the 

paver (downwind), behind the paver, the paver operator seat, 

hot-mix plant platform, vicinity of sulfur storage tank, 

alongside the paver (over the auger), and directly over the 

paved surface. The measurements taken in all the above 

locations showed very small concentrations (0 to 0.5 ppm) 

or traces, except alongside the paver (downwind and above the 

auger) and in the vicinity of the sulfur storage tank where 

the SC>2 concentrations exceeded the suggested MAC. It can 



Table 10. Toxicity of sulfur dioxide. 
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SO- concentration Effect 
(PPM) 

0.3 - 1 Detected by taste 

<1 Injurious to plant foliage 

3 Noticeable odor 

5 MAC (ACGIH) 

6 - 12 Immediate irritation of nose and 
throat 

20 Irritation to eyes 

50 - 100 MAC for 30-60 min. exposures 

400 - 500 Immediately dangerous to life 

Izzat et al. 1977 
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be seen that these high values were obtained primarily in 

areas of minimal worker exposure such as the vicinity of the 

sulfur storage tank and very close to the material in the 

paver. At the operator and workmen levels on the paver and 

at the hot-mix plant platform SO2 gas toxicity was negligible. 

As in the case with I^S, gas evolution stayed well below 

established MAC limits when mix and paving temperatures were 

maintained under 300°F (149°C). 

Particulate Sulfur Emission 

Vapor given off during the mixing and dumping opera

tions contain certain amounts of undissolved and unreacted 

sulfur. As the vapor comes in contact with air and coal, 

the sulfur vapor crystallizes into small particles which are 

carried by the wind in a manner similar to dust and fine 

sands. The principal problems associated with sulfur dust 

lie in its contact with eyes. Sulfur dust may rarely 

irritate the skin. Sulfur is virtually non-toxic and there 

is no evidence that systemic poisoning results from the 

inhalation of sulfur dust (Izzat et al. 1977). Gallaway and 

Saylak (1974a) presented actual field data collected by 

Shell Canada on particulate sulfur measurements as shown in 

Table 11. The particulate sulfur emissions indicated in 

Table 11 were found to be below the suggested MAC values of 

3 10 mg/m for an 8-hour working day by ACGIH. The problem of 

particulate sulfur (sulfur dust) is minimized by the 
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Table 11. Particulate sulphur measurements around the plant 
and paver. 

Location 
Sulphur Cone. 
mg/m3 Comments 

Plant 

Operating platform 

Lower platform 

Paver 

Hopper area 

Screed area 

50 ft. downwind 

80 ft. downwind 

0.5 - 3 

0.3 - 4 

1.6 - 2 

0.6 - 3 

0 . 0 6  -  0 . 2  

0.02 - 0.12 

Concentrations were 
averaged over 1 - 2.5 
hour sampling period. 

Sampling point located 
4 ft. above trucks dur
ing loading. Concentra
tion average for 1 hour 
sampling period. 

Located immediately behind 
hopper. 

Sampling point approxi
mately 4 ft from pavement. 

Sampled approximately 1 
hour at stationary loca
tion during period paver 
passed. 

Sampled approximately 1 
hour at stationary loca
tion during period paver 
passed. 

Gallaway and Saylak 1974a 
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requirement that goggles be worn in areas subject to this 

pollutant such as at the hot mix plant and in the vicinity 

of the paver. Also, following each work period, sulfur dust 

should be removed with mild soap and water. 

It can be seen from this review that as long as the 

temperature of the mix is maintained below 300°F (149°C) 

the concentration levels of hydrogen sulfide (I^S) and sulfur 

dioxide (S02) will be under the maximum allowable concentra

tions (MAC) as suggested by ACGIH and other environmental 

regulations. This condition necessitates the need to provide 

good temperature controls at both the hot mix plant and the 

paver. 

Structural Design of 
Flexible Pavements 

A flexible pavement is a pavement structure that 

maintains intimate contact with and distributes loads to the 

subgrade and depends on aggregate interlock, particle 

friction, and cohesion for stability. It is generally 

recognized that the principal factors which interact to 

affect the performance of flexible pavements are (a) soil 

support, the relative strength or load bearing capacity of 

the roadbed material; soil strength should be carefully 

evaluated from the results of meaningful tests which will 

simulate the range of conditions that are likely to exist 

in situ, (b) traffic intensity; the volume and composition 
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of axle loadings likely to be applied throughout a 

pavement's design life, (c) climate and environmental con

ditions/ potentially adverse effects of moisture and 

temperature upon the subgrade soil and the materials that will 

compose the pavement structure, and (d) material character

istics; the ability of the materials available for 

incorporation into a given pavement structure to serve in 

various positions in the select material layer, subbase, 

base, or surfacing. Various approaches toward the develop

ment of design methods to take account of all these factors 

have emerged over the years. A simple description of the 

pavement design process is shown in schematic form in Fig. 25. 

The factors affecting pavement structural behavior have been 

characterized in different ways by various individuals and 

groups (e.g., Hveem 1958, Monismith 1961, Yoder and Witczak 

1975). Although the reasons for these characterizations may 

vary, it appears that the basic purpose in most cases has 

been to provide guidelines for design or evaluation. A 

survey of the literature, however, indicates that there are 

no clear-cut and generally accepted failure definitions 

relating to some level of serviceability or performance and 

that there is no complete set of well-defined and generally 

accepted failure mechanisms for the pavement components. 

Although complete unanimity does not exist in the literature 
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as to the types of distress, there is some consensus that 

pavement distress can be grouped into three classes: (a) 

distortion, (b) disintegration, and (c) fracture (cracking) 

as previously indicated in Fig. 4. Currently there are more 

than thirty different methods of design for flexible pavements 

(Brown and Pell 1972 and 1967, Dormon.and Metcalf 1965, Fang 

and James 19.67, Finn 1967, Hicks 1962, Hveem 1948, Izzat 

et al. 1967, Jimenez 1975, Monismith 1966, Peattie 1962, 

HRB SPR No. 126, 1971, among others). The major differences 

in the various design procedures are the correlation values 

that have been adopted to fit specific situations. A 

cursory review of the literature immediately brings out 

differences of opinion regarding the factors which should be 

considered. It should be noted also that the design pro

cedures are being changed and modified continuously as new 

concepts are introducted. In general the methods of design 

can be grouped into three categories: (a) empirical or 

phenomenological approaches, based on experience, (b) semi-

theoretical approaches using arbitrary strength tests (e.g., 

CBR) on the pavement layer and the underlying subgrade, and 

(c) theoretical or mechanistic approaches, based on mathe

matical analysis. The basic principle in the development 

of the theoretical design method is the prevention of 

excessive stress or strain in a pavement or in the under

lying soil. This is accomplished by investigating the strain 
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conditions at certain critical locations in the pavement and 

then designing to maintain strains within safe limits. In 

this investigation, only the third method, i.e., the theoret

ical approach, has been considered in estimating the required 

pavement thickness using a modified Chevron Computer Program 

(CHVML) mainly to make a comparative study between sulfur-

asphalt-dune sand mixes and asphalt-dune sand mixes on the 

basis of pavement thickness requirements. The use of the 

theoretical three-layered (multi-layered) elastic theory has 

aided the development of a method for design of flexible 

pavements. For a complete review of literature on the subject, 

the reader may refer to the above cited references and more 

specifically Hicks (1962) , Dormon and Metcalf (1965) , Izzat et 

al., (1967) and Al-Salloum (1973) . 



CHAPTER 3 

MATERIALS 

The three materials used in this investigation were: 

elemental sulfur, penetration-grade asphalt (AR-4000), and 

Yuma d'-!io sand. The physical properties and discussion of 

each material are presented below. 

Sulfur 

Elemental sulfur at normal temperatures is a yel

low element with an atomic number of 16 and an atomic weight 

of 32.066. It has been reported (Tuller 1954) that the sul

fur crystallizes in at least two distinct forms, the rhombic 

and the monoclinic. Rhombic sulfur is the stable form at 

temperatures up to 203.9°F (95.6°C) while monoclinic sulfur 

is the stable form between 203.9°F and 246.1°F (95.6°C-

118.9°C). Commercial elemental sulfur melts at about 240°F 

(115.6°C) and changes to a pale-yellow liquid. As the temp

erature of the liquid sulfur is increased it darkens, 

becoming deep orange in color. The unit weight of commercial 

solid sulfur is about 129 pcf. The unit weight of liquid 

sulfur at the melting point is generally about 112 pcf. 

Table 12 shows the densities of three forms of crystalline 

sulfur at normal temperature, while Table 13 represents the 

88 
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Table 12. Density of sulfur at room temperature.* 

Density 
Sulfur g/ml lb/cu. ft. 

Rhombic 2.07 129 

Monoclinic 1.96 122 

Amorphous 1.92 120 

*Terrell and Al-Otashan 1977 

Table 13. Density of sulfur at higher temperatures.* 

Temperature °F g/ml ^ 

250 1.8037 112.60 

255 1.8007 112.41 

260 1.7981 112.25 

265 1.7957 112.10 

270 1.7935 111.96 

275 1.7912 111.82 

280 1.7888 111.67 

285 1.7864 111.52 

290 1.7842 111.38 

295 1.7818 111.23 

300 1.7795 111.09 

305 1.7773 110.95 

310 1.7752 110.82 

•Terrell and Al-Otaishan 1977 



change in density of sulfur with temperature. The changes 

in sulfur viscosity with temperature are shown in Figure 26. 

It indicates that the viscosity of liquid sulfur at the melt

ing point ( 240°F) is about 12.5 centipoise. As the 

temperature is raised to 320°F (160°C) the viscosity de

creases almost linearly to a minimum of 7.0 centipoise, but 

above this point the viscosity undergoes an abrupt and sharp 

increase. This abrupt change in viscosity is mainly due to 

polymerization of molecules (Meyer 1965). The viscosity 

continues to rise with increasing temperature until a max

imum of about 10200 centipoise is reached at approximately 

400°F (204.4°C), after which the viscosity changes are 

completely reversible, i.e. when sulfur is allowed to cool, 

it passes through all phases in reverse order. Figure 26 

also shows the recommended working temperature range for 

sulfur-asphalt-sand mixes (Gallaway and Saylak 19 74a) which 

is 260°F—300°F (126.7°C—149°C) to avoid both sulfur struc

turing effects and evolution of harmful fumes. The mechani

cal properties of sulfur have been investigated (Terrel and 

Al-Otaishan 19 77) using laboratory tests to evaluate con

crete mixes. The results indicated that sulfur possesses 

a tensile strength of about 160 psi, and a modulus of rup

ture of approximately 200 psi. This confirms its 

potentiality as a structural material in addition to its 

availability and low price. 
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Figure 26. Viscosity-temperature curve for liquid sulphur. 

Gallaway and Saylak 1974a 



The sulfur used throughout this study was an 

elemental sulfur, bright-yellow in a powdered form. It was 

purchased from Copper State Chemical Company in Tucson. It 

is manufactured by Chevron Ortho Division Company. It is 

of commercial grade {99.5% ±purity). 

Asphalt 

The asphalt cement used throughout this investiga

tion was an AR-4000 (60-70 pen.) which is widely used for 

roads construction in Arizona, and also in Libya. It was 

supplied by Sahuaro Asphalt and Petroleum Company. Its 

physical properties are given in Table 14. 

Dune Sand 

Geologists and geographers have little agreement on 

the exact definition of the term dune. Some extremes re

strict the term to deposits of wind-blown-sand which are 

free to migrate. Other extremes classify almost any deposit 

of wind-blown material as a dune. Perhaps the more com

plete definition of the term dune is that given by Bagnold 

(1971), who stated that: 

Dunes are mobile heaps of sand whose existance is 
independent of either ground form or fixed obstruction. 
They appear to retain both their shape and identity 
indefinitely, and so have interesting life of their 
own. Contrary to common notions, there is no 
evolutionary connection between a sand ripple and a 
dune. The former is never more than a few inches in 
size and is merely a surface phenomenon, whereas it is 
doubtful if the latter is ever smaller than 20 feet 
across. Apparently there is no upper limit to the 
size of a dune. 



Table 14. Physical properties of asphalt used.* 
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Viscosity Grade AR-4000 

Specification Arizona 

Original Asphalt 

Original viscosity 0 275°F, CS 270 

Original viscosity @ 140°F, poises 2043 

Original penetration @ 77°F, 100 g/5 sec 60 

Original softening point, °F 115 

Flash point (CoC), °F 555 

Flash point (P.M.C.T), °F 520 

Solubility in Trichloroethylene, % 99.90 

Test on Residue from RTF-C Procedure (Calif, method 346E) 

Absolute viscositv @ 140°F. Poises 4162 

Kinematic viscositv @ 275°F. CS 383 

Penetration @ 77°F, 100 g/5 sec 45 

% of Original penetration @ 77°F 75 

Ductilitv @ 77°F. cm 110+ 

Softenincr point (R&B) . °F 122 

*Data obtained from Sahuaro Asphalt and Petroleum Co. 
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Most general studies of dunes assume that quartz forms 

a large percentage of all dune-forming materials. The pre

dominance of quartz as a dune forming material is well 

illustrated by the fact that dunes composed of other mate

rials are regarded as geologic oddities. Furthermore, 

quartz resistance to abrasion, fracture, and decomposition 

permits it to survive nearly all forms of transportation 

over great distances, during which most other minerals are 

eliminated. It should be noted that most of the dune grains 

have been subjected to several such cycles of transportation, 

which make it even more apparent why quartz is the most com

mon mineral in dune sands. Other minerals such as gypsum, 

clay, calcium carbonate. . .etc. are believed to be present 

in the mineral composition of dune-forming materials. A 

complete review on the sources of dune sands, formation, 

classification, methods of transportation and deposition 

. . .etc. is beyond the scope of this investigation, but the 

reader may be referred to Bagnold (19 71) and Mattox (195 4) 

as excellent and more comprehensive references on the 

subject. 

The dune sand used in this study was brought by the 

Arizona Department of Transportation from Yuma, Arizona 

close to 1-8. The general soil classification tests were 

performed on this material. They include visual inspection, 

sieve-size analysis (gradation), specific gravity, and 
* 

moisture-density relationships (standard and modified 

AASHTO compaction tests). 
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The results indicated that this sand consists of sub-

rounded, subangular grains with very fine texture. It is 

essentially one-sized with an average particle size of 0.10 

to 0.30 mm made up of one material. AL-Salloum (1973) ran 

x-ray diffraction analysis on a typical Yuma dune sand to 

identify all minerals forming this material as shown in 

Table 15. The grain size distribution curve is given in 

Figure 27. It can be seen from Figure 27 that this dune 

sand is of uniform gradation. It has a uniformity Coef

ficient (D6O/dIO) of about 2. The specific gravity was 

found to be 2.65. The standard and modified AASHTO 

compaction tests (T99-57 and T180-57) were performed. The 

maximum dry densities were 102.2 pcf. and 104.80 pcf. cor

responding to optimum moisture contents of 13.30% and 

11.80%, respectively as shown in Figure 28. It can be seen 

that both compaction efforts gave essentially the same val

ues, which is probably due to the uniformity of the 

material, and to the insensitivety of dune sands to impact 

compaction. 
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Table 15. Minerals forming the Yuma sand.* 

Mineral Approx. Percent a 

Major Minerals 

Quartz 

Minor Minerals 

74 

Plagioclase feldspars (albiete) 10 

Alkali feldspars (orthoclase) 6 

Trace Minerals 

Illite 
Mica 

Muscovite 

Chlorite 

Mixed Layer, Predominately > ^0 

Smectite 

Kaolinite 

Calcite _ 

a. Quantification was done by referring to Sloane's 
(1968) soil mineral x-ray traces. 

Al-Salloum 1973 
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CHAPTER 4 

LABORATORY PROCEDURE AND EQUIPMENT 

A description of the preparation of the mixtures, 

making and testing of specimens for different test methods, 

and equipment used is presented in this chapter. 

Preparation of Sulfur-Asphalt-Dune Sand Mixes 

The mixing procedure consisted of dispersing molten 

(liquid) sulfur into liquid asphalt using a modified com

mercial mixer to produce sulfur-asphalt binder; the binder 

was then mixed with hot dune sand in a conventional way (i.e. 

one-wet cycle). This mixing technique can be described 

briefly in the following steps: 

1. The sulfur was heated overnight at 300±5°F (149±3°C) 

and the asphalt was also heated at 300±5°F (149±3°C) 

for not more than one hour before mixing. A pre

determined weight of the dune sand was kept in a 

forced-draft oven overnight at 305±5°F (152±3°C). 

2. The sulfur-asphalt emulsion was produced by mixing 

the required sulfur and asphalt proportions at the 

above specified temperature (300±5°F) for about 20 

to 30 scconds in a modified milkshake mixer (Fig. 29) 

that produces high shear rate of about 25,000 rpm, 

enough to ensure dispersion. 

99 



Figure 29. A modified soil test mixer for 
the sulfur-asphalt binder. 
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3. The precalculated weight of dune sand was placed into 

a heated mixing bowl. A crater was formed in the 

sand and the required amount of binder was weighed 

into it. 

4. The lowest speed on the bench mixer (Hobart C-10) 

was used for 3 to 4 seconds to prevent spilling of the 

binder fjrom ~the bowl; then switching to the highest 

mixer speed and mix thoroughly to produce a mixture 

having a uniform distribution of binder throughout. 

This was usually accomplished by 1.5 to 2 minutes of 

mixing. 

5. It is strongly recommended to use a safety mask 

during sulfur-asphalt mixture preparation to avoid 

toxic fumes, and also mixing should be done in a 

well-ventilated area, preferably with some exhaust 

fan system. 

It has been recommended (Deme 1974, and Galloway and 

Saylak 1974a) that the mixing and sample preparation of 

sulfur-asphalt paving mixtures be accomplished while the 

temperature of the materials is between 260-300°F (127-149°C). 

The former represents the melting point of sulfur plus toler

ance to avoid structuring effects. The later is the temper

ature above which sulfur polymerizes and undergoes an abrupt 

increase in viscosity (as shown in Figure 26), which is 

accompanied by evolution of harmful fumes (e.g., K^S). 
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According to these considerations, a processing temperature 

of 270°F (132°C) was selected. 

The reasons for using this mixing sequence (one-wet 

cycle) are: (a) to see if this procedure which has been 

introduced by Kennepohl et al. (1975) to make conventional 

paving mixtures with good quality aggregate, is also appli

cable for preparing mixtures with low grade aggregate such 

as dune sands; (b) to replace a significant portion of 

asphalt which is becoming expensive with sulfur which is 

readily available at low costs; (c) to take advantage of 

using conventional equipment so no further modifications are 

necessary to the existing equipment; and (d) to make a 

comparison between mixes prepared by this mixing technique 

and similar ones prepared by the two-wet cycle mixing 

sequence (Deme 19 74.) on the basis of some engineering 

characteristics. 

Marshall Test 

Development and Application 

The most widely used method of bituminous-mix 

design is the Marshall or U.S. Army Corps of Engineers 

Method. The concepts of the Marshall method of designing 

paving mixtures were formulated by Bruce Marshall, formerly 

bituminous engineer with the Mississippi State Highway 

Department. Then the U. S. Army Corps of Engineers, through 
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extensive research and correlation studies, improved and 

added certain features to Marshall's test procedure and 

ultimately developed mix-design criteria. The Marshall 

Method is applicable to hot-mix-asphalt-paving mixtures 

using penetration grades of asphalt cement and containing 

aggregate with maximum size of one inch or less. The 

Marshall Method as used and developed by the U. S. Army Corps 

of Engineers has been standardized by the American Society 

for Testing and Materials under ASTM Designation D1559, Test 

for Resistance to Plastic Flow of Bituminous Mixtures using 

Marshall Apparatus. The Marshall test (ASTM D1559) is used 

by the asphaltic paving industry to establish proper pro

portions and performance characteristics of asphalt-aggregate 

mixtures. The necessary apparatus consists of compaction 

molds, compaction hammer, compression head, compression 

testing machine, stability test mold, and flow meter. The 

compactness and simplicity of the test apparatus make the 

Marshall test adaptable for both laboratory design and 

field control of binder-aggregate mixtures. The principal 

features of the Marshall Method of mix design are density-

voids analysis and stability-flow test of the compacted 

specimens. The procedure for the Marshall Method starts 

with the preparation of test specimens and compaction. 
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Preparation of Test Specimens 

The Marshall Method uses standard test specimens of 

2 1/2 inches high by 4 inches in diameter. These are prepared 

using specified procedures for heating, mixing, and compact

ing the asphalt-aggregate mixture (Asphalt Institute 1974). 

The mixing sequence used to prepare all of the mixtures is 

as described before. Each batch of the mixture contained 

3600 grams of sand, which was enough to make three Marshall 

specimens. To provide adequate data, it was essential to pre

pare triplicate test specimens for each binder content used. 

The hot mixture was kept at a temperature of 2 70°F in an oven 

in three separate pans, each containing approximately 900 

grams ready for compaction. 

Compaction 

The Marshall compactor is basically a 10 pound ham

mer falling through a height of 18 inches which is operated 

by an electric motor as shown in Figure 30. The face of the 

compaction hammer, the compaction molds, and the bottom 

plates were heated to 305°F ± 5°F for about 3 hours before 

mixing. A thin coat of grease was applied to the inner sur

faces of the molds and bottom plates as a mold releaser to 

prevent the sticking of mixture to the molds upon cooling of 

the compacted specimens. The heated mold assembly was placed 

on the working table and a 4-inch-disc of filter paper was 
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Figure 30. Marshall compactor. 
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inserted into the bottom of the mold. Then the hot mixture 

(which was kept at 270°F) was transferred immediately from a 

near-by oven to the compaction-mold assembly. The compaction-

mold assembly with mixture was quickly placed on the compact

ion pedestal and the required number of compaction blows 

with the preheated compaction hammer was applied. The exten

sion collar was then removed and the mold was inverted and 

the required additional number of blows to the reverse side 

of specimen was applied. The compacted specimen was left for 

about 30-45 minutes at room temperature to cool down, then it 

was extruded from the mold by a Soil Test extrusion machine 

and carefully placed on a smooth (4.5 in. x 4.5 in.) wooden 

plate. The specimen was identified (numbered) and allowed 

to cure overnight at room temperature before testing. 

It should be noted that Marshall specimens of asphalt-

dune sand mixtures were given 50 blows on each end. Marshall 

specimens of sulfur-asphalt-dune sand mixtures with low 

sulfur content (less than 10%) in the total mix could also 

be given 50 blows on each end. It has been found, however, 

that 30 blows to each end of the specimen were enough to 

produce the same density. As the sulfur content exceeded 

10% of the total mix, the mixtures because more fluid and 

it was impossible to apply the above number of blows to the 

specimen. So optimization of compaction efforts for these 

mixtures was established (as will be discussed later) to 

produce good uniform compacted specimens having high density 
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without any leakage or escape of binder (sulfur-asphalt) due 

to excessive compaction. 

Test Procedure 

After the compacted specimens were cured overnight 

at room temperature they were tested for specific gravity 

determination in accordance with the Asphalt Institute 

(1974) method. Then the specimens were transferred to a 

water bath at 140 F (60 C) and kept for 25 minutes before 

testing for stability and flow. The Marshall testing device 

as shown in Figure 31 was designed to apply loads to test 

specimens through semicircular testing heads at a constant 

rate of deformation of 2 inches per minute. It is equipped 

with a calibrated proving ring for determining the applied 

testing load, a testing head, and a Marshall flow meter. 

The specimen was quickly taken out of the water bath and 

placed in the cylinderically shaped split breaking head 

and was loaded at the above specified rate of loading. The 

maximum load registered during the test, in pounds, was 

designated as the Marshall stability of the specimen. The 

amount of movement or strain, occurring between ho load 

and the maximum load during the stability test, in the units 

of 0.01 inch was noted as the flow value of the specimen. 

The stability value obtained for each individual specimen 

was modified if the specimen thickness was greater or less 

than the nominal height of 2 inches. The Marshall stability 

and flow numbers are used as qualitative measures of a 
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pavement's ability to withstand traffic loads and permanent 

deformation, respectively. 

Tensile Strength Determination 

The occurrence of cracking failure is related to 

the tensile strength of materials in many highway pavements. 

When cracking failure is significant, it is necessary to 

examine the tensile strength of the material concerned. In 

the past, three different types of tests have been used to 

evaluate the tensile strength of concrete, the direct 

tension test, the beam or modulus of rupture test, and the 

splitting tensile test. Direct tension tests are difficult 

to perform because of the difficulty of ensuring that the 

applied load is truly axial. The beam test is a popular 

method of indirectly determining the tensile strength. The 

strength calculated at failure in such a test is known as 

the modulus of rupture. The split cylinder test commonly 

referred to as Splitting Tensile or Brazilian Test is used 

to determine the tensile strength of either brittle or 

flexible materials. This test has been standardized for 

concrete by ASTM (C-496). Livnch and Shklarsky (1962) 

and Breen and Stephens (1966) extended the use of the 

splitting test to measure the tensile strength of bituminous 

concrete. 
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Static Double Punch Test 

Chen (1970) proposed a simple indirect tension test 

as an alternative test method for determining the tensile 

strength of concrete. This test is called the Double Punch 

Test. Fang and Chen (1971) developed, both theoretically 

and experimentally, the applications of a double punch test 

to cohesive soils, which included: (a) development of an 

equation based on the theory of perfect plasticity, (b) 

development of the fundamental relations between tensile 

strength and environmental -variables, and (c) comparisons of 

tensile strength results determined from double punch test 

and splitting tensile test for various materials including 

concrete, mortar, and bituminous concrete. Figure 32 shows 

diagrammatically an ideal failure mechanism for a double 

punch test on a cylindrical specimen. It consists of 

simple tension cracks along the radial direction and two 

cone-shaped rupture surfaces directly beneath the punches. 

The cone shapes move toward each other as a rigid body and 

displace the surrounding material horizontally which 

causes the splitting of the tested specimen along the weakest 

radial plane. Jimenez (1973) extended the use of double 

punch method to test asphaltic mixtures for tensile strength. 

He indicated that the double punch test has better 

repeatability than the split cylinder and the stresses 

obtained by the two procedures are essentially the same. 
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test. 

Fang and Chen 19 71 
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The static double punch test is conducted by using 

two steel discs (punches) centered on both flat ends of a 

cylindrical specimen. The vertical load is then applied 

slowly on the punches until the specimen reaches failure. 

The tensile strength of the specimen is calculated from the 

maximum load by a simple equation which is based on the 

theory of perfect plasticity (Fang and Chen 1971) as 

follows: 

= KP 

where: 
1 

K = 2 TT (CbH - a ) 

aT = Tensile strength (psi) 

P = Load at failure (lbs) 

a = Radius of punch (inches) 

b = Radius of specimen (inches) 

H = Height of specimen (inches) 

C = A constant. 

=1.0 for unstabilized soils 

= 1.20 for asphaltic concrete and 
stabilized soils. 

In this investigation, specimens for the static 

double punch test were 4 inches diameter and 2.5 inches 

high, compacted statically to specified densities; 127 pcf 
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for sulfur-asphalt-sand mixes and 110.4 pcf for asphalt-sand 

mixes. The punches were one-inch in diameter and the speci

mens were centered between them by means of 4-inch'diameter 

plexiglass plates having holes slightly over one-inch in 

diameter at the center. The vertical load was applied by the 

Instron Universal Testing Machine (Fig. 33) at a deformation 

rate of 0.05 in/min. until failure. The maximum load 

registered by the machine was considered the failure load and 

the specimen tensile strength was calculated using the pre

vious equation. Figure 34 shows a double punch specimen at 

failure. 

Immersion Tensile Test 

Water is considered the main contributor to debonding 

(stripping) failure in asphalt pavement surfaces. The 

action of water among other factors (traffic, very low 

temperature, etc.) can cause cracking or disintegration of 

the asphaltic layer due to debonding or stripping of the 

asphalt from the aggregate which results in loss of its 

abrasion resistance and tensile strength. The effect of 

water on stripping susceptibility of sulfur-asphalt-dune 

sand paving mixes was measured by two methods: immersion 

tension test and immersion compression test. Similar 

asphalt-dune sand mixes were also tested for comparison pur

poses. The procedure for immersion tension test was the 

same as that of the immersion compression test (ASTM 
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Figure 33. Static double punch test. 
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Figure 34. Double punch specimen at f ailure . 



116 

D-1075-54), except static double punch test was used instead 

of unconfined compression test to determine the strength of 

dry and soaked specimens and hence an index of retained 

strength. 

Compressive Strength Determination 

Unconfined Compression Test 

The compressive strength of both sulfur-asphalt-

dune sand and asphalt-dune sand compacted mixtures 

determined according to the ASTM designation D-1074 (AASHTO-

T167). This standard test is used to provide a measure of 

the compressive strength of paving mixtures. The statically 

compacted test specimens were cylinders of 4-inches in 

diameter and 4-inches in height. This method utilized un

confined type of compression test in which no lateral support 

was provided to the specimen (Figure 35). The specimens were 

tested on the Istron Universal Testing Machine. They were 

axially compressed at a deformation rate of 0.05 in/min. 

until failure. Figure 36 shows a specimen at failure. From 

the load deformation curve which was automatically plotted, 

the load and deformation at failure were determined. The 

maximum load divided by the original cross-sectional area 

was recorded as the compressive strength. 
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Figure 35. Compression test. 
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Figure 36. A compression test specimen at failure . 
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Immersion Compression Test 

The immersion compression test is the most widely 

used procedure for determining the susceptibility to debond-

ing of asphaltic concrete. This test measures the loss of 

cohesion resulting from the action of water on compacted 

bituminous mixtures. A numerical index of reduced cohesion 

is obtained by comparing the compressive strength of freshly 

molded and cured specimens with the compressive strength of 

duplicate specimens that have been immersed in water under 

prescribed conditions. A set of six test specimens was 

divided into two groups so that the average bulk specific 

gravity of the specimens in the first group was essentially 

the same as for the second group. The test specimens of the 

first group were allowed to cure at 77 ±5°F (25 ± 3°C) for 

24 hours and then tested for unconfined compression at a 

deformation rate of 0.05 in/min. using the Instron Machine. 

The test specimens of the second group were immersed in water 

for 24 hours at 140°F (60°C) then transferred to a second 

water bath maintained at 77°F (25°C) for 2 hours before 

testing for compressive strength. 

Flexural Strength Test 

The flexural strength of compacted beam specimens of 

sulfur-asphalt-dune sand and asphalt-dune sand mixtures was 

tested according to ASTM designation D-1635-63 (AASHTO, 



120 

T97-64). This method of testing covers the procedure for 

determining the flexural strength by the use of a simple beam 

with third point loading as shown in Figure 37. The beam 

specimens were compacted statically to the required density. 

They were 3-inches by 3 inches by 11.25 inches and they were 

tested on their sides with respect to their molded position. 

The flexure test was conducted at a deformation rate of 

0.05 in/min. using the Instron Universal Testing Machine. 

Figure 38 shows a specimen at failure. The maximum load 

sustained by the specimen in pounds was recorded and the 

modulus of rupture F was calculated as follows: 

1. If the fracture occurred within the middle third of 

the span then 

F = _ 
2 bdz 

where: 

F = modulus of rupture (psi) 

P = maximum applied load (lbs) 

L = span length (inches) 

b = average width of specimen (inches) 

d = average depth of specimen (inches). 

2. If the fracture occurred outside the middle third of 

the span length by not more than 5% of the span 

length, then 

F = 
b .a. 

where: 
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Figure 37. Flexural test. 



Figure 38. A flexural test specimen 
at failure. 
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a = distance between line of fracture and the nearest 

support, measured along the centerline of the 

bottom surface of the beam. 

3. If the fracture occurred outside the middle third 

length of the span length by more than 5% of the 

span legnth, the results of the test were discarded. 

Dynamic Modulus of Elasticity 

Most of the theoretical approaches for designing 

flexible highway pavements are based on the elastic theory 

(multi-layered system) . Essential to the application of 

the elastic theory to pavement design is the value of the 

dynamic modulus of elasticity. Although the dynamic modulus 

value is an important parameter for the design of flexible 

pavements, there is no standard method for its evaluation at 

the present. There are, however, several different pro

cedures for determining the dynamic modulus available in 

the literautre. In this investigation, the dynamic modulus 

of elasticity for the paving mixes was obtained using the 

dynamic double punch test. 

Dynamic Double Punch Test 

Jimenez (1975) extended the use of the double punch 

test to determine the dynamic modulus of asphaltic concrete. 

This method is based on the assumption that the material 
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behaves linearly elastic under rapid and repeated loading. 

Based on this assumption, the modulus of elasticity is 

equal to the maximum stress divided by the maximum recover

able strain obtained by dynamic measurements. In this test, 

a cylindrical specimen 4-inches in diameter was loaded axially 

with two one-inch diameter steel rods (punches) perfectly 

aligned with the centers of the top and bottom flat ends of 

the specimen. Figure 39 shows the dynamic double punch test 

set-up. Figure 40 shows a sample and instrumentation in the 

dynamic double punch testing machine. The axial (vertical) 

load consisted of dead and live (repeated) loads. The 

dead load was contributed mainly by the weights of the 

locading system of the counter rotating eccentric masses, the 

electric motor, the shaft, and the ballast. The live 

(repeated) load was produced by the counter rotation of the 

mirror positioned eccentric masses and was applied at a 

frequency of 690 cycles per minute and amplitude varied sinu-

soidally from 40 to 300 lbs. A total dead load of 175 lbs 

was used for this test in order to get stabilized readings of 

radial displacements. The repeated vertical load was 165 

lbs. obtained from the live load chart (curve No. 1) given 

in Appendix G. 

Repeated radial expansion was measured at mid-

height and at three points spaced 120 degrees apart with a 

radial indicator extensometer. After the three measurements 

were taken, the specimen was rotated 60 degrees and the test 



125 

Figure 39. Dynamic double punch test. 



Figure 40. A close-up of a sample and 
instrumentation in dynamic 
double punch testing machine. 
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was repeated. So, a total of six repeated displacement 

measurements were recorded for each specimen. All test 

spacimens were prepared using static compaction procedures 

and they were cured for three-weeks at room temperature 

(77 0 F ± 5°F). Specimens of the sulfur-asphalt-dune sand 

mix were tested for the dynamic modulus at three 

temperatures; 40°F (4.4°C), 70°F (21°C), and 140°F (60°C), 

while specimens of dune sand mix with asphalt alone could not 

be tested at 140°F (60°C) because the material at this 

temperature became very soft and the punches penetrated 

(failed) the specimen before the test even started. There

fore, the dune sand-asphalt mix specimens were tested at 

40°F (4.4°C), 59°F (15°C), and 70°F (21°C) to establish the 

relationship between the dynamic modulus and temperature. 

At least three replicates were made for each test in this 

investigation. It should be noted that this test is a non

destructive type. From the measured values of mid-height 

radial displacements and vertical load, the value of the 

dynamic modulus was computed using a simple equation as 

follows: 

where: 
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Eq = dynamic modulus of elasticity (psi) 

P = repeated vertical load (lbs) 

d = repeated radial displacement at mid-height 
(inches) 

K = coefficient depending on the specimen's 
geometry, Poisson's ratio, and the punch 
radius. Values of K are given in Appendix G. 

For more discussion on this procedure and on the theory 

used to formulate the above equation, one may refer to 

Jimenez (1975). 

Microscopic Studies 

As a part of this investigation program, microscopic 

examinations of sulfur-asphalt binder and sulfur-asphalt-

dune sand mix were performed. The sulfur-asphalt binder was 

examined under the microscope for appearance, uniformity 

and distribution of sulfur-asphalt dispersion, and size of 

crystalline sulfur globules. The sulfur-asphalt-dune sand 

mix was examined under the microscope to study the inter

action between the mix ingredients, to see how the binder 

conforms to the shape of voids between the sand particles, 

and also to produce an optical photomicrograph for this 

paving mixture which was prepared by one-wet cycle mixing 

procedure. Slides for these microscopic examinations in

volved different laboratory techniques which are described 

below. 
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Sulfur-Asphalt Binder 

The procedure for slide-preparation of sulfur-asphalt 

binder system is described in the following steps: (a) A 

very small drop of a freshly prepared sulfur ̂.asphalt binder 

was placed on a heated Pyrex-glass slide using a glass rod, 

(b) the drop was quickly smeared with a few strokes of the 

glass rod to produce a very thin binder film, (c) the slide 

was numbered and stored in a covered plastic container to 

avoid dust or any other contamination, (d) several slides 

were prepared in the same manner, (e) the slides were then 

examined with a high-powered optical microscope using light 

transmission and adjusting polarization for optimum viewing, 

(f) the first microscopic examination was performed after 

one-week of slide preparation, (g) later examination was 

performed after one-month of slide preparation to check the 

changes in appearance and particle sizes of the binder, and 

(h) photomicrographs of the sulfur-asphalt binder were taken 

at different magnifications. 

Sulfur-Asphalt-Dune Sand Mixture 

The technique for microscopic examination of the 

sulfur-asphalt-dune sand mixture was completely different 

than that for the sulfur-asphalt binder. This procedure 

utilized the thin section method of slide preparation. Rock 

and mineral samples are usually examined under the micro

scope as very thin sections of approximately 0.03 mm thick. 
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The main reason for this is that many minerals are not 

transparent except as very small grains. Thin sections 

enable minerals to be identified, and allow grain sizes and 

texural relationships to be examined. They provide un

disturbed two-dimensional samples in which the original 

spatial relations and shapes (texture) of grains may be 

determined. They also permit measurement of a sufficient 

number of optical properties and display the mineral with 

its usual characteristics so complete information for 

petrographic studies are obtained. The technique used for 

making thin sections of the mixture was as follows: (a) The 

cementing material was prepared by mixing an equal amount of 

epoxy and a catalyst with a glass rod for a few minutes. 

The reason for choosing this material was due to the fact 

that it is a liquid at normal temperature, thus no severe 

heating was required for its impregnation into the mixture, 

(b) A srrijall chip or piece of the hardened mixture was 

immersed in the epoxy and placed overnight in the oven at 

a moderate temperature of about 10O°F (38°C). (c) The chip 

was ground flat and smooth on one surface using progress

ively finer carborundum powder (abrasive), starting with 300 

grade to prepare a smooth surface suitable for mounting on 

a glass slide. (d) The smooth surface was cemented on a 

numbered glass slide using the epoxy. The chip was pressed 

firmly to the slide for a few seconds and then left for 48 
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hours for complete hardening, (e) A carefully adjusted saw 

was used to cut the chip to about 0.06 mm from the glass 

slide. (f) The chip was then ground in successive stages 

with carborundum on laps, in a sequence similar to that used 

to produce a smooth surface on the chip to a thickness of 

about 0.03 mm. (g) After cleaning the excess cement from 

a section, it was placed in a covered plastic container, 

(h) Few thin sections of the mixture were prepared in the 

same manner for microscopic examination. (i) Photo

micrographs for the auifuirasphalt-dune sand mixture were 

taken at different magnifications. 



CHAPTER 5 

TEST RESULTS AND DISCUSSION 

Preliminary classifications of different sulfur-

asphalt-dune sand mixes using the Marshall method were made. 

The Marshall method was chosen for screening various mix

tures because it provides qualitative measures of pavement's 

ability to withstand traffic loads (i.e., stability) and 

resistance to permanent deformation (flow), and also due to 

the fact that it is a standardized (ASTM D 1559) test and 

widely used by the asphaltic paving industry to establish 

proper proportions and performance characteristics of 

asphalt-aggregate mixtures. The criteria used for evaluating 

the results of Marshall tests were those recommended by the 

Asphalt Institute (Table 4)for conventional asphalt concrete 

mixes under heavy, moderate, and light traffic loads. In 

order to facilitate analysis of the recorded data, graphical 

representations were prepared for each test type showing the 

influence of process variables such as sulfur and asphalt 

contents, temperature, etc., on the various physical proper

ties . 

132 
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Marshall Stability 

A total of about 250 Marshall specimens were 

tested. About 150 of them were prepared for various sulfur-

asphalt ratios such as 0/100, 10/90, 20/80, 30/70, 40/60, 

and 50/50. Figure 41 represents the Marshall stability of 

the dune sand mixture with asphalt only as a binder for 

moderate (medium) traffic loading. The maximum stability 

value is about 72 lb. corresponding to an optimum binder 

content of 6.5%. Figures 42 through 46 show the Marshall 

stability values versus binder contents for different sulfur-

asphalt ratios. The stability curve for sulfur-asphalt 

ratio of 0/100 mix is also included in these figures for 

comparison purposes. It can be seen that within the usual 

ranges of binder contents, all sulfur-asphalt combinations 

did not give high stability values as was initially expected, 

and no improvement was obtained. The specifications require 

a minimum stability value of 500 lbs; whereas all tested 

mixtures gave stability values of less than 100 lbs. The 

stability curves of the various sulfur-asphalt mixes shown 

in Figs. 42 through 46 do not indicate any typical trend in 

regard to sulfur-asphalt ratios and optimum binder content 

values. 

The data for the unit weight results were analyzed 

and plotted for various mixes and are given in Appendix C. 

Figures C.l through C.6 represent the results of the 
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mixtures with sulfur-asphalt ratios of 0/100, 10/90, 20/80, 

30/70, 40/60, and 50/50. They indicate an increase in den

sity with increasing the binder content. It can also be 

noted from these results that the unit weights of sulfur-

asphalt mixes are higher than those with asphalt alone. 

This is due to the fact that the sulfur (specific gravity 

^ 2) is replacing a portion of asphalt (specific gravity 

- 1) in those mixes which result, in higher density values, 

even though the increase in density is less than 1% for most 

of the above sulfur-asphalt mixes which is not a significant 

improvement. 

The Marshall flow results for the above series of 

mixes are also given in Appendix C. Figures C.7 through 

C.12 show the relationship between Marshall flow in units 

of 0.01 inch and the binder content for sulfur-asphalt ratios 

of 0/100, 10/90, 20/80, 30/70, 40/60, and 50/50. As com

pared to the Marshall flow curve (Fig. C.7) for the mixture 

with asphalt alone as a binder, it can be seen that all flow 

curves have the same trend and about the same minimum flow 

values. The general agreement of flow curves in shape and 

values indicates that the Marshall flow was affected to a 

lesser extent by the sulfur-asphalt modifications. 

The main reasons for low stability values, slight 

increase in density, and limited change in flow characteris

tics from the writer's point of view are: 
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1. The fact that dune-sand is a fine-textured material, 

one-sized with high void content in the mineral 

aggregate which makes it a poor quality aggregate 

for paving mixtures. 

2. Not enough sulfur content as a percent of the total 

mix has been employed, and thus no improvement was 

achieved. 

3. Actually due to the poor quality of the dune sand, 

sulfur should be incorporated to replace a portion 

of the aggregate in the total mix formulation. 

Based on the above reasoning the sulfur content in 

the total mix was increased and various proportions of 

sulfur-asphalt-dune sand mixtures were prepared and tested. 

The Marshall stability values were significantly increased 

with the addition of greater amounts of sulfur as shown in 

Figs. 47 and 48. These figures represent the relationship 

between Marshall stability and the percent by weight of 

asphalt and sulfur, respectively. Figure 47 indicates that 

the stability tends to decrease as the asphalt percent by 

weight of mix increases beyond about 5% for the various sul

fur contents and the high stability values occur in the 

range of 4 to 6 percent asphalt. Figure 48 shows that the 

stability increases (to a certain maximum) with increasing 

sulfur content. It can also be noted that the Marshall 
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stability is primarily affected by the sulfur content (by 

weight of total mix). This is because the presence of addi

tional sulfur in the binder reduces the voids content, thus 

enhancing the stiffness of the mix, while the presence of 

additional asphalt in the binder, on the other hand, also re

duces the voids content but produces a reduction in stiffness 

and hence causes a decrease in stability. It should be 

noted that extremely high stabilities can be obtained up to 

6000 lbs. for sulfur-asphalt-dune sand mixes; by con

trast the stability of dense graded asphalt concrete mixes 

seldom exceeds.300 lbs. Figures 47 and 48 also indicate that 

the ranges of Marshall stability values for mixes of sulfur 

content in excess of 10% by weight are well above the minimum 

value (750 lbs.) for heavy traffic criteria established by 

the Asphalt Institute (Table 4). 

Marshall Flow 

The relationship of Marshall flow and asphalt per

cent by weight of mix for various sulfur contents is shown 

in Fig. 49. The flow decreases as the sulfur content in

creases. Figure 49 also shows the flow curve of dune sand 

mix with asphalt only (i.e., 0% sulfur by weight of mix) 

for comparison. This indicates that the flow values are 

significantly affected by the addition of greater amounts 

of sulfur and tend to increase as the asphalt content in

creases. Gallaway and Saylak (1974a) reported flow values 
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as low as 0.058 inch in their design of sulfur-asphalt-sand 

mixtures. Due to the nature of sulfur, it is possible to 

produce mixes that are too brittle for use in flexible pave

ments . 

Percent Air Voids 

The effects of asphalt and sulfur contents by weight 

of total mix on the percent air voids are shown in Figs. 50 

and 51. Figure 50 indicates that the percent air voids de

creases as the asphalt content increases for all mix propor

tions. Figure 51 also shows that the percent air voids for 

various mixes are significantly decreased with the addition 

of greater amounts of sulfur. The percent air voids values 

of sulfur-asphalt-dune sand as reflected in Figs. 50 and 51 

are extremely high in comparison to the specified values for 

asphaltic concrete (Table 4). This is attributed to the high 

voids in the mineral aggregate (VMA) of the dune sand 

(i 39.3%) and to its inherent resistance to densification 

(impact compaction). Burgess and Deme (1974) demonstrated 

(Fig. 18) that for a given air void content, the permeability 

of sulfur-asphalt-sand mixtures is much less than that for 

asphalt concrete. For example, sulfur-asphalt-sand mixes 

with 16 percent air voids have the same permeability as 

asphaltic concrete with 6 percent air voids. This was ex

plained by the fact that most of the air voids in sulfur-

asphalt-sand mixes appear to be disconnected and therefore 
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such mixes are not necessarily permeable to water. Based on 

considerable laboratory and field evaluations, Shell Canada 

Limited (Deme, 1974) recommended a maximum air voids content 

of 15 percent for sulfur-asphalt-sand mix design. It can 

therefore be seen that sulfur-asphalt paving mixes obtain 

their strength (high stability) without completely filling 

the voids. 

Unit Weight 

The data for the unit weight results were analyzed 

and plotted for the various mixes. Figure 52 shows the 

relationship between unit weight and asphalt percent by 

total weight of mix for different mix proportions. It indi

cates that the unit weight of the mixes increases with as

phalt as well as sulfur content. Figure 52 also indicates 

that the unit weight of sulfur-asphalt-dune sand mixes is 

significantly increased in comparison to that of the dune 

sand mix with asphalt only (i.e., 0% sulfur). 

Voids in Mineral Aggregate (VMA) 

The voids in the mineral aggregate (VMA) are de

fined as the intergranular void space between the aggregate 

particles in a compacted paving mixture that includes the 

air voids and the effective asphalt content, expressed as 

a percent of the total volume. The VMA can be calculated 
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by subtracting the volume of the aggregate determined by 

its bulk specific gravity from the bulk volume of the com

pacted paving mixture. The Asphalt Institute (1974) speci

fied minimum requirements for VMA according to the maximum 

particle size. Figure 53 represents the relationship between 

VMA and asphalt percent by weight of mix for various mixes. 

It shows that the VMA increases as the Sulfur content in

creases . 

It should be noted that all points on the graphical 

presentations of Marshall method results are the average of 

at least three tests. The Marshall test data for all mixes 

are given in Appendix B. 

Effect of Compaction Effort 

Marshall compaction criterion for medium traffic re

quires 50 blows at each end of the specimen (Table 4), but 

working with sulfur-asphalt-dune sand mixtures this criterion 

could not at all times be satisfied. Our work indicates 

that mixtures with low sulfur content in the total mix up to 

about 10 percent can be successfully compacted by applying 

50 blows to each end of Marshall specimen. However, it was 

found that for such mixtures 30 blows per each side of spec

imen were enough to produce essentially the same stability, 

air voids, and unit weight values. As the sulfur content 

exceeded 10 percent the mixtures became more fluid and it 
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was impossible to apply the above specified number of blows 

to the specimens due to the leakage (escape) of binder 

through the bottom and sides of the compaction mold. So 

optimization of the compaction effort as revealed by its 

effect on Marshall stability and air voids of sulfur-

asphalt-dune sand mixes was established. Figure 54 reflects 

the relationship between Marshall stability and number of 

blows on each end of specimen for two mixes. It can be seen 

that an optimum Marshall stability value for both mixtures 

is obtained by applying 10 blows to each end of specimen. 

So, Marshall specimens with 15 percent sulfur content were 

given 10 blows at each end, while specimens with 20 percent 

sulfur could not be compacted with more than 2 blows at each 

end (due to binder leakage). Figure 55 indicates that as 

the number of compaction blows increased the percent of air 

voids in the mixture decreased due to high degree of densifi-

cation produced. 

Effect of Compaction Method 

The influence of impact and static methods of com

paction on sulfur-asphalt-dune sand mixes in terms of their 

effects on Marshall stability and flow was investigated. 

Mixtures of 5 percent asphalt and varying amounts of sulfur 

were prepared. Specimens of 4 inches in diameter and 2-1/2 

inches in height of various mix proportions were compacted 
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using the Marshall Compactor (Impact). The specimens were 

allowed to cure at room temperature for overnight before 

being tested for specific gravity, Marshall stability and 

flow. Similar mixes- were statically compacted to produce 

4 inch by 2-1/2 inch specimens having the same densities as 

those prepared by impact-compaction. These specimens were 

cured and tested for Marshall stability and flow in the same 

manner as the previous ones. The results are shown in Figs. 

56 and 57. Figure 56 presents the relationship between 

Marshall stability and sulfur percent by weight of mix for a 

given asphalt content. It indicates that at a sulfur con

tent of 5 percent both m thods of compaction give the same 

stability values. As the sulfur content by total weight of 

mix increases up to 15 percent, the specimens prepared by 

impact-compaction produce higher stability values than those 

statically compacted specimens. At 20 percent sulfur, the 

impact-compacted specimens show reduction in stability values; 

the stability of statically compacted spe-imens continue to 

increase. This is attributed to the fact that mixes with 

20 percent sulfur were very fluid, thus leakage and spill out 

of the binder from the compaction molds occurred during 

impact compaction. Figure 57 shows that the Marshall flow 

decreases as the sulfur content increases for specimens 

prepared by both static and impact compaction. Fig. 57 also 
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indicates that statically compacted specimens exhibit higher 

flow values :than impact compacted specimens. 

Based on the previous results, a mixture of 15 per

cent sulfur, 5 percent asphalt, and 80 percent dune sand 

was selected for further laboratory tests and evaluations. 

This mixture has an excellent workability, uniformity, high 

stability, high unit weight (density), reasonable flow, and 

percent air voids values. It should be noted that other 

mixture proportions may as well be attractive and can pro

duce acceptable paving mixes. An asphalt-dune sand mixture 

of 6.5 percent asphalt and 93.5 percent sand was also se

lected for the same laboratory tests for comparative evalu

ations. This asphalt-dune sand mixture was chosen based on 

the high stability (Fig. 41) it possesses in comparison 

with the other asphalt-dune sand mixtures. All the following 

tests and evaluation were performed on the above mixtures 

unless otherwise specified. 

Tensile Strength Test Results 

The tensile strength of a selected sulfur-asphalt-

dune sand mixture was evaluated using the static double 

punch test. A paving mixture of the same dune sand and 

asphalt was also tested for tensile strength. All specimens 

for this test were statically compacted and tested at a 

deformation rate of 0.05 in/min. The effects of test 
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temperatures, curing temperatures, and water immersion on 

the tensile strength were investigated. The data for these 

static double punch tests are given in Appendix D. 

Effect of Test Temperature 

The effect of test temperature on the tensile 

strength was evaluated by conducting the static double punch 

test at three levels of temperature: 40°F, 70°F, and 140°F 

(4.4°C, 21°C and 60°C). All specimens were allowed to cure 

at room temperature (77 ±5°F) for 24 hours. Then the cured 

specimens were grouped in series of three and each group was 

kept at the corresponding test temperature for 3 hours before 

testing. Figure 58 shows that the tensile strength of both 

mixes decreases as the temperature increases. This is 

attributed to the fact that the increase in temperature 

caused the binder, and thus the mixture, to become softer 

and more flexible, resulting in a progressive decrease in 

tensile strength. Figure 58 also indicates that the decrease 

in tensile strength of sulfur-asphalt-dune sand mix is more 

uniform than that of the dune sand mix with asphalt only. 

The greatest change in tensile strength of the asphalt-dune 

sand mix occurred between 40°F and 70°F (4.4°C and 21°C). 

At low temperature of 40°F (4.4°C) the tensile strength of 

the sulfur-asphalt-dune sand mix is about 1.5 times higher 

•.than that "of the dune sand mix with asphalt alone. At a 

higher temperature range.of 70°F to 140°F (21°C) tensile 



161 

225 

SULFUR : ASPHALT » DUNE SAND 

80 200 

93.5 6.5 

175 

150 

F 125 

CO 100 

75 

50 

40 60 80 
TEMPERATURE (°F) 

100 120 140 

Figure 58. Effect of test temperature on the tensile 
strength (curing temp. = 77°F.). 



162 

strength of sulfur-asphalt-dune sand mix is approximately 

6 times greater than that of asphalt-dune sand mix. Over 

the wide range of test temperatures, i.e., from 40°F to 

140°F (4.4°C to 60°C) the tensile strength of sulfur-asphalt-

dune sand mix is reduced by a factor of 13 while that for 

asphalt-dune sand mix is reducted by a factor of 53. The 

test results demonstrate clearly that the addition of sulfur 

to the binder significantly increases the tensile strength 

of dune sand paving mixes in comparison to similar mixes 

without sulfur. 

Effect of Curing Temperature 

The effect of curing temperature on the tensile 

strength of the sulfur-asphalt-dune sand mix was also eval

uated. Freshly compacted specimens were immediately kept 

at three temperature leveles: 40°F, 70°F, and 140°F (4.4°C, 

21°C, and 60°C). At least three specimens were prepared for 

each temperature. The specimens were allowed to cure at 

these temperatures for 24 hours. Then the specimens were 

quickly tested in double punch at these temperatures at a 

deformation rate of 0.05 in/min. Figure 59 presents the 

relationship between the tensile strength and curing temperr-

ature for a selected sulfur-asphalt-dune sand mixture. The 

results show a typical trend where the tensile strength of 
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the mix decreases with temperature. Figure 59 also indi

cates that the tensile strength is reduced by a factor of 

about 10 over the temperature range of 40°F to 140°F (4.4°C 

to 60°C). Comparing the test results in Figs. 58 and 59, 

it can be seen that the tensile strength of the sulfur-

asphalt-dune sand mix exhibits essentially typical relation

ships with temperature both in shape and magnitudes. This 

demonstrates that the curing temperature has very little or 

no influence on the tensile strength of sulfur-asphalt-sand 

mixes as compared with the test-temperature effects. 

Immersion Tension Test 

The effect of water on the tensile strength of the 

sulfur-asphalt-dune sand mix and the dune sand mix with 

asphalt only was evaluated. Working with dune sand, it was 

experienced that paving mixes of this material were very 

sensitive to the action of water especially if they were 

tested in tension. The detrimental effect of water on these 

mixes is expressed in terms of a numerical index of retained 

tensile strength. This index is determined by dividing the 

tensile strength of the soaked specimens, immersed in water 

at 140°F (60°C) for 24 hours, then transferred to a second 

water bath at 77°F (25°C) for 2 hours before being tested in 

double punch, by that of the dry specimens, oven cured at 

77°F (25°C) for 5 hours before being tested in double punch. 
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The equation used to calculate the index of retained tensile 

strength is: 

S. 

*T = sf X 100 

where: 

IT = index of retained tensile strength. 

S^ = average tensile strength of dry specimens. 

S2 = average tensile strength of immersed specimens. 

The indices of retained tensile strength calculated for both 

sulfur-asphalt-dune sand and asphalt-dune sand mixes are 

given in Table 16.. It can be noted from these results that 

the addition of sulfur to the binder in dune sand paving 

mixes improves the resistance of these mixes to the detrimen

tal effects of water. 

Table 16. Immersion tension test results. 

Tensile Index of Ret. 
Mix Ratio Test Strength Strength (1^) 

Sulfur:Asphalt;Sand Condition psi % 

15 : 5 : 80 Dry 124 g2 
Immersed 76.6 

0 : 6.5 : 93.5 Dry 12.42 51 

Immersed 6.38 
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Compressive Strength Test Results 

The compressive strength of dune sand paving mixes 

with sulfur-asphalt and asphalt only as the binders was 

determined. Specimens 4 inches in diameter and 4 inches in 

height were prepared by static compaction and tested in axial 

compression without lateral support (unconfined) at a uniform 

rate of vertical deformation of 0.05 in/min. using the 

Instron Universal Testing Machine. The effect of test and 

curing temperatures on the compressive strength of these 

mixes was investigated. Tests for susceptibility to debond-

ing (durability) due to the action of water on the compacted 

mixes were also evaluated in accordance with the standard im

mersion compression test procedure. All data for these tests 

are given in Appendix E. 

Effect of Test Temperature 

The effect of test temperature on the compressive 

strength of the selected mixes was investigated by conducting 

the unconfined compression tests at three temperatures 40°F, 

70°F, and 140°F (4.4°C/ 41°C, and 60°C). The compacted spec

imens were allowed to cure at room temperature (77 ± 5°F) for 

24 hrs, then placed in an oven at the corresponding test tem

peratures for 3 hrs before testing. At least three specimens 

were tested for each temperature. The test results are pre

sented in Fig. 60 which shows that the compressive strength 
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of the mixes decreases as the test temperature increases. 

The sulfur-asphalt-dune sand mix maintained higher compres

sive strength values at all test temperatures in comparison 

to the asphalt-dune sand mix without sulfur. For the temper

ature range of 40°F to 70°F (4.4°C and 41°C) the compressive 

strength of sulfur-asphalt-dune sand is reduced by a factor 

of 1.7 and that of asphalt-dune sand mix is reduced by a fac

tor of 2.7. At a higher temperature range of 70°F to 140°F 

(21°C to 60°C) the sulfur-asphalt-dune sand mix shows a loss 

in compressive strength by a factor of about 4, while for the 

dune sand mix with asphalt only the factor is about 54. It 

can be noted also that the reduction in compressive strength 

of the sulfur-asphalt-dune sand between 40°F and 140°F (4.4°C 

and 60°C) is about 85 percent while that for the asphalt-

dune sand mix is 99.3 percent. These findings confirm the 

poor quality of dune sand mixes with straight asphalts and 

also indicate that the incorporation of sulfur into the 

binder can improve the strength characteristics of such mixes. 

The availability of load-deformation data enabled 

the development of graphical presentations of stress-strain 

relationships and thus the calculations of the secant modulus 

of elasticity in static-compression at 70°F (21°C) and 140°F 

(60°C) for both mixes. The stress-strain curves are given 

in Appendix E. Figure 61 presents the relationship between 
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the secant modulus and test temperatures for the two mixes, 

and indicates the secant modulus of elasticity decreases as 

the temperature increases. The sulfur-asphalt-dune sand mix 

showed higher secant modulus values than that of the asphalt 

dune, sand mix over the entire temperature range. From the 

stress-strain curves, it can be seen that, although the addi

tion of sulfur improves the modulus of elasticity and com

pressive stresses, the compressive strains at failure on the 

other hand have decreased in comparison to those of the dune 

sand-asphalt mix without sulfur. 

A comparison between the compressive and tensile 

strength of the sulfur-asphalt-dune sand mix was made and 

graphically presented in Fig. 62. A linear regression anal

ysis was performed using the SPSS computer program (avail

able at the Computer Center, University of Arizona). The 

result indicates a straight-line relationship between the 

compressive strength (C) and the tensile strength (T) with 
o 

a coefficient of determination (R ) of 1.0 and a standard 

error of estimate of 0.6575. The slope of the line is 3.652 

and the intercept is 70.688. So, the relationship can be 

expressed by the following equation: 

C = 70.688 + 3.652T psi 
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Effect of Curing Temperature 

The effect of curing temperature on the compression 

strength of sulfur-asphalt-dune sand mix was determined. The 

test specimens were cured for 24 hours at three temperatures, 

40°F, 70°F, and 140°F (4.4°C, 21°C, and 60°C) before being 

tested at these temperatures for compressive strenght. All 

tests were run in triplicate specimens on the Instron Univer

sal Testing Machine at a loading rate of 0.05 in/min. The 

tests results are presented in Fig. 63 which shows a typical 

decrease in compressive strength with temperature. From 

Figs. 60 and 6 3 it can be seen that the curing temprrature 

has no major influence on the compressive strength of sulfur-

asphalt-dune sand mixes as compared with the test temperature. 

Immersion-Compression Test 

The immersion-compression test is the most known 

standard precedure for determining the effect of water on 

cohesion of compacted butuminous mixtures (durability). This 

test provides a numerical index which is a measure of a 

bituminous mixture's resistance to the detrimental effect of 

water. This index is the ratio of the retained strength 

after an immersion period to the original strength expressed 

as a percentage. Specimens for both mixes were prepared and 

tested in accordance to ASTM designation D 1075 (AASHTO T165). 

Specification requirements of the index of retained strength 

value for acceptance for asphaltic paving mixes vary from 55 
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to 75 percent. The test results are summarized in Table 17 

which shows that sulfur-asphalt-dune sand mix retains 9 3 per

cent of its original compressive strength after severe 

exposure to the water. The index of retained strength of 

asphalt-dune sand mix is only 45 percent. This demonstrates 

that the addition of sulfur-to the binder in dune sand paving 

mixes significantly increases the durability of such mixes 

and hence their resistance to stripping or debonding. 

Table 17. Immersion compression test results. 
'.JI - ==• , ... 

Compressive Index of 
Mix Ratio Test Strength Ret. Strength 

Sulfur: Asphalt: Sand Condition psi % 

15 : 5 : 80 Dry 513.30 
Immersed 477.50 

0 : 6.5 : 93.5 Dry 131.10 
Immersed 5 8.50 

93 

45 

Flexural Strength Test Results 

The flexural strengths of sulfur-asphalt-dune sand 

and asphalt-dune sand mixes were determined using simple 

beam with third-point loading tests. The tests were conduc

ted according to ASTM designation C 78 (AASHTO-T 97). The 

effect of both testing and curing temperatures, and water 
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on the flexural strength were investigated. All data for 

the flexural strength tests are given in Appendix F. 

Effect of Test Temperature 

To evaluate the effect of test temperature on the 

flexural strength of the selected mixes, the tests were con

ducted at three temperatures, 40°F, 70°F, and 140°F (4.4°C, 

21°C, and 60°C). Beam specimens of 3 in. by 3 in. by llh 

in. were prepared by static compaction and allowed to cure 

for 2 4 hours at room temperature (77 ± 5°F). The specimens 

were then kept at the corresponding test temperatures for 

3 hours before being tested in the third-point loading posi

tion. It should be noted that the beam specimens for 

asphalt-dune sand mix at 140°F (60°C) were too weak (soft) 

to be tested in flexure. So an intermediate test tempera

ture of 59°F (15°C) was chosen to establish a modulus of 

rupture-temperature relationship for this mix. The modulus 

of rupture (F) in psi was calculated from the equations 

given in Chapter 4. Figure 64 shows the relationship between 

the modulus of rupture and test temperature for the two 

mixes. It indicates that the modulus of rupture decreases 

more rapidly with temperature for both mixes as compared to 

both the tensile and compressive strengths. For the tempera

ture range of 40°F to 70°F (4.4°C to 21°C) the modulus of 

rupture of the sulfur-asphalt-dune sand mix reduced by a 
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factor of 2 while that for the asphalt-dune sand mix re

duced by a factor of about 21. For the temperature range 

of 70°F to 140°F (21°C to 60°C) the modulus of rupture of 

sulfur-asphalt-dune sand mix reduced by a factor of about 

2 8 while the asphalt-dune sand mix lost its flexural strength 

completely. This result also demonstrates clearly that the 

sulfur-asphalt-dune sand mix is superior to asphalt-dune 

sand mix without sulfur. 

The relationships between the modulus of rupture (F) 

and the tensile strength (T) and compressive strength (C) of 

the sulfur-asphalt-dune sand mix at the various test tempera

tures were determined and are graphically presented in Figs. 

65 and 66 respectively. A regression analysis was made and 

the results are: 

F = -45.242 + 2.773T psi 

R2 = 0.9976 

SEE =20.104 

C = 131.204 + 1.313F psi 

R2 = 0.9975 

SEE = 27.094 

Effect of Curing Temperature 

To investigate the effect of curing temperature on 

the modulus of rupture of the sulfur-asphalt-dune sand mix

ture, flexural strength tests were performed in triplicate 
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on beam specimens which were cured at 40 °F, 70°F, 140°F 

(4.4°C, 21°C, and 60°C) for 24 hours. The cured specimens 

were tested at these temperatures in the third-point loading 

position using the Instron Universal Testing Machine at a 

loading rate of 0.05 in/min until failure. The test results 

are presented in Fig. 67 which are in general agreement with 

those presented in Fig. 64, for the same mix. It can be con

cluded from these comparisons that the strength characteris

tics (tensile, compressive, and flexural) of sulfur-asphalt-

dune sand mixes are not affected by (sensitive to) the cur

ing temperatures as much as the test temperatures at which 

they are evaluated. 

Dynamic Modulus of Elasticity 

The dynamic modulus of elasticity for both sulfur-

asphalt-dune sand and asphalt-dune sand mixes was determined 

using the dynamic double punch test. The tesr. data are 

given in Appendix G. Figure 68 shows the relationship 

between the dynamic modulus and testing temperatures for 

both mixes. The dynamic modulus of the asphalt-dune sand 

mix sharply decreases as the temperature increases. The 

dynamic modulus of the sulfur-asphalt-dune sand mix also 

decreases with temperature, but maintains considerable val

ues even at high temperature levels. At low temperature of 

40°F (4.4°C) both mixes show close values of dynamic 
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modulus. At 70°F (21°C) the dynamic modulus of the sulfur-

asphalt-dune sand mix is 3.5 times higher than that of 

asphalt-dune sand mix. At higher temperatures the differ

ences in dynamic modulus values of the two mixes become very 

large. This indicates that the addition of certain amounts 

of sulfur to the binder in dune sand paving mixes improves 

the stiffness of the mixes as reflected by the significant 

increases in dynamic modulus values. Gallaway and Saylak 

(1974a) indicated that the range of moduli for their sulfur-

asphalt-sand mixes as obtained by the Schmidt (1972) method 

5 5 may extend from 2.4x10 to 19x10 psi depending on the tem

perature and the sulfur-asphalt ratios. A comparison between 

sulfur-asphalt-beach sand mix (Gallaway and Saylak, 1974a), 

asphalt-dune sand mix (Al-Salloum, 1973), and the writer's 

mixes on the basis of the dynamic modulus values at differ

ent test temperatures is presented in Table 18. It indi

cates that the dynamic modulus results obtained by the 

double punch test are in general agreement with those ob

tained using other methods especially at low temperature 

levels. These data demonstrate that the dynamic modulus 

(stiffness) increases as the sulfur content increases and 

decreases as the asphalt content and test temperature in

crease • 
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Table 18. Comparison of dynamic moduli by different methods. 

Reference 

Gallaway and 
Saylak (1974a) 

Gallaway and 
Saylak (1974a) 

Al-Salloum 

Writer's Data 

Writer's Data 

Method 

Schmidt 

Schmidt 

Agg. 

beach sand 

beach sand 

% Asp. % Sulf. 
(by wt) (by wt) 

Eq x 1(T 
psi 

De f le c tome te r dune s an d 

double punch dune sand 

double punch dune sand 

6 

6.5 

5 

13.5 

13.5 

0 

0 

15 

40°F 70°F 90°F 

8.85 4.41 2.94 

10.5 11.94 4.5 

10 1.5 0.54 

9 3.0 1.45 

11.2 7.12 2.58 
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Effect of Mixing Sequence 

Shell Canada (Deme, 197 4) developed the two-wet-

mixing cycle procedure for preparing sulfur-asphalt-sand 

mixtures. Texas A&M (Gallaway and Saylak, 1974a) adopted 

this mixing sequence for their studies of sulfur-asphalt-

sand mixes. The two-wet-mixing cycle sequence briefly con

sists of premixing the sand (aggregate) with asphalt as the 

first wet mixing cycle followed by the addition of liquid 

sulfur and mixing in a second wet-mixing cycle. Throughout 

this investigation the sulfur-asphalt-dune sand mixtures 

were prepared in one-wet-mixing cycle in which liquid sulfur 

was first dispersed into asphalt to make the binder then the 

freshly prepared binder was mixed with the dune sand in a 

one-wet-mixing cycle. A comparison between the two mixing 

sequences was established on the basis of tensile strength, 

compressive strength, and flexural strength values to deter

mine the effect of each mixing procedure on the strength 

characteristics of a final mix. Figure 59 shows the rela

tionship between the tensile strength and temperature for 

both mixing sequences. The mixture prepared by one-wet-

mixing sequence shows higher tensile strength values than 

that prepared by two-wet-mixing sequence over the temperature 

range of 40°F to 120°F (4.4°C to 49°C). At 140°F (60°C) the 

two-wet-mixing sequence indicates slightly higher tensile 

strength values than the one-wet-mixing sequence. 
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The results of Marshall stability, compressive 

strength, modulus of rupture, and dynamic modulus for mixes 

prepared by the two mixing procedures are summarized in 

Table 19. It indicates that the mix prepared by one-wet-

mixing cycle possesses higher Marshall stability, lower com

pressive strength, higher modulus of rupture, and higher 

dynamic modulus values at temperature range of 40°F (4.4°C) 

to 70°F (21°C) in comparison to a similar mix prepared by 

the two-wet mixing cycle. Atl40°F (60°C) the mix prepared 

by the one-wet-mixing cycle showed slightly lower dynamic 

modulus value as compared to that prepared by the two-mixing 

cycle. The test data for the two-mixing cycle series are 

given in Appendix H. 

Microscopic Studies 

This part of the investigation consists of two 

phases. The first phase was to conduct microscopic examina

tions of a sulfur-asphalt binder for appearance, dispersion 

of sulfur in asphalt, and for particle size measurements. 

The second phase was to examine thin sections of a hardened 

mix of sulfur-asphalt-dune sand under the microscope and to 

produce photomicrographs of such mix which was prepared by 

the one-wet-mixing cycle procedure. The techniques involved 

in the preparation of slides for the microscopic studies 

were discussed in Chapter 4. 



Table 19. Effect of mixing sequence on Marshall stability, compressive 
strength, modulus of rupture, and dynamic modulus. 

Marshall 
Stability 

Compressive 
Strength 

Modulus of 
Rupture 

Dynamic Modulus 
Ed x 105 psi 

Mixing Sequence lb psi psi 

En 0 o 
*3* 

o
 

o 140°F 

One-wet-cycle 5250 520.0 279.20 11.2 7.12 2.58 

Two-we t- cy c le 3576 756. 3 215. 4 9.4 5.5 3.56 
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Sulfur-Asphalt Binder 

Two sets of microscopic slides were made. The slides 

of the first set contained a thin film of the sulfur-asphalt 

binder while those for the second set contained a thicker 

film of the binder. The microscopic examination of the 

first set of slides (thin film binder) showed excellent 

dispersion of sulfur in asphalt with uniform density through

out the matrix. The predominant sulfur particle diameter 

was less than 5 microns as shown in Fig. 70 which is a 

photomicrograph of a thin film sulfur-asphalt binder mag

nified 160 times. This photomicrograph was taken after one 

month of the slide preparation. It should be noted than an 

initial examination was performed after one week of the 

slide preparation. There was no significant change in 

appearance or particle size of the binder over this period. 

The microscopic examination of the second set of slides 

which contained a thicker film of the sulfur-asphalt binder 

indicated numerous finely dispersed sulfur globules with uni

form density. The majority of sulfur particle diameters were 

less than 10 micron. Figure 71 shows a photomicrograph of a 

thick film of the binder after 30 days, magnified 160 times. 

It indicates that the number and size of large sulfur par

ticles increase as the film thickness of the binder on the 

microscopic slide increases. This is in general agreement 



Figure 70. Photomicrograph of thin film sulfur
asphalt binder after 30 days. 
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Figure 71. Photomicrograph of thick film sulfur
asphalt binder after 30 days . 
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with the recent findings by Deme (1977) who attributed this 

to the coagulation of sulfur which occurs more rapidly in 

thick sulfur-asphalt films. The sulfur coagulation as re

flected by the presence of larger particles is mainly a 

function of the sulfur-asphalt ratio. For example Deme 

(1977) showed that for sulfur-asphalt ratio of 0.33 all par

ticles were less than 4 micron in diameter. Kennepohl (1975) 

attributed the increase in sulfur globules size to aging. 

In this study it was found that the binder age has 

little or no effect on the number and size of sulfur par

ticles as revealed by the microscopic examinations for a 

period of 30 days. Slides of sulfur-asphalt ratios of 0.83, 

1, 1.25 were also examined after 30 days and they all showed 

that more than 90 percent of the uniformly dispersed sulfur 

particles were less than 5 microns in diameter. It should 

be noted that the photomicrographs in Figs. 70 and 71 are 

for the binder of 5 percent asphalt and 15 percent sulfur 

(i.e., sulfur-asphalt ratio of 3). 

Sulfur-Asphalt-Dune Sand Mixture 

The mix proportions for this study were: 15 percent 

sulfur, 5 percent asphalt, and 80 percent dune sand. Thin 

sections were prepared in accordance to the technique de

scribed in Chapter 4. A photomicrograph of the sulfur-

asphalt-dune sand mixture is shown in Fig. 72. It indicates 



Figure 72. Photomicrograph of sulfur-asphalt-dune 
sand matrix. 
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that the sulfur-asphalt binder conforms perfectly to the 

shape and configurations of the void spaces between the sand 

particles. The sulfur-asphalt binder, besides filling the 

voids, is believed to bond or interlock and increase the 

angularity of dune sand particles. This mechanical inter

lock created by the sulfur-asphalt binder may be the reason 

for the substantial increase in Marshall stability, tensile 

strength, compressive strength, modulus of rupture, and 

stiffness characteristics of sulfur-asphalt-dune sand mixes. 



CHAPTER 6 

PRELIMINARY THICKNESS ANALYSIS 

The basic principle in the development of any pave

ment design method is the prevention of excessive stresses 

or strains in the pavement or in the underlying soil. This 

is usually accomplished by investigating the stress or strain 

conditions at certain critical locations in the pavement and 

then designing to maintain the stress or strain values within 

allowable limits. A preliminary theoretical analysis using 

elastic layered systems is conducted to make a comparative 

study of the thickness requirements for selected sulfur as-

phalt-dune sand and asphalt-dund sand mixes under identical 

loading and subgrade conditions. In developing this prelim

inary thickness analysis the following assumptions were made: 

(1) Shell design fatigue criteria (Izzat et al. 1967) 

for asphaltic concrete and sulfur-asphalt-dune sand 

paving material are identical. This assumption was 

based on the published data (Deme et al. 1971, and 

Gallaway and Saylak 1974b) for fatigue, behavior of 

sulfur-asphalt-sand mixtures which indicated that 

these mixtures exhibited equal or better fatigue 

characteristics as compared to asphaltic concrete 

mixtures. Also, this assumption was necessary due 

to the absence of an appropriate fatigue design 
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criteria for the sulfur-asphalt-dune sand pavement 

material. The fatigue design criteria suggested by 

Shell for designing asphaltic concrete pavements is 

shown in Figure 73 along with that for a sulfur-

asphalt-sand mixture reported by Shell (Deme et al. 

1971). Figure 73 represents the allowable subgrade 

compressive strain and the allowable tensile strain 

in the asphaltic concrete and sulfur-asphalt-sand 

layers corresponding to the number of load applica

tions. The Shell design procedure is based on the 

capability of the pavement system to resist repeated 

tensile strains at the underside of the bituminous 

surface and also repeated vertical compressive 

strains at the top of the subgrade. Compressive 

strain on the subgrade has an influence on the pave

ment deformation. Tensile strain in the asphalt 

layer influences the tendency for cracks to develop. 

This design method provides control of the strains 

at critical locations within the pavement structure 

so that they do not exceed certain allowable limits. 

The suggested allowable strain values by Shell 

(Dormon and Metcalf 1965) is given in Table 20. 

Control of the strain at these locations contributes 

to the control of important elements in pavement per

formance. 
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Table 20. Allowable subgrade compressive and tensile strains 
in asphalt layer corresponding to different load 
applications.* 

Number of Load 
Applications 

Subgrade Comr 
Strain x 10"' 

)ressive 
> in/in 

Horizontal Tensile 
Strain at the 
Bottom of Asphalt 
Layer 10~6 in/in 

105 1050 230 

106 650 145 

io7 420 92 

108 260 58 

*Dormon.and Metcalf (1965) 

(2) The Poisson's ratio of the sulfur-asphalt-dune sand 

mix is u.35. This assumption is based on the data 

reported by Schmidt (1972) for conventional 

asphaltic concrete. This assumption is considered 

to be conservative due to the fact that sulfur-

asphalt-dune sand mixes are slightly stiffer than 

the conventional asphaltic concrete. Generally, the 

more rigid the material the lower its Poisson's 

ratio. It should, however, be noted that the value 

of Poisson's ratio, although required for the 

analysis, has a minimal effect on the stress and 

strain values computed by the elastic layered 

system (Schmidt 1972). 
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The thickness requirements for both sulfur-asphalt-

dune sand and asphalt-dune sand pavements were established 

as those necessary to withstand specified loading conditions. 

Although calculations of the stresses and strains may be made 

for any wheel loading (Dormon and Metcalf 1965), the basic 

load selected for this preliminary thickness analysis is a 

9,000 lb. wheel load (18 kips axle load). In practice, 

this load is applied by dual wheels (each 4500 lb). The 

contact pressure for each wheel load is assumed to be 80 

psi acting on a circular area of 4.2 3 inches radius. The 

center to center spacing of the wheels in the dual axle is 

also assumed to be 3 times the radius of the loaded area i.e., 

12-69 inches. Table 21 suHffiiarizes. the loading conditions 

used in this analysis. 

Table 21. Loading conditions. 

Tire Pressure 80 psi 

Radius of loaded area 4. 23 in. 

Center to center distance 
between two adjacent wheels 12. 69 in. 

Axle load 18, 000 lb. 

The fatigue behavior of asphalt-dune sand mixes was 

established by Al-Salloum (1973) according to the following 

equation: 
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Log N = C Log k + Ab log (l/er) 

Where: 

N = Number of Load Applications 

Log k and b = The intercept and slope of the N-er line 

respectively. 

C and A = Modifying Factors 

Er = Allowable Tensile strain at the bottom of 

the surface layer. 

The values of Log k and b are given in Figure 74 

and the values of C and A are given in Figure 75. It can 

be seen that all the parameters of this equation are 

mainly dependent on the dynamic modulus values of the 

surface layer. For evaluating the subgrade compressive strain 

Al-Salloum (1973) adapted the.Shell (Dormon and Metcalf 

1965) criteria as shown in Figure 73. The thickness re

quirements of the asphalt-dune sand mixture will be evaluated 

on the basis of the foregoing criteria. 

Chevron Computer Program (Warren and Dickmann 1963) 

with a slight modification that permits the use of dual 

wheel loading instead of the original single loading (Al-

Salloum 1973) was used to calculate the developed stresses 

and strains at various strategic locations in the pavement 

section. At relatively shallow depths in the pavement, 

general stress analysis made by Fox (1948) indicates that 
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Figure 74. Intercept and slope values of the e^-N 
relationships as a function of the xnitial 
dynamic moduli. 

Al-Salloum (1973) 
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(a) Intercept Multiplier vs Dynamic Modulus 
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Figure 75. Combined intercept multiplier and combined 
slope multiplier as functions of the initial 
dynamic modulus. 

Al-Salloum (1973) 
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the maximum stress or strain occurs under the center of 

either individual wheel of the dual wheel pair. The computer 

program listing and description, with an output example 

is given elsewhere (Al-Salloum 1973) so there is no need to 

include it here. The tensile strains at the bottom of the 

surface layer and the subgrade compressive strains corres

ponding to the dynamic modulus of surface layer for different 

pavement thicknesses are presented in Figures 73 and 77, 

respectively. It should be noted that the calculations were 

made for an assumed dune sand subgrade dynamic modulus of 

3 x 104 psi. This assumption was based on reported data. 

Al-Salloum (1973) indicated that dune sand subgrades may 

4 
possess dynamic modulus values ranging between 2.3 x 10 and 

3 x 104 psi according to a study conducted in Saudi Arabia. 

Heukelom and Klomp (1962) reported that an average dynamic 

4 
modulus for dune sands is about 3 x 10 psi. 

To make an acceptable pavement design procedure, the 

environmental factors should be considered. The effects of 

the environmental factors on the performance of flexible 

pavements are attributed to the effect of temperature on the 

modulus of elasticity (stiffness) of the surface layer and 

the effect of moisture contents on the subgrade modulus of 

elasticity (stiffness). Many design procedures account for 

this by applying regional or correction factors to the 

moduli of elasticity of surface layer and subgrade. In 
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this analysis the design was performed at three temperatures, 

50°F, 70°F, and 100°F, which correspond to high and low 

modulus of elasticity values. For the subgrade material the 

moisture content was assumed to be constant, since the pro

posed roads are to be built in arid desert regions where very 

low rainfall may occur. Thus, no correction was introduced 

to the subgrade modulus. 

The dynamic modulus values used in this preliminary 

design for both mixes are given in Figure 68. For sulfur-

asphalt-dune sand mix, the dynamic modulus values at 50°F, 

70°F, and 100°F are 9.45 x 10^, 7.0 x 10^, and 4.6 x 10^ psi 

respectively. For asphalt-dune sand mix the dynamic modulus 

values at the above temperature are 6.25 x 10 , 3.0 x 10 , 

5 
and 1.0 x 10 psi, respectively. It should be mentioned that 

this thickness analysis was made for these specific mixes 

because they were the only ones for which sufficient design 

data were available at the time. 

Based on the above design criteria and the elastic 

properties for both mixes, a thickness design chart was 

developed. The procedure used in constructing the design 

curves for the sulfur-asphalt-dune sand mix can be described 

in the following steps: 

1. Assume any pavement thickness (say 4, 7, 10, 15 and 

20 inches). 
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2. Enter Figure 76 at each specified surface dynamic 

modulus value (which corresponds to effective 

design temperatures of 50°F, 70°F, and 100°F) and 

proceed vertically to meet the desired thickness 

curve at a point. Then proceed horizontally to 

read the corresponding tensile strain at the bottom 

of the surface layer. For example, the tensile 

strain for a surface dynamic modulus of 7 x 10^ psi 

(70°F) and an assumed pavement thickness of 7 inches 

— 6 
is about 75 x 10 in/in. 

3. Using Figure 7 7, repeat step No. 2 to obtain the 

vertical compressive strain on top of the subgrade 

5 
layer. For a surface dynamic modulus of 7 x 10 psi 

(70°F) and a pavement thickness of 7 inches the 

corresponding vertical compressive strain is 

188 x 10"6 in/in. 

4. Enter Figure 73 at the obtained strain values and 

proceed horizontally to meet the tensile (fatigue) 

and compressive curves then move vertically down and 

read off the corresponding load applications. It 

should be noted that the relationship between the 

number of load applications and allowable strain 

values represented in Fig.73 can also be expressed 

by the following equations (Al-Salloum 1973): 
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N = 1.46 x 10 
-10 

( 1 A Z >  
5 

N = 5.48 x 10 -14 ( l A r >  5 

Where 

N = Number of load applications 

ez = Vertical compressive strain in the 

subgrade in/in. 

e = Horizontal tensile strain at the bottom 
r 

of the surface layer, in/in. 

The above equations were used to obtain N values 

beyond the limits of Figure 73. It was found 

that for this sulfur-asphalt-dune sand mix the design 

was governed for all cases investigated by the 

fatigue criteria (tensile strain at the bottom of the 

surface layer). 

5. Plot the number of load applications (N) value 

versus the corresponding pavement thickness as shown 

in Figure 78. For an effective temperature of 70°F 

5 (E^ = 7 x 10 psi) and a thickness of 7 inches 

7 the corresponding load application is 2.8 x 10 . 

This represents a point on the design curve for the 

effective temperature of 70°F. 

6. The thickness design curves for the other effective 

temperatures are constructed in the same manner. 
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Figure 78. Design curves, 18000 lb. axle load. 
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The design curves for the asphalt-dune sand mix were 

developed by repeating steps No. 1, 2, and 3 to obtain the 

allowable tensile and compressive strains for each surface 

dynamic modulus value and assumed pavement thickness. The 

number of load applications was found by substituting the 

tensile strain values or compressive strain values into the 

appropriate equations given on page 20 8. For all cases the 

design was found to be governed by the fatigue criterion 

which indicates that the compressive strain at the top of 

the subgrade (permanent deformation criterion) is satisfied 

for all cases investigated. The rest of the design procedure 

is the same as described in steps 5 and 6. 

Figure 78 represents the thickness design chart for 

both sulfur-asphalt-dune sand and asphalt-dune sand mixes at 

three effective temperatures. The design curves for the 

sulfur-asphalt-dune sand mix (solid line) are steep and close 

which indicate that a great increase in the expected number 

of load applications requires only a little increase in 

pavement thickness and also this type of pavement can with

stand a great number of load repetitions with reasonable 

thickness requirements even at high temperatures. On the 

contrary, the asphalt-dune sand design curves are flatter and 

widely spread which suggests a large increase in pavement 
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thickness is required for small increase in number of load 

applications and also a pavement of this type cannot with

stand higher numbers of load repetitions, especially at high 

temperatures. A comparison of thickness requirements for 

both mixes is given in Table 22, which clearly indicates a 

significant reduction in thickness requirements using sulfur-

asphalt-dune sand pavement as compared to asphalt-dune sand 

pavement. This will result in potential savings in con

struction costs (economy). 

Table 22. Comparison between thickness requirements for the 
two types of pavements. 

Required Thickness (in.) to 
Pavement Type Temp. Withstand 18000 lb. Axle 

F Load Applications 

10* 106 107 

00 o
 

r
H
 

Sulfur-asphalt-dune sand 50 1.4 3 5 7.3 
70 1.8 3.7 6 8.5 

100 2.5 4.8 7.3 10.5 

Asphalt-dune sand 50 = 1 4 10 23 
70 4.8 15 27 760 

100 12 46 760 760 

It should be reemphasized that this analysis was 

only preliminary and based on an assumed design criterion 

so further detailed studies are recommended to provide a 

more representative thickness analysis. 



CHAPTER 7 

SUMMARY AND CONCLUSIONS 

The main objective of this study was to investigate 

the feasibility of utilizing dune sands as paving con

struction materials in hot desert-like areas. A comprehen

sive laboratory program of tests and evaluations was 

performed on a large number of mixtures covering a wide 

range of sulfur , asphalt, and dune sand ratios. The net 

outcome of this study warrants the following conclusions. 

It should be noted that these conclusions are limited to the 

materials, methods of test, and procedures used in this 

investigation. A concluding summary for specific results 

of this research is given below: 

1. The general soil classification tests indicated that 

this dune sand consists of subrounded subangular 

grains with very fine texture. It is essentially 

one-sized with an average particle size of 0.10 

to 0.30 mm and a uniformity coefficient of about 2. 

Quartz is the major constituent mineral of this 

material (74%). Other minerals such as plagioclase 

feldspars, orthoclase feldspars, and micas are also -

present (=20%). The standard and modified AASHTO 

compaction procedures revealed close results due to 

212 
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uniformity and insensitivity of this material to 

impact compaction. 

The Marshall method is believed to be the best 

method for preliminary characterization and evalu

ation of various asphalt-aggregate mixes. 

The dune sand mixture with AR-4000 (60-70 pen.) 

asphalt showed a Marshall stability value of 72 lbs 

at an optimum asphalt content of 6.5 percent. 

This stability value is very low as compared with 

the minimum specification requirements for Marshall 

stability (500 lbs). This demonstrates the poor 

quality of dune sand as an aggregate for paving 

mixtures. 

Liquid sulfur at 300°F (149°C) can successfully be 

dispersed in asphalt at 300°F (149°C) to produce 

uniform sulfur-asphalt binder systems using a 

modified laboratory mixer at a high speed of 

approximately 25,000 rpm. 

The optimum mixing time to achieve uniform and fine 

dispersing of sulfur in asphalt is about 20 to 30 

seconds. Similarly, for a pavement mix batch of 4 00-0 

grams, the optimum mixing time to produce a thorough

ly uniform sulfur-asphalt-dune sand mixture is about 

1% to 2 minutes. 



214 

6. Sulfur contents of 5 percent (by total weight of 

mix) or less did not produce any significant 

improvement in sulfur-asphalt-dune sand mixes. This 

was attributed mainly to the poor quality of dune 

sand as a paving aggregate. 

7. The addition of large amounts of sulfur in excess 

of 10 percent (by total weight of mix) increases 

the Marshall stability for all mix proportions. The 

stability of the various mixes increases as the 

sulfur and asphalt contents increase up to a certain 

maximum value within the range of 4 to 6 percent 

asphalt by total weight of mix. 

8. A temperature of 270°F (132°C) is recommended for 

processing sulfur-asphalt-dune sand mixtures to 

achieve good workability and strength. 

9. A compaction effort of 10 blows per each end of 

Marshall specimen was found to be the optimum for 

preparing mixes with sulfur contents of 15 

percent by total weight of mix. 

10. Marshall flow of sulfur-asphalt-dune sand mixes 

increases as the asphalt content increases and tends 

to decrease as the sulfur content increases. Com

parison between the Marshall flows of sulfur-asphalt-

dune sand and asphalt-dune sand mixes showed that 
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the flow values can be reduced appreciably with the 

addition of greater amounts of suflur. 

11. The percent air voids decreases as the asphalt and/or 

sulfur contents in the mixture increase. 

12. The percent air voids in the various sulfur-asphalt-

dune sand mixes are higher than those specified (3 

to 5%) for conventional asphaltic concrete mixes. 

This is attributed to the high voids in the mineral 

aggregate (VMA) of the dune sand and to its inherent 

resistance to densification by impact compaction. 

13. The percent air voids in sulfur-asphalt-dune sand 

mixes are 15 to 65 percent lower than that in similar 

mixes without sulfur. In spite of the high percent 

air voids, sulfur-asphalt-sand mixes appear to be 

impermeable (i.e., most air voids are disconnected). 

14. The unit weights of sulfur-asphalt-dune sand mixes 

increase as the asphalt and/or sulfur contents 

increase. Mixes made with 10 to 20 percent sulfur 

exhibited unit weights of 126 to 130 pcf, respec

tively. The unit weights of sulfur-asphalt-dune 

sand mixes range from 4 to 14 percent higher as 

compared with asphalt-dune sand mixes. 

15. Marshall specimens of a selected sulfur-asphalt-

dune sand mixture prepared by impact compaction 

showed higher stability values than similar specimens 
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prepared by static compaction for a sulfur content 

range from 5 to 15 percent. Beyond 15 percent 

sulfur, the mixture became too fluid to be properly 

compacted by impact compaction and thus the stabil

ity values of impact compacted specimens were below 

those statically compacted. 

16. A typical sulfur-asphalt-dune sand mixture of 15 

percent sulfur, 5 percent asphalt, and 80 percent 

dune sand was selected for further laboratory tests 

and evaluations based on its excellent workability, 

uniformity, high stability and density, and 

reasonable flow and percent air voids values. Also, 

an asphalt-dune sand mixture of 6.5 percent (cor

responding to maximum stability for asphalt-sand 

mixes) was selected for the same laboratory tests 

to make comparative evaluations. 

17. The sulfur-asphalt-dune sand mix exhibited signi

ficantly higher tensile strength (double punch), 

compressive strength (ASTM designation D 1074), 

and flexural strength (ASTM designation D 163 5) as 

compared to the dune sand mix with asphalt only, 

over a wide range of temperature between 40°F and 

140°F, (4.4°C and 60°C). 
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18. The curing temperatures were found to have minimal 

effects on the strength characteristics of sulfur-

asphalt-dune sand mix as compared to the test 

temperatures (i.e., the temperature at which the 

test is conducted). 

19. The sulfur-asphalt-dune sand mix retained 62 percent 

of its original tensile strength after severe 

exposure to water. The asphalt-dune sand mix 

retained 51 percent of its original tensile strength 

after exposure to the same conditions. 

20. The secant modulus of elasticity obtained by static 

unconfined compression tests at 40°F, 70°F, and 

140°F (4.4°C, 21°C, and 60°C) for the sulfur-asphalt-

dune sand mix was higher than that of asphalt-dune 

sand mix for the entire range of the above temper

atures. Typical static modulus of elasticity 

values for the sulfur-asphalt-dune sand mix at 70°F 

and 140°F (4.4°C and 60°C) were 22 x 103 and 9 x 103 

PSI respectively, while those for asphalt-dune sand 

3 3 
mix were 9x 10 PSI and 1.5 x 10 PSI respectively. 

21. A straight line relationship was found to exist 

between the compressive strength and the tensile 

strength of the selected sulfur-asphalt-dune sand 

mix over a wide temperature range of 40°F (4,4°C) 

to 140°F (60°C). 
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22. The immersion compression test (ASTM designation 

D 1075) indicated that the sulfur-asphalt-dune 

sand mix retained 93 percent of its original 

strength while the asphalt-dune sand mix retained 

only 45 percent of its original strength. 

Specifications generally require a value of 55 to 

75 percent for the retained strength for accept

able paving mixtures. 

23. A regression analysis technique was used to estab

lish the relationships between compressive strength 

(C), tensile strength (T), and flexural strength 

(F) for the sulfur-asphalt-dune sand mix. These 

relationships are expressed by the following 

equations: 

C = 70.688 + 3.652 T PSI 

C = 131.204 + 1.313 F PSI 

F = -45.242 + 2.773 T PSI 

24. The dynamic moduli for the sulfur-asphalt-dune 

sand and asphalt-dune sand mixes were determined 

at a wide range of temperatures, using the dynamic 

double punch test. Typical dynamic modulus values 

for the sulfur-asphalt-dune sand mix at 40°F and 

140°F (4.4°C, and 60°C) were 11.2 x 10^ and 2.58 xlO^ 

PSI, respectively. At a low temperature of 40°F 
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(4.4°C), both mixes showed close values of dynamic 

modulus, but at a higher temperature range, such as 

70°F (21°C) and above,the dynamic modulus values for 

the sulfur-asphalt-dune sand mix were significantly 

higher than those of the dune sand mix with asphalt 

only. 

25. The sulfur-asphalt-dune sand mix prepared by the 

one-wet-mixing cycle revealed higher tensile and 

flexural (modulus of rupture) strength values than 

that prepared by the two-wet-mixing cycle. The 

compressive strength value, however, was lower for 

the one-wet-mixing cycle mix than that for the two-

wet-mixing cycle mix. 

26. Microscopic examinations of the sulfur-asphalt 

binder systems revealed an excellent dispersion of 

sulfur in asphalt with a uniform density throughout 

the matrix. The predominate sulfur particle dia

meter ranges between 4 to 10 micron depending on 

the thickness of the binder film on the slide and 

on the sulfur-asphalt ratio. No significant change 

with time occurred in the particle size of crys-§ 

talline sulfur for various sulfur-asphalt ratios. 

27. Photomicrographs of the sulfur-asphalt-dune sand 

mixture were produced. They indicated that the 



sulfur-asphalt binder completely conforms to the 

geometry of the void spaces between the dune sand 

particles. Beside filling the voids it is believed 

that the sulfur-asphalt binder tends to bond or 

interlock and increase the angularity of the dune 

sand particles. 

28. Preliminary thickness analysis for both mixes was 

made and a thickness design chart was established. 

The design curves for the sulfur-asphalt-dune sand 

mix at three temperatures [50°F' (10°C), 70°F (21°C) , 

and 100°F (38°C)] indicate that a great increase in 

the expected number of load repetitions requires 

only a little increase in pavement thickness. 

29. Sulfur-asphalt-dune sand pavements can withstand a 

great number of load applications with reasonable 

thickness requirement even at high temperatures. 

30. The design curves for asphalt-dune sand mix 

(number of load applications versus pavement thick

ness) at three temperatures [50°F (10°C), 70°F (21°C), 

and 100°F (38°C)] are flat and widely spread which 

indicates a great increase in pavement thickness 

is required for a little increase in number of load 

applications. Also, this type of pavement cannot 

withstand higher number of load applications 

especially at high temperature levels. 
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31. A comparison of thickness requirements for both 

mixes is given (Table 22). It indicates a signifi

cant reduction in thickness requirements using 

sulfur-asphalt-dune sand pavement as compared to 

asphalt-dune sand pavement. This will result in 

potential savings in construction costs (economy). 



CHAPTER 8 

RECOMMENDATIONS FOR FURTHER RESEARCH 

The findings of this laboratory characterization of 

various sulfur-asphalt-dune sand mixes and the need for more 

detailed studies in the area of utilizing dune sands as 

highway construction material necessitate further investiga

tions. Also, based on the data analysis and experience 

gained in this study, the following recommendations are 

suggested for future research: 

1. Due to the fact that the results of this investiga

tion were based on laboratory evaluations, it is 

recommended that a field demonstration test section 

be constructed using sulfur-asphalt-dune sand 

mixes to establish a more realistic performance 

evaluation of such mixes under actual field con

ditions. 

2. A more detailed study is necessary to prove precise 

representative analysis to develop design criteria 

for sulfur-asphalt-dune sand pavement thicknesses. 

3. Another aspect that needs investigation is the 

economic considerations of sulfur-asphalt-dune sand 

pavement systems. 

2 2 2  
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4. Further work with sulfur-asphalt-dune sand mixtures 

may involve the use of softer grade asphalts as 

opposed to harder grade asphalts on the basis of 

their engineering properties, economic, and 

performance potentials. 

5. More fundamental investigations in the sulfur-

asphalt paving systems such as the exact nature of 

the interaction between the mixture ingredients, 

effects of ageing, prolonged effects of environment 

(weathering), failure mechanism, and other related 

aspects, can be of great value. 

6. Attention may be directed toward the characterization 

of sulfur-asphalt-dune sand mixtures with modified 

aggregate gradation in terms of both engineering 

properties and potential cost effectiveness. 

7. The lack of complete fatigue data for the sulfur-

asphalt-dune sand mixes necessitates a comprehensive 

investigation to evaluate the behavior of such mixes 

under repetitive loading conditions. 



APPENDIX A 

AGGREGATE CLASSIFICATION 

Yuma Dune Sand Gradation 

Sieve Size Percent Passing 

3/4 in. 100 

3/8 in. 100 

No. 4 100 

No. 8 100 

No. 16 99.9 

No. 30 99.82 

No. 50 99.45 

No. 100 21.34 

No. 200 0.62 
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Specific Gravity Determination 

G 
ws GT 

s 
Ws - Wx + W2 

Gs = specific gravity 

ws = dry weight of soil (grams) 

GT = specific gravity of water at test temp. (T) 

V71 = weight of pycnameter + soil + water (grams) 

W2 = weight of pycnometer + water (from cal. curve) 
grams 

Trial T W_ W, W, Gm Gc 
No. °C S 1 2 T S 

1 28 149.9 742.05 648.6 0.9963 2.65 

2 28 152.3 743.5 648.6 0.9963 2.64 

3 28 152.0 743.4 648.6 0.9963 2.64 

Av. = 2.65 
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15  20  25  30  

TEMPERATURE (°C) 
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Table A-l. Standard AASHTO compaction test. 

Trial No. 1 2 3 4 5 6 7 8... 

Wt. of Mold (g) 4079. 2 4079.2 4079. 2 4079. 2 4079. 2 4080. 7 4080 .7 4080. 7 

Wt. of mold + wet 
soil (g) 

5692. 25 5738.35 5807. 29 5826. 05 5838. 30 5819. 55 5809 .25 5809. 1 

Wt. of wet soil (g) 1613. 05 1659.15 1728. 09 1746. 85 1759. 1 1739. 35 1728 .55 1728. 4 

Wet density pcf 106. 69 109.74 114. 30 115. 54 116. 35 115. 04 114 .33 114. 32 

Can no. A-3 701 711 F-l D-l D-5 35 28 

Wt. of can + wet 
soil (g) 

107. 9 121.25 151. 1 128. 45 136 134 155 .75 125. 00 

Wt. of can + dry 
soil (g) 

102. 56 113.56 138. 5 116. 50 123. 15 120. 62 139 .10 111. 60 

Wt. of moisture (g) 5. 34 7.69 12. 60 11. 95 12. 85 13. 38 16 .65 13. 40 

Wt. of can + dry 
soil 

102. 56 113.56 138. 5 116. 5 123. 15 120. 62 139 .10 111. 60 

Wt. of can (g) 34. 5 39 40. 1 38. 4 38. 1 34. 4 37 .80 37. 5 

Wt. of dry soil (g) 68. 06 74.56 98. 4 78. 1 85. 05 86. 22 101 .3 74. 1 

Moisture content 7. 85 10.31 12. 8 15. 30 15. 11 15. 52 16 .44 18. 08 

Dry density pcf 98. 92 99.48 101. 33 100. 21 101. 08 99. 55 98 .19 96. 82 

to 
to 



Table A-2. Modified AASHTO compaction test. 

Trial No. 1 2 3 4 5 6 7 8 

Wt. of Mold (g) 4080. 1 4080. 1 4080.1 4080.1 4080.1 4080.1 4080.1 4080.1 

Wt. of mold + wet 
soil (g) 

5698. 25 5743 5782.8 5811.5 5855.4 5838.1 5832 5821.2 

Wt. of wet soil (g) 1618. 15 1662. 9 1702.7 1731.4 1775.3 17 58 1751.9 1741.1 

Wet density pcf 107. 024 109. 984 112.617 114.515 117.418 116.274 115.871 115.156 

Can no. 711 701 A-2 D-l D-5 F-l B-2 24 

Wt. of can + wet 
soil (g) 

116. 0 117. 10 104.20 126.10 112.45 104.60 98.60 118.4 

Wt. of can + dry 
soil (g) 

111. 5 111. 45 98.1 117.2 104.25 96.9 89.5 106.2 

Wt. of moisture (g) 4. 50 5. 65 6.10 8:90 8.20 7.70 9.10 12.20 

Wt. of can + dry 
soil (g) 

111. 50 111. 45 98.1 117.2 104.25 96.9 89.5 106.2 

Wt of can (g) 40. 11 39. 05 34.45 38.10 34.45 38.30 34.10 38.20 

Wt. of dry soil (g) 71. 39 72. 40 63.65 79.10 69.80 58.60 55.40 68.0 

Moisture content 6. 30 7. 80 9.58 11.25 11.75 13.14 ' 16.43 17.94 

Dry density pcf 100. 68 102. 02 102.77 102.93 105.07 102.77 99.52 97.64 

to 
to 
00 



APPENDIX B 

MARSHALL TEST DATA ' 

Table B-l. Marshall Test Data for Various 
Mixture Proportions 

Table B-2. Marshall Test Data for Statically 
Compacted Specimens. 
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Table B-l. Marshall Test Results for Various Mixture Proportions. 

Mix 
Ident • 

Asphalt % 
by Total 
Wt of Mix 

Sulfur % 
by Total 
Wt. of Mix 

Marshall 
Stability 

Lb 

Marshall 
Flow 
0.01/in 

Density 

g/cc 

Air Voids 

% 

0/100 A 4.5 0 53 27 1.729 30.3 

B 4.5 0 67 15 1.724 30.5 

C 4.5 0 67 27 1.713 30.9 

D 4.5 0 40 IS 1.725 30.4 

57 22 1.722 30.5 

A 5.0 0 40 2 1.748 29.1 

B 5.0 0 99 19 1.728 29.9 

C 5.0 0 53 10 1.738 29.5 

D 5.0 0 53 15 1.742 29.3 

61 14.7 1.739 29.5 

A 5.5 0 94 14 1.774 

B 5.5 0 62 20 1.741 — 

C 5.5 0 80 18 1.745 — 

D 5.5 0 47 18 1.750 — 

E 5.5 0 53 23 1.747 — 

67 18.6 1.751 

A 6.0 0 53 16 1.765 27.1 

B 6.0 0 47 19 1.763 27.2 

C 6.0 0 90 19.5 1.752 27.7 

69 18.2 1.760 27.3 



Table B-l. Marshall Test Results for Various Mixture Proportions—(Continued). 

Mix Asphalt % Sulfur % Marshall Marshal Density Air Voids 
Ident. by Total by Total Stability Flow . ^ 

Wt of Mix Wt. of Mix Lb 0.01/in 9/cc ^ 

0/100 A 6.5 0 42 16 1.775 

B 6.5 0 92 12 1.776 

C 6.5 0 70 9 1.744 

D 6.5 0 80 16.5 1.769 

72 15.5 1.772 

A 7.0 0 42 24 1.774 26.1 

B 7.0 0 62 17 1.778 25.9 

C 7.0 0 43 19 1.773 26.1 

D 7.0 0 73 26 1.780 25.8 

E 7.0 0 94 18 1.784 25.7 

68 20.8 1.779 25.9 

A 7.5 0 83 13 1.767 

B 7.5 0 67 15 1.787 

C 7.5 0 58 14 1.832 

D 7.5 0 42 18.5 1.780 

E 7.5 0 12. 18 1.785 

65 18.2 1.790 

A 8.5 0 98 16.8 1.814 

B • 8.5 0 5_5 16.5 1.815 

55 16.7 1.815 w 



Table B-l. Marshall Test Results for Various Mixture Proportions^-(Continued). 

Mix 
Ident. 

Asphalt % 
by Total 
Wt of Mix 

Sulfur % 
by Total 
Wt.of Mix 

Marshall 
Stability 

Lb 

Marshall 
Flow 

0.01/in 

Density 

g/cc 

A 4.05 0.45 70 16.5 1.73 

B 4.05 0. 45 60 15.8 1.749 

C 4.05 0.45 47 
59 

18.5 
17 

1.737 
1.739 

A 4.5 0. 50 20 16 1.748 

B 4.5 0.50 20 21 1.757 

C 4.5 0.50 47 
29 

24 
22.5 

1.75 
1.752 

A 4.95 0.55 53 21 1.758 

B 4.95 0.55 31 20.5 1.763 

C 4.95' 0.55 40 
41 

23 
21.5 

1.757 
1.759 

A 5.40 0.60 53 20.5 1.766 

B 5.40 0.60 42 21 1.767 

C 5.40 0.60 55 
5T 

18 
20 

1.768 
1.767 

A 5.85 0.65 30 27 1.768 

B 5.85 0.65 21 21.5 1.782 

C 5.85 0.65 21 
24 

21 
21. 3 

1.784 
1.778 

Air Voids 

M 
OJ 
to 



Table B-l. Marshall Test Results for Various Mixture Proportions—(Continued). 

Asphalt % Sulfur % Marshall Marshall Density Air Voids 
Mix by Total by Total c^abi]^Flow g/cc 

Lb 
Ident. Wt. of Mix Wt. of Mix Stability o.01/in 

10/90 A 6.3 0.70 49 20.5 1.786 

A 7.65 0.85 55 17 1.794 

B 7.65 0.85 31 16 1. 794 
43" 1.794 

A 3.6 0.90 20 16.5 1.735 

B 3.6 0.90 30 20 1.74 

C 3.6 0.90 60 18 1.735 
37 18 1.737 

A 4 1.0 20 24.5 1.75 

B 4 1.0 20 20 1.745 

C 4 1.0 30 19 1.749 
23" 21 1.748 

A 4.4 1.10 30 22 1.760 

B 4.4 1.10 40 16 1.762 

C 4.4 1.10 55 17.5 1.762 
42 17 1.761 

A 4.8 1.20 55 14 1.759 

B 4.8 1.20 20 19 1.759 

C 4.8 1.20 49 21.5 1.767 
52 18 1.762 

to 
u> 
LO 



Table B-l. Marshall Test Results for Various Mixture Proportions—(Continued). 

Asphalt % Sulfur % Marshall Marshall Density Air Voids 
Mix by Total by Total Stability Flow , ^ 
Ident. Wt. of Mix Wt. of Mix Lb. 0.01/in ° 

A 5.2 1.30 62 15 1.779 

B 5.2 1.30 49 20 1.779 

C 5.2 1.30 73 
61 

18.5 
17.8 

1.774 
1.777 

A 5.6 1.40 62 14.5 1.786 

B 5.6 1.40 55 18.5 1.783 

C 5.6 1.40 55 
57 

19.5 
17.5 

1.779 
1.783 

A 6.0 1.50 62 18 1.794 

B 6.0 1.50 73 14.5 1.795 

C 6.0 1.50 55 
63 

12.8 
15 

1.797 
1.795 

A 6.4 1.60 44 16.8 1.795 

B 6.4 1.60 55 19.0 1.783 

C 6.4 1.60 103 
67 

13.80 
16.5 

1.803 
1.794 

A 6.80 1.70 83 10 1.805 

B 6.80 1.70 135 12.5 1.805 

C 6.80 1.70 42 
63 

20 
14 

1.800 
1.803 

to 
OJ 



Table B-l. Marshall Test Results for Various Mixture Proportions—(Continued). 

Asphalt % Sulfur % Marshall Marshall Density Air Voids 
Mix by Total by Total Stability Flow . % 
Ident. Wt. of Mix Wt. of Mix Lb. 0.01/in 

A 3.15 1.35 31 16.0 1.744 

B 3.15 1.35 30 16.8 1.740 

C 3.15 1.35 47 18.5 1.738 
36 17.1 1.740 

A 3.85 1.65 53 23.5 1.728 

B 3.85 1.65 49 20.0 1.743 

C 3.85 1.65 42 21.0 1.753 
48 21.5 1.741 

A 4.55 1.95 70 21.0 1.737 

B 4.55 1.95 55 16.0 1.781 

C 4.55 1.95 31 16.0 1.775 
52 17.7 1.764 

A 5.25 2.25 43 19.0 1.783 

B 5.25 2.25 43 13.0 1.795 

C 5.25 2.25 33 16.5 1.799 
40 16.2 1.792 

A 5.95 2.55 43 10.0 1.856 

B 5.95 2.55 53 14.0 1.856 

C 5.95 2.55 44 10.0 1.859 
44 11.3 1.857 

A 6.65 2.85 39 17.5 1.834 

B 6.65 2.85 22 16.0 1.833 

C 6.65 2.83 33 17.0 1.835 
31 17.0 1.834 



Table B-l. Marshall Test Results for Various Mixture Proportions—(Continued). 

Mix 
Asphalt % 
by Total 

Wt. of Mix 

Sulfur % 
by Total 
Wt. of Mix 

Marshall 
Stability 

Lb. 

Marshall 
Flow 

0.01/in 

Density 

g/cc 

A 2.70 1.80 53 14.0 1.747 

B 2.70 1.80 20 16.5 1.731 

C 2.70 1.80 36 14.8 1.740 
36 15.1 1.739 

A 3.30 2.20 53 16.0 1.752 

B 3.30 2.20 42 24.0 1.753 

C 3.30 2.20 42 21.0 1.751 
46 20.3 1.752 

A 3.60 2.40 21 15.0 1.778 

B 3.60 2.40 21 18.5 1.768 

C 3.60 2.40 21 17.5 1.773 
21 17 1.773 

A 3.90 • 2.60 21 12.5 1.69 

B 3.90 2.60 47 16.8 1.757 

C 3.90 2.60 37 16.5 1.774 
42 15.3 1.767 

A 4.20 2.80 37 12.2 1.786 

B 4.20 2.80 21 10.5 1.780 

C 4.20 2.80 42 15.5 1.782 
33 14. 0 1.783 

A 4.50 3.0 31 20.0 1.781 

B 4.50 3.0 42 25.0 1.766 

C 4.50 3.0 27 23.0 1.779 
33 22.7 1.780 

Air Voids 
%. 

N) 
OJ 
CTl 



Table B-l. Marshall Test Results for Various Mixture Proportions—(Continued). 

Mix 
Ident. 

Asphalt % 
by Total 
Wt. of Mix 

Sulfur % 
by Total 
Wt. of Mix 

Marshall 
Stability 

Lb. 

Marshall 
Flow 

0.01/in 

Density 

g/cc 

Air Voids 
% 

50/50 

A 5.10 3.40 28 13.5 1.811 

B 5.10 3.40 51 16.5 1.812 

C 5.10 3.40 22 20 1.808 
34 15 1. 801 

A 2.25 2.25 20 15.5 1.508 

B 2.25 2.25 20 15.0 1.488 

C 2.25 2.25 20 12.8 1.747 
20 15.3 1.747 

A 2.75 2.75 27 19.5 1.765 

B 2.75 2.75 47 18.5 1.748 

C 2.75 2.75 10 14.0 1.769 
37 19 1.761 

A 3.0 3.0 42 11 1.774 

B 3.0 3.0 42 10 1.777 

C 3.0 3.0 42 11.5 1.777 
42 10.8 1.776 

A 3.25 3.25 31 15.0 1.778 

B 3.25 3.25 42 14.8 1.785 

C 3.25 3.25 33 17.5 1.779 
35 15.8 1.781 

to 
u> 
vj 



Table B-l. Marshall Test Results for Various Mixture Proportions—(Continued). 

Asphalt % Sulfur % Marshall Marshall Density Air VMA 
Mix by Total by Total Stability Flow Voids % 
Ident. Wt. of Mix Wt. of Mix Lb. 0.01/in g/cc % 

A 3.50 3.50 55 9 1.787 

B 3.50 3.50 76 11 1.796 

C 3.50 3.50 83 
71 

10 
10 

1.790 
1.791 

A 3.75 3.75 21 16.8 1.796 

B 3.75 3.75 21 15.0 1.800 

C 3.75 3.75 21 
21 

11.8 
14 

1.789 
1.795 

A 4.0 4.0 19 19 1.802 

B 4.0 4.0 20 11.5 1.799 

C 4.0 4.0 21 
20 

15 
14.5 

1.801 
1.801 

A 0 5 548 13 1.693 35 

A 0 10 1686 10 1.768 31.2 

B 0 10 1506 7 1.760 31.5 
1596 8.5 1.764 31.4 

39.33 

39.9 

NJ 
OJ 
00 



Table B--1. Marshall Test Results for Various Mixture Proportions— (Continued) • 

Asphalt % Sulfur % Marshall Marshall Density Air VMA 
Mix by Total by Total Stability Flow Voids % 
Ident Wt. of Mix Wt. of Mix Lb. 0.01/in g/cc % 

15/0/85 A 0 15 1713 5.0 1.796 28.4 

B 0 15 1554 5.0 1.805 28.0 
1634 5.0 1.800 28.2 42.3 

20/0/80 A 0 20 7613 4.0 1.862 26.6 

B 0 20 3707 4.0 1.866 26. 4 
3707 4.0 1. 864 26. 5 43.7 

5/2/93 A 2 5 368 7 1.784 29.3 

B 2 5 225 7 1.778 29.6 

C 2 5 228 5 1.788 29.2 
297 7 1.783 29. 4 37.4 

10/2/88 A 2 10 2033 2 1.879 24.3 

B 2 10 2115 3 1.887 24.0 

C 2 10 2150 10 1.883 24.2 
2133 5 1.883 24.2 37.5 

15/2/83 A 2 15 3891 2.0 2.003 -

B 2 15 4004 7.0 1.966 -

C 2 15 3781 3.5 1.961 -

3892 5.3 1.977 - 38. 08 

to 
u> 



Table B-l. Marshall Test Results for Various Mixture Proportions—(Continued). 

Mix 
Ident 

Asphalt % 
by Total 
Wt. of Mix 

Sulfur % 
by Total 
Wt. of Mix 

Marshall 
Stability 

Lb. 

Marshall 
Flow 

0.01/in 

Density 

g/cc 

Air 
Voids 
% 

VMA 
% 

20/2/78 A 2 20 5014 5 2.000 17.5 

B 2 20 3551 5 1.983 18.2 

C 2 20 5425 2 1. 997 17.6 
5225 4 1.993 17.8 41.3 

5/4/91 A 4 5 553 7.5 1.816 25.1 

B 4 5 253 6.5 1.813 25.2 

C 4 5 202 - 3.0 1.809 25.4 
336 7 1. 815 25.2 37.7 

10/4/86 A 4 10 2353 3.5 1. 929 20.0 

B 4 10 2689 6.5 1.928 20.0 
2521 5 1.929 20.0 37.4 

15/4/81 A 4 15 2415 8 2.034 14.1 

B 4 15 5178 4 2.027 14.4 

C 4 15 2671 13 1.986 16.1 

D 4 15 7638 1 2.016 14.8 

E 4 15 4747 — 2.020 14.7 
5059 6 2.016 14.8 38.4 



Table B-1. Marshall Test Results for Various Mixture i Proportions—(Continued) • 

Mix 
Ident. 

Asphalt % 
by Total 
Wt. of Mix 

Sulfur % 
by Total 
Wt. of Mix 

Marshall 
Stability 

Lb. 

Marshall 
Flow 

0.01/in 

Density 

g/cc 

Air 
Voids 

VMA 
% 

20/4/76 A 4 20 3892 - 2. 067 11.4 

B 4 20 5244 5 2. 086 10.6 

C 4 20 5653 5 2.080 10.8 

D 4 20 7938 5 2.097 10.1 

E 4 20 8180 3 2.134 8.5 
6181 4.5 2.088 10.5 40. 1 

5/5/90 A 5 5 253 7.5 1. 833 24.0 

B 5 5 673 10. 0 1.832 24.0 
272 8.5 1.833 34.0 37. 7 

10/15/85 A 5 10 2554 3 2.000 16.0 

B 5 10 2589 3 2.000 16.0 
• 2572 3 2.000 16 36. 8 

13/5/82 A 5 13 2639 4.5 2.002 

B 5 13 2593 5.5 2.001 -

C 5 13 2943 
2616 

2.50 
5 

1.996 
2.001 

-



Table B-l. Marshall Test Results for Various Mixture Proportions—(Continued). 

Mix 
Ident. 

Asphalt % 
by Total 
Wt. of Mix 

Sulfur % 
by Total 
Wt. of Mix 

Marshall 
Stability 

Lb. 

Marshall 
Flow 

0.01/in 

Density 

g/cc 

Air 
Voids 

% 

VMA 
% 

15/5/20 A 5 15 3036 6.5 2.043 11.4 

B 5 15 4242 5.5 2.038 11.6 

C 5 15 7200 4.5 2.030 11.9 

D 5 15 5750 5 - -

E 5 15 5244 5 - -

5250 5.3 2.04 11.5 38.4 

17/5/78 A 5 17 2589 - 1.996 13.5 

B 5 17 1872 5.5 2.000 13.3 

C 5 17 2435 4.0 2.012 12.8 
2512 4.8 2.003 13.2 -

12/5/75 A 5 20 4646 4 2.073 -

B 5 20 4662 4 2.054 -

4654 4 2.064 - 41.4 

NJ 

NJ 



Table B-1. Marshall Test Results for Various Mixture Proportions—(Continued) • 

Asphalt % Sulfur % Marshall Marshall Density Air VMA 
Mix by Total by Total Stability Flow Voids & 
Ident. Wt. of Mix Wt. of Mix Lb. 0.01/in g/cc % 

5/6/89 A 6 5 218 8.5 1.853 22.0 

B 6 5 210 8.5 1.849 22.0 

C 6 5 170 9.0 1.859 22.0 
214 8.5 1.854 22.0 37.7 

10/6/84 A 6 10 1160 7 1.982 16.2 

B 6 10 1599 5 1.985 16.0 

C 6 10 1451 5 1.986 16.0 
1525 6.0 1.984 16.0 37.1 

13/6/81 A 6 13 2889 3 2.030 -

B 6 13 3036 3 2.029 -

C 6 ' 13 2305 3.5 1. 985 — 

2963 3 2.03 — — 

15/6/79 A 6 15 4389 6 2.051 11.0 

B 6 15 5216 5.5 2.071 10.0 

C 6 15 3907 -

D 6 15 4582 -

E 6 15 4729 -

4565 5.80 2.051 11.0 38.90 



Table B-l. Marshall Test Results for Various Mixture Proportions—(Continued). 

Asphalt % Sulfur % Marshall Marshall Density Air VMA 
Mix by Total by Total Stability Flow Voids Q. 

Ident. Wt. of Mix Wt. of Mix Lb. 0.01/in g/cc % 

17/6/77 A 6 17 2871 2 2.02 

B 6 17 4956 6 2.03 

C 6 17 - - 2.034 
3914 4 2.628 — — 

20/6/74 A 6 20 3232 3 2. 054 9.8 

B 6 20 - 6 2.00 12.2 
3232 4.5 2.03 10 42. 6 

5/8/87 A 8 5 240 10 1.896 18.3 

B 8 5 274 10 1.905 17.9 

C 8 5 310 12 1.903 18.0 
275 10 1.904 18.0 37. 5 

10/18/82 A 8 10 148 8 2.025 11 

B 8 10 172 7 2.023 11 
160 7.5 2. 024 11 37. 4 

15/8/77 A 8 15 1564 4 2.012 10.4 

B 8 15 2137 — 2.014 10.3 
1851 4 2.013 10.3 41. 5 

20/8/72 A 8 20 - 5 1. 978 11.50 

B 8 20 
1250 
i o ̂  n 6 1.943 13.0 
J. z o u 

5.5 1.960 12.3 46. 7 



Table B-2. Marshall Test Results for Statically Compacted Specimens. 

Mix 
Ident. 

Asphalt % 
by Total 
Wt. of Mix 

Sulfur % 
by Total 
Wt. of Mix 

Marshall 
Stability 

Lb. 

Marshall 
Flow 
0.01 in 

Density 

g/cc 

Air Voids 

5/5/80 

10.5.80 

A 

B 

C 

A 

B 

C 

5 

5 

5 

5 

5 

5 

5 

5 

5 

10 

10 

10 

343 

110 

227 
285 

1476 

1587 

1773 
1612 

12.0 

15.0 
13.5 

13.0 

10.0 

15.0 

14. 0 

1.851 

1.789 

1.805 
1.815 

1.905 

1.892 

1.896 
1.898 

15/5/80 A 

B 

C 

5 

5 

5 

15 

15 

15 

3114 

3033 

3414 
3187 

15.0 

19.5 

19.5 
18.0 

1.998 

2.014 

2.027 
2.021 

20/5/80 A 

B 

5 

5 

5 

20 

20 

20 

5300 

3890 

5551 
4914 

7.0 

8 . 0  

21.0 
12. 0 

2.085 

2.081 

2.077 
2.083 



APPENDIX C 

C 

TEST RESULTS FOR UNIT WEIGHT AND 
MARSHALL FLOW 

Test results for unit weight and Marshall flow for 

mixes having sulfur-asphalt ratios of 0/100, 10/90, 20/80, 

30/70, 40/60, and 50/50. 

246 
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Figure C-1. Unit weight versus binder content of sulfur-

asphalt ratio of 0/100. 
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Figure C-2. Unit weight versus binder content of sulfur-

asphalt ratio of 10/90. 
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Figure C-3. Unit weight versus binder content of sulfur-

asphalt ratio of 20/80. 
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Figure C-4. Unit weight versus binder content of sulfur-

asphalt ratio of 30/70. 
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Figure C-5. Unit weight versus binder content of sulfur-

asphalt ratio of 40/60. 
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Figure C-6. Unit weight versus binder content of sulfur-
asphalt ratio of 50/50. 
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Figure C-7. Flow versus binder content of sulfur-
asphalt ratio of 0/100. 
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Figure C-8. Flow versus binder content of sulfur-asphalt 
ratio of 10/90. 
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Figure C-10. Flow versus binder content of sulfur-
asphalt ratio of 30/70. 
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Figure C-ll. Flow versus binder content of sulfur-
asphalt ratio 4 0/60. 



258 

25-

20-

O 
O 

£ 
3 
li. 

15-

10-

5-

•SULFUR/ASPHALT RATIO s 50/50 

— SULFUR/ASPHALT RATIO= 0/100 

± _L ± 1 
5 6 7 8 

BINDER CONTENT (%) 

Figure C-12. Flow versus binder content of sulfur-asphalt 
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APPENDIX D 

TENSILE STRENGTH DATA BY 
STATIC DOUBLE PUNCH TEST 

Note: All load-deformation curves are for mix ratio of 

15 percent sulfur, 5 percent asphalt, and 80 per

cent dune sand except otherwise indicated on the 

corresponding figures. 
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APPENDIX E 

COMPRESSION TEST RESULTS 

This Appendix contains the compression test results 

for different test conditions; immersion com

pression test results, and stress-strain 

relationships for different mixes. 

Test conditions are specified in each figure. 

All load-deformation curves are for a mixture ratio 

of 15 percent sulfur, 5 percent asphalt, and 80 

percent dune sand, unless otherwise indicated. 
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Table E-l. Compression Test 

Mix ratio Spec Curing Test Load at 
SulfAsp.:Sand No. Temp. Temp. Failure 

F F Lb. 

5 77 40 9000 

15: 5: 80 17 77 40 10400 

22 77 40 14350 

*Load-deformation curve was not available. 
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Table E-2. Compression Test 

Mix ratio Spec 
Sulf.:Asp.:Sand No. 

Curing 
Temp. 
°F 

Test 
Temp. 
°F 

Load at 
Failure 
Lb. 

15: 5: 80 
11 

18 

77 

77 

140 

140 

1580 

1750 

*Load-deformation curve was not available. 
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Table E-3. Compression Test 

Mix ratio Spec Curing Test Load at 
Sulf.:Asp.:Sand No. Temp. Temp. Failure 

F F Lb. 

3 77 40 6800 
0: 6.5: 93.5 

4 77 40 7850 

*Load-deformation curve was not available. 
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Table E-4. Compression Test 

Mix ratio Spec. Curving Test Load at 
Sulf.:Asp.:Sand No. Temp. Temp. Failure 

°F °F Lb. 

20 40 40 10800 

15: 5: 80 23 40 40 13400 

24 40 40 13550 

*Load-deformation curve was not available. 



10000 
SPEC. NO.A 

8700 

8000 

o 6000 

2000 

.05 

COMPRESSION TEST 
CURING TEMP = 70 F 
TEST TEMP, r 70 F 

SPEC. NO. 15 

6350 SPEC. NO. 10 

5400 

.05 .10 .05 
DEFORMATION IN. 

to 
00 



5000 

COMPRESSION TEST 
CURING TEMR =140 F 
TEST TEMR =140 F 

3000 
SPEC. NO. 16 

2U0 

SPEC. NO. 8 SPEC. NO. 3 

1900 2000 

1615 

1000 

0.05 0.10 010 0.05 OJO 

DEFORMATION (IN) £ 
Isj 



9000 

SPEC. NO. I 
7000 

ffi 

5290 

S 

3000 

1000 

IMMERSION 

SPEC. NO. 2 

6400 

'N 1 1 r 
COMPRESSION (DRY STRENGTH) 

X»5 .10 
DEFORMATION IN 

SPEC. NO. 3 

6500 



lOOOO 

IMMERSION COMPRESSION 
(WET STRENGTH) 
SECOND TRIAL 8900 

SPEC. NO-S SPEC. NO. A 

6000 

5095 

4000 

2000 

0.15 0.10 0.05 0.15 0.10 0.05 

DEFORMATION (IN) 



4500 
IMMERSION COMPRESSION (DRY STRENGTH) 
MIX (SULFUR: ASPHALT: DUNE SAND) 

0 6.5 93.5 
3500 

<2500 SPEC. NO. U SPEC. NO. 3 

1675 1620 

1500 

500 

N 0 .05 
DEFORMATION (IN.) 

.20 .05 



500 T T 

SPEC. NO. I 
(DAMAGED ) 

.05 .10 .15 

IMMERSION 
MIX (SULFUfjt 

0 
800 

356 

COMPRESSION (WET STRENGTH) 
ASPHALT: DUNE SAND) 

6.5 93.5 SPEC. NO. 2 

735 

DEFORMATION (IN.) 



500 
1 1 1 

SULFUR : ASPHALT « DUNE SAND 

TEST TEMP. = 70°F 

- 400 

(£. 300 

w 200 

SPEC. NO. 6 

Ec= 19,000 PSI 

15 20 25 30 

A X I A L  S T R A I N  ( I N . / I N . )  

35 X I0~3 to 
00 
^4 



500 
1 1 1 

SULFUR : ASPHALT'DUNE SAND 

I5 5 1 80 
— 400 CO 
Q. 

CO 
CO 
111 
CC 300 
h 
CO 

LJ 
> 

$ 200 
LiJ 
OC 
Q-
5 
O 
° 100 

0 

i r 

•v SPEC. NO. 12 

TEST TEMP. = 70°F 

Er = 21,000 PSI 

1 1 1 

20 25 30 
STRAIN (IN./IN.) 

35 x 10 r 3 



750 

SULFUR * ASPHALT « DUNE SAND 
SPEC. NO. 19 

80 
- 600 

K 450 
TEST TEMP. = 70°F 

2 300 27,000 PSI 

u 150 

-3 5 20 
AXIAL STRAIN (IN./IN.) 

25 30 35 x 10 



150 

SULFUR : ASPHALT « DUNE SAND 

15 5 80 
^ 120 

SPEC. NO. II 

CO 

90 

60 TEST TEMP. * I40°F 

30 9,000 PSI 

A X I A L  S T R A I N  ( I N . / I N . )  
o 



200 

DUNE SAND 

80 

- 160 

SPEC. NO. 18 

0C 120 

CO 

80 

TEST TEMP. * I40°F 

40 9,000 PSI 

A X I A L  S T R A I N  ( I N . / I N . )  



250 

SULFUR : ASPHALT « DUNE SAND 

0 6.5 93.5 
SPEC. NO. I 200 

UJ 150 

CO TEST TEMP 

8,000 PSI 

« 50 

-3 32 40 48 24 

A X I A L  S T R A I N  ( I N . / I N . )  



300 T T T 

240 -

SULFUR « ASPHALT •• DUNE SAND 

0 6.5 93.5 SPEC. NO. 2 

LU 180 

O 60 

TEST TEMP. * 70 °F 

Er = 9,500 PSI 

1 
24 32 40 

A X I A L  S T R A I N  ( I N . / I N . )  

48 56 x 10' 
CO 

U> 



SULFUR = ASPHALT - DUNE SAND 
0 6.5 93.5 

- 4 

SPEC. NO. 5 

TEST TEMP. = I40°F 

1,067 PSI 

A X I A L  S T R A I N  ( I N . / I N . )  



5 T 

CO 

£ 4 
CO 
CO 
UJ 
tr 

h" 

«° 3 
UJ 
> 

CO 
CO 
UJ 

£ 2 
2 o 
o 

I 

0 1 
2 

1 
4 

SPEC. NO. 6 

SULFUR « ASPHALT * DUNE SAND 

0 ' 6.5 93.5 

TEST TEMP. = I40°F 

E c = 1958 PSI 

J I I I I 
6 8 10 12 14 x lO 

A X I A L  S T R A I N  ( I N . / I N . )  



APPENDIX F 

FLEXURAL STRENGTH TEST RESULTS 

Note: All load-deformation curves are for a mix 

ratio of 15 percent sulfur, 5 percent asphalt, 

and 80 percent dune sand unless otherwise 

indicated. 
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Table F-l. Flexural Test 

Mix ratio Spec. 
Sul.:Asp.:Sand No. 

Curing Test Load at 
Temp. Temp. Failure 
°F °F Lb. 

5 77 70 525 
15: 5: 80 

6 77 70 1250 

*Load-deflection curve was not available. 
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APPENDIX G 

DYNAMIC MODULUS OF ELASTICITY RESULTS 
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Coefficients for Modulus of Elasticity* 

by U. of A. Double Punch Test 

Poisson's ratio = 0.35 and Punch diameter = 1.0" 

ED = K I 

e
d = Dynamic Modulus of Elasticity (psi) 

P = Repeated Vertical Load . . (lb) 

d = Repeated Radial Displacement at Midheight.(in.) 

K = Coefficient from Table below 

Specimen Specimen diameter (in) 
He;!-ght 3.2 3.4 3.6 3.8 4.0 
in. 

1.6 0.208 0.203 

1.8 0.228 0.224 

2.0 0.240 0.243 0.245 0.245 0.245 

2.2 0.257 0.258 

2.4 0.268 0.268 

2.6 0.264 0.273 

2.8 0.260 0.272 

3.0 0.252 0.267 

3.2 0.241 0.258 

3.4 0.226 0.246 

*Jimenez (1975). 
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Table G-l. Dynamic modulus test results for a sulfur-asphalt-dune sand mixture. 

a
 
• 

a) 
o
 

n. Spec, 
ht/in 

Density 
g/cc 

Temp 
°F d^xlO 4 d2xl0 

4 -4 
d3xi0 d.xlO-4 d 

4 
,-xlO 4 
D V10"4 

_ 4  

dxlO H 
K 
Factor 

P Rep. 
Load 
lb. 

VK5x1° 

psi 

Mix (sulfur:asphalt:dune 
15 : 5 : 80 

sand) 

3 2.50 2.040 40 0.3 0.3 0.5 0.4 0.5 0.4 0.4 0.271 165 11.20 

5 2.42 2.040 40 0.5 0.2 0.2 0.5 0.5 0.2 0.4 0.2686 165 11.10 

7 2.54 2.020 40 0.2 0.5 0.5 — 0.5 0.5 0.4 0.272 165 11.20 
11.20 

1 2.50 2.034 70 0.80 1.0 0.60 0.20 0.5 0.20 0.55 0.271 165 8.10 

2 2.40 2.077 70 0.80 1.0 1.0 1.0 1.0 0.20 0.83 0.268 165 5.30 

3 2.57 2.013 70 1.0 1.0 0.20 0.50 0.50 0.20 0.57 0.2725 165 7.93 
7.11 

A 2.42 140 2 2 2 2 2 2 2 0.2686 165 2.22 

B 2.44 140 1 2 3 1 1 2 1.67 0.2696 165 2.67 

C 2.52 140 2 2 1 1.5 2 1 1.58 0.2720 165 2.84 
2.58 

U> 
o 



Table G-2. Dynamic modulus test results for a dune sand-asphalt mixture. 

SNo° h?/?; Dea/i? TT 'V10"4 d9xl0"4 d^10"4 d.xl0"4 d^10"4 f • -4 K „ ? R°P-No. ht/in g/cc El 2 3 4 5 6 dxlO Factor Load _ . 
lb. PS1 

flix (sulfur:asphalt:dune sand) 
0 : 6.5 : 93.5 

6 2.48 1.770 40 0.8 0.3 0.3 0. 5 0.3 0.3 0.42 0.2708 165 10.72 

7 2.47 1.770 40 i.O 0.5 0.5 0.5 0.5 0.5 0.57 0.2686 165 7.80 

9 2.43 1.760 40 0.8 0.8 0. 0.5 0.5 0.8 0. 52 0.2690 165 8.59 
9.0 

1 2.49 - 59 8 1 1 1 .8 1 0.93 0.271 165 4.80 

3 2.59 - 59 1 1 1 1 1 1 1 0.2728 165 4.50 

4 2.56 — 59 1.5 1 0.8 1 1 1 1.05 0.2725 165 4.30 
4.5 

2 2.54 - 70 2 2 2 2.5 2.5 2.5 2.25 0.272 165 2.0 

3 2.52 1.742 70 1.5 0.5 1.2 1.2 1.2 1.2 1.13 0.2715 165 3.98 
2.98 

u> 
H O 



APPENDIX H 

TWO-WET-MIXING CYCLE TEST RESULTS 

This appendix contains the results of tensile, 

Marshall, compression, flexural, and dynamic modulus tests 

for a sulfur-asphalt-dune sand mix prepared by the two-wet-

mixing cycle. 
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Table H-l. Marshall test results for specimens prepared by 
two-wet-mixing cycle. 

Spec. Asphalt % Sulfur % Marshall Marshall Density 
No. by total by total stability Flow g/cc 

wt. of mix wt.of mix lb 0.01 in. 

A 5 15 3230 3 2. 061 

C 5 15 3800 6.5 2.069 

C 5 15 3670 
3576 6.5 

2.067 
2.066 
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Table H-2. Dynamic modulus for specimens prepared by two-wet-mixing cycle. 

P  5  
o  r .  m  j , » - 4  ,  , „ - 4  ,  , „ - 4  ,  , . - 4  ,  n n ~ 4  ,  , „ - 4  Av-  . K P  Rep. E = K-?xlO 

Spec Spec. Density Temp d,xl0 doxl0 d,xlO d.xlO dcxlO d,xl0 , in~4 n j D d 
u i / i „  or?  1  2  3  4  5  6  dxlO Factor Load • 

No. nt/in g/cc F ^ psi 

Mix (sulfur:asphalt:dune sand) 

15 : 5 : 80 

C 2.48 " 40 0.8 0.5 0.2 1.0 0.3 0.5 0.55 0.2708 165 8.12 

F 2.43 " 40 0.5 • 0.5 0.5 0.5 0.3 0.2 0.42 0.269 lo5 10.62 
9.40 

A 2.44 - 70 0.8 0.8 0.5 0.8 0.8 0.8 0.75 0.2695 165 5.93 

B 2.46 - 7 0  * 1 . 0  1.5 1.0 0.5 0.5 0.8 0.883 0.270 165 5.04 
5.50 

C 2.47 - 140 0.5 1.0 1.0 1.0 1.0 - 0.8 0.2705 165 5.58 

D  2 . 4 5  -  1 4 0  1 . 2  1 . 2  1 . 2  1 . 2  1 . 2  1 . 5  1 . 2 5  0 . 2 6 9 8  1 6 5  3 . 5 6  
3 . 5 6  
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