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ABSTRACT

Feasibility of constructing mine haul roads at the oil sands mines using concrete 

prepared from by-products and mine wastes of the oils sands industry (sulfur, fly ash, 

coke and tailing sand) is evaluated.

An extensive laboratory test program including unconfined compression, split tensile 

and freeze thaw durability tests were carried out to characterize the physical and 

mechanical properties of different mix designs of sulfur concrete. A study of the 

geochemical interaction of sulfur concrete with the near surface environment included: 

short term interaction of surface exposed sulfur concrete during the construction and 

operational life of the haul road and long term interaction of sulfur concrete with 

ground water following its burial with mine wastes in the mined-out pits.

Haul road test sections were designed based on critical strain and resilient modulus 

design method. Stress and strain distributions in the haul road cross section induced by 

the truck tires were calculated using finite element analysis. Required pavement layer 

thicknesses were then determined on the basis of the truck loads and the resilient 

modulus and strength of the sulfur concrete and sub-grade material using the critical 

strain and resilient modulus design method.
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1 INTRODUCTION

The mining of oil sands in the Fort McMurray area of Northern Alberta is a significant 

part of Alberta’s economy. Over the last 20 years, mining methods have evolved from 

bucket wheel and dragline excavators to shovel and truck operation. Transportation of 

overburden and oil sands ore is one of the critical mining operations in the shovel and 

truck mining method. Mine productivity mainly depends on the performance of the 

haul trucks, which in turn are highly dependent on the quality of the haul roads they 

travel on. Thus one of the key elements of the shovel and truck mining method is the 

haul road.

Economics of scale and expansion of the mining activity has led to the use of ultra 

large mining trucks with a payload capacity of more than 320 tons. The gross 

vehicular weight of these trucks reaches about 550 tons and they are expected to be 

even larger in the near future. Efficient utilization of-these ultra large haul trucks 

demands the construction of well-designed haul roads. Presently used empirical design 

methods and designs based on past experience have been proven to be inadequate for 

these large haul trucks. A good haul road ensures low vehicle operating and 

maintenance costs, low road maintenance cost, and reduced truck cycle time and full 

loading of trucks to maximize productivity.

Presently the haul roads at SUNCOR are constructed using crushed limestone, gravel, 

lean oil sand, sandy till and clayey till (Kumar V., 2001). These roads severely 

deteriorate during summer months due to material softening. Haul road performances 

have been below the desired standard and are having a negative impact on mine 

productivity. In addition, the use of these low strength and low stiffness construction 

materials require road sections to be built with thick layers of gravel to sustain the 

very large truck loads. Handling of these large construction volumes by itself is costly. 

Moreover the good construction materials available at the site, limestone and gravel, 

will become scarce over the next few years. All these highlight the necessity to find an

1
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alternative road construction material, which can overcome the constraints and provide 

smooth rut free riding surface to ensure an efficient mining operation.

Sulfur concrete is a relatively new construction material being used in the construction 

of civil works. It is a thermoplastic material prepared by hot mixing sulfur cements 

and mineral aggregates. Upon cooling it solidifies and gains its strength rapidly. At 

SUNCOR Oil Sands mines there are abundant supplies of materials such as sulfur, 

coke, fly ash and tailing sand, which are by- products and wastes of the oil sands 

extraction and upgrading processes. Sulfur concrete produced from these wastes can 

be a potential construction material for the mine haul roads. The sulfur concrete 

produced from these waste materials will have superior physical performance when 

compared to the existing road building materials. Thus haul roads can be built with 

reduced pavement thickness compared to the existing haul roads built using 

compacted gravel and/or crushed limestone.

Apart from the benefits associated with building high quality haul roads which 

enhances mine productivity, utilization of these waste products reduces the need for 

onsite waste storage or costly offsite transport or disposal of the waste products. Also 

it may reduce the greenhouse gas emissions associated with the offsite truck and rail 

delivery of the sulfur to distant customers. The use of sulfur concrete as a road 

construction material will also reduce the use of the diminishing aggregate supply near 

the SUNCOR Oil Sands mines.

1.1 Objective

The purpose of this research is to evaluate the technical feasibility of construction of 

mine haul roads using sulfur concrete prepared from the mine wastes (sulfur, coke, fly 

ash and tailing sand), as the mine wastes are readily available at SUNCOR Oil Sands 

mines. The use of sulfur concrete to build the haul roads may provide an economic 

and environmental solution to the mine operation and mine waste disposal.

2
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1.2 Scope

The construction of mine haul roads using sulfur concrete requires an understanding of 

the physical, mechanical and chemical properties of the material. An extensive 

laboratory testing program consisting of unconfined compression test, sonic velocity 

measurement, split tensile test and freeze-thaw durability test was carried out to 

characterize the strength properties and deformation characteristics of different mix 

designs of sulfur concrete prepared from oil sands mine by-products and mine wastes 

such as sulfur, fly ash, coke and tailing sand. The potential geochemical interactions of 

sulfur concrete with the near surface environment were also studied in the laboratory 

for its use as road building material.

Based on the laboratory test results, optimum mix designs were selected and 

preliminary design evaluation of a haul road test section was carried out.

1.3 Thesis Structure

In chapter 1, general background information is provided on the mining methods, 

existing condition of mine haul roads and haul road construction materials at 

SUNCOR Oil Sands mines in Fort McMurray. The objective of the thesis and the 

scope of the thesis required to achieve its objectives are also summarized in this 

section.

In chapter 2, an extensive literature review of sulfur and sulfur concrete is presented. 

The basic chemistry of sulfur is presented. The characteristics of sulfur concrete and 

its developments are also addressed. Environmental and safety aspects in the use of 

sulfur in highway pavements are addressed.

In chapter 3, the laboratory tests performed in order to characterize the physical, 

mechanical and chemical properties of different mix designs of sulfur concrete for

3
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their use in haul road construction are addressed. Results of all the tests conducted are 

presented.

In chapter 4, preliminary haul road test section design using critical strain and resilient 

modulus method is presented. The material properties obtained in chapter 3 coupled 

with results of resilient modulus test carried out in the laboratory were used in 

modeling the sulfur concrete haul road cross section. Finite element analysis of stress 

and strain distributions in haul road cross section imposed by the truck tires was 

evaluated using Sigma/W finite element program.

In chapter 5, summary of findings and recommendations related to the use of sulfur 

concrete in haul road construction and its impact on the environment are provided. 

Topics for further research are identified and discussed.

4
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2 LITERATURE REVIEW

2.1 Sulfur and Sulfur Concrete

Pure solid sulfur is a tasteless, odorless, brittle solid that is pale yellow in color, and a 

poor conductor of electricity. It weighs between 2000 and 2100 kg/m3. At normal 

temperatures, it has an orthorhombic crystalline structure, upon heating it inverts 

slowly at 96°C to a monoclinic less dense allotrope which melts at about 119°C. When 

hot molten sulfur is cooled suddenly (as by pouring it into cold water), it forms a soft, 

sticky, elastic, non-crystalline mass called amorphous or plastic sulfur. The liquid 

ranges in color from transparent straw yellow to dark reddish brown depending on its 

temperature, and its viscosity changes markedly, particularly above 159°C. Some 

sulfur properties summarized by Malhotra (1979) are presented in Table 2.1.

Viscosity
@ 120UC 11.8 x 10'3 Pa.S
@ 159UC 6.6 x 10J Pa.S
@ 188UC 100 Pa.S

Specific gravity
of solid 1.96-2.07
of liquid @ 120°C 1.80

Compressive strength on 75 x 150 mm cylinders 28 MPa
Thermal coefficient of expansion @ 25UC 74 x 10‘YC

Table 2.1 Some properties of elemental sulfur

Sulfur concrete is a relatively new material, and although similar in final appearance 

to Portland cement concrete, its manufacture, handling, use, and testing is different. 

Sulfur concrete is a thermoplastic material prepared by hot-mixing sulfur cements and 

mineral aggregates. Sulfur concrete solidifies and gains strength rapidly after cooling. 

As with other concrete materials, such as Portland cement and asphalt concrete, sulfur 

concrete is a generic term for a range of products that vary with aggregates, sulfur 

cements and proportions used. By using sulfur cement binders and aggregates that are

5
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not attacked by many mineral acid and salt solutions, high strength corrosion resistant 

sulfur concrete can be produced for use in certain applications where other 

construction material deteriorate rapidly. Sulfur concretes are generally not resistant to 

alkalis or oxidizers but exhibit excellent performance in many acidic and salt 

environments (ACI 548.2R, 1988).

Early sulfur concrete products, prepared with unmodified sulfur as binder, were 

plagued with durability problems. While materials with excellent mechanical 

properties were produced, in actual use they deteriorated and failed after a relatively 

short period of time. The development of modified sulfur cements, however, increased 

the durability of sulfur concrete and made its use as construction material more 

feasible. When modified sulfur cement is used as a binding agent with appropriate 

aggregates, the resulting sulfur concrete has shown some unique properties such as: 

high strength and fatigue resistance, excellent corrosion resistance against most acids 

and salts, and extremely rapid set and strength gain (ACI 548.2R, 1988).

2.1.1 Research on sulfur and sulfur concrete

Antoine Lavoisier first classified sulfur as an element in 1777. It is estimated to be the 

ninth most abundant element in the universe. In the form of sulfides, sulfates, and 

elemental sulfur, the element constitutes about 0.03 percent of the earth’s crust. After 

oxygen and silicon, it is the most abundant constituent of minerals (http://www.c-f- 

c.com).

The earliest known use of sulfur in construction was in the 17th century in Latin 

America where it was employed to anchor metal to stone (Rybezynski et al., 1974). 

Wright (1859) referred to the cementing property of sulfur in a USA patent. For the 

next 60 years there was little reported on the possible uses of sulfur in construction. At 

the end of World War I, sulfur was in oversupply in North America and this gave 

impetus to research for new uses. Bacon and Davis (1921) reported the development

6
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of acid resistant mortars containing 60% sand and 40% sulfur for use in chemical 

industry.

Kobbe (1924) reported on the acid-resistant properties of materials prepared from 

sulfur and coke. Duecker (1934) and Payne and Duecker (1940) reported the 

development and use of additives to overcome the instability of sulfur sand mortars in 

thermal cycling. The reasons for this instability are that molten sulfur on cooling 

below 95.5°C transforms from the monoclinic Sp form to orthorhombic Sa crystalline 

form, the latter being denser, occupying less volume and being subjected to 

disintegration on thermal cycling.

Duecker (1934) found that the 60 % sand and 40 % sulfur product of Bacon and Davis 

increased in volume on thermal cycling with a loss in flexural strength. Duecker was 

able to retard both the tendency for volume increases and the resulting loss of strength 

on thermal cycling by modifying the sulfur with an olefin polysulfide. The use of 

additives to prepare more stable cements and products led to more industrial 

acceptance and more research and development on means of improving sulfur 

products for use as acid-resistant mortars and grouts. McKinney (1940) outlined 

testing methods for sulfur materials that had been found satisfactory at the Mellon 

Institute. Many of these methods have been adopted and are found in ASTM 

specifications for chemical-resistant sulfur mortar.

In the late 1960’s Dale and Ludwig (1966 and 1968) pioneered the work on sulfur- 

aggregate systems, pointing out the need for well-graded aggregates to obtain 

optimum strength. This was followed up by the investigations of Crow and Bates 

(1970) on the development of high strength sulfur-basalt concretes. The United States 

Department of the Interior’s Bureau of Mines and The Sulfur Institute (Washington, 

D.C.) launched a cooperative program in 1971 to investigate and develop new uses for 

sulfur. At about the same time, the Canada Center for Mineral and Energy Technology 

(CANMET), and the National Research Council (NRC) of Canada initiated a research
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program in the development of sulfur concrete (Malhotra, 1973 and 1974; Beaudoin 

and Sereda, 1973). This was followed by work at the University of Calgary (Loov, 

1974).

In 1973, the Sulfur Development Institute of Canada (SUDIC), jointly founded by the 

Canadian Federal Government, the Alberta Provincial Government, and the Canadian 

sulfur producers was established to develop new markets for the increasing Canadian 

sulfur stockpiles. In 1978, CANMET and SUDIC sponsored an international 

conference focusing on sulfur in construction (Malhotra et al. 1978). Also during this 

period, a number of investigators published papers and reports dealing with various 

aspects of sulfur and sulfur concrete: Malhotra (1974), Loov (1974), Sullivan et al. 

(1975), Sullivan and McBee (1976), Vroom (1977 and 1981), McBee and Sullivan 

(1979 and 1982), McBee et al. (1981, 1983, and 1986), Funke and McBee (1982), and 

Sullivan (1986). All of these activities led to an increased awareness of the potential 

use of sulfur as a construction material.

While sulfur concrete material could be prepared by hot-mixing unmodified sulfur and 

aggregate, durability of the resulting product was a problem. Unmodified sulfur 

concretes failed when exposed to repeated cycles of freezing and thawing, humid 

conditions, or immersion in water (ACI 548.2R, 1988). It was necessary to develop an 

economical means of modifying the sulfur so that the sulfur concrete product would 

have good durability. While olefinic polysulfide additives had shown promise in these 

applications, their costs were deemed prohibitive for use in preparing sulfur concrete 

for large scale construction uses (ACI 548.2R, 1988).

Following the work of Duecker (1934) and Payne and Duecker (1940), considerable 

effort was devoted to develop plasticizers/modifiers for sulfur (Raymont, 1978). 

Almost all of the materials used as modifiers for sulfur were either polymeric 

polysulfides or chemicals, which react with elemental sulfur to form polymeric 

polysulfides insitu (Blight et al., 1978). For the reaction to take place the sulfur must
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be molten, and on cooling, the modified sulfur contains polysulfides and elemental 

sulfur in a variety of forms, mostly Sp, and Sg (liquid). These forms were found to 

be stable and there didn’t appear to be crystallization to Sa. In modifying sulfur it is 

important to take into account the reaction time and temperature.

Vroom (1977 and 1981) modified sulfur by reacting it with olefinic hydrocarbon 

polymers. It was also discovered that a similar reaction would yield a sulfur soluble 

polymer concentrate. Other researchers have reported various methods for treating 

sulfur to produce modified sulfur concretes, they include: Leutner and Diehl (1977), 

Gillott et al. (1980), Schneider and Simic (1981), McBee et al. (1981), McBee and 

Sullivan (1982), Woo (1983) and Nimer and Campbell (1983).

The increasing demand since 1976 for corrosion resistant sulfur concrete has led to the 

installation of precast and/or cast in place sulfur concrete in industrial plants, where 

Portland cement concrete material fail from acid and salt corrosion. The typical 

installations, as described by Pickard (1983), included floors, slabs on grades, 

overlays, curbs, walls, trench drains, sump pits, tanks, electrolytic cells, pump bases, 

column piers, foundations, and pipes.

2.1.2 Sulfur concrete mix proportions

According to Malhotra, 1979, as sulfur concrete contains no water or cement, the mix 

proportions are primarily concerned with achieving the highest strength properties 

with a minimum amount of sulfur, and with the provision that the resulting mixture is 

workable. Published data indicate sulfur content of the order of 20% by weight of total 

mix for concrete made with 19-mm maximum size aggregate. The percentage of sulfur 

may further be reduced by selecting aggregate grading which result in minimum void 

content. The best proportions of sulfur, fine aggregate and coarse aggregate will 

greatly vary depending on the surface texture, size and gradation of the aggregates 

(Loov, 1974).
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2.1.3 Advantages and concerns with sulfur concrete

The main advantage of sulfur concrete is its use as a highly durable replacement for 

construction materials, especially Portland cement concrete, in locations within 

industrial plants or other locations where acid and salt environments result in 

premature deterioration and failure of Portland cement concrete. Other advantages of 

sulfur concrete are its fast setting time and rapid gain of high strength. Since it 

achieves most of its mechanical strength in less than a day, forms can be removed and 

the sulfur concrete placed in service without a long curing period. Generally sulfur 

concrete has the following useful characteristics:

• Sulfur concrete’s tensile, compressive, and flexural strengths (McBee et al., 

1986) and fatigue life (Lee and Klaiber, 1981) are greater than those 

obtained with normal Portland cement concrete.

• Sulfur concrete shows excellent resistance to attack by most acids and

salts, some at very high concentrations (McBee et al., 1983).

• Sulfur concrete sets very rapidly and achieves a minimum of 70 to 80

percent of ultimate compressive strength within 24 hours (McBee et al.,

1986).

• Sulfur concrete can be placed year round, in below-freezing temperatures.

• Sulfur concrete exhibits very low water permeability (McBee et al., 1983).

Because of the above characteristics sulfur concrete could be used advantageously in 

the following (Smith, 1980):

• In piping, where the greater strengths and corrosion resistance offer many 

opportunities.

• In floor construction, where the corrosion resistance of sulfur concrete 

makes it ideal for new floors and repairs in hostile environments
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•  In structural applications, where its superior strengths could reduce the size 

and spacing of structural elements

• In the repair of Portland cement highways, bridge decks and airfield 

runways where its high early strength would allow the sooner return of 

facilities to service.

• In rail road ties due to its high fatigue resistance

• In marine applications such as sheet piling, where its impermeability and 

resistance to salts are of high value

As with any other construction material, certain measures must be taken with sulfur 

concrete to ensure safe handling in its preparation and use. Sulfur concrete should be 

produced within its recommended mixing temperature range of 127 to 141°C to 

minimize emissions. Adequate ventilation during construction operations and normal 

precautions for handling hot fluid materials (proper protective clothing, eye protection, 

gloves, and hard hats) should be observed. Practices for safe handling of both solid 

and liquid sulfur have been established by the National Safety Council (1978 and 

1979) in Chicago and should be observed when preparing and handling sulfur 

concrete.

2.1.4 Modified sulfur cement

The need for using modified sulfur cements in sulfur concrete manufacture has been 

recognized since the 1930s. Sulfur cements are modified by introducing additives to 

improve stability and durability and reduce the expansion-contraction of sulfur 

concrete during thermal cycling. Duecker (1934) was able to retard the tendency for 

volume increases and the resulting loss of strength of sand-sulfur mortars on thermal 

cycling, by modifying the sulfur with an olefin polysulfide.

In 1973, A. H. Vroom developed a process, with assistance from the National 

Research Council of Canada and A. Ortega of McGill University, Montreal. This
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process involved modifying sulfur by reacting it with olefinic hydrocarbon polymers 

(Vroom 1977, and 1981). It was also discovered that a similar reaction would yield a 

sulfur soluble polymer concentrate. The resulting sulfur concrete was first produced 

for commercial use in Calgary, Alberta, in 1975.

Modification of sulfur by reaction with dicyclopentadiene (DCPD) has been 

investigated by many researchers, but its practical use in commercial applications has 

been limited because the reaction between sulfur and DCPD is exothermic and 

requires close control. Also, the DCPD modified sulfur cement is unstable when 

exposed to higher temperatures (greater than 140°C), such as when mixing with hot 

aggregates, and may react further to form an unstable sulfur product which reverts 

back from the Sp to the Sa form (McBee et al., 1981). McBee and Sullivan (1982) 

solved this problem through the development of a process for preparing modified 

sulfur cement that is stable in the Sp form and is not temperature sensitive in the 

mixing temperature range for producing sulfur concrete. This process utilized a 

controlled reaction of cyclopentadiene (CPD).

Other researchers have reported various methods for treating sulfur to produce 

modified sulfur concretes. Leutner and Diehl (1977) introduced the use of 

dicyclopentadiene (DCPD), Gillott et al. (1980) used crude oil and polyol additives, 

Schneider and Simic (1981), used DCPD or glycol, Woo (1983), used phosphoric acid 

to improve freeze-thaw resistance and Nimer and Campbell (1983), used organosilane 

to improve water stability. In addition, Gregor and Hack (1978) have reported on 

laboratory design tests for DCPD modified sulfur concrete products, Bright et al.

(1978) on modified sulfur systems, and Bordoloi and Pierce (1978) on stabilizing 

sulfur with DCPD.

Although several methods exist, two methods are widely used in North America to 

produce modified sulfur cements that are marketed under different trade name. The 

compositions of the modified sulfur cements are shown in Table 2.2.
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Material
Method 1 

(% by weight)

Method 2 

(% by weight)

Sulfur 95 ±1 80
Carbon 5 + 0.5 18

Hydrogen 0.5 ±0.05 2

Table 2.2 Compositions of modified sulfur cements used in North America, taken
from ACI 548.2R (1988)

Method 1 shown in Table 2.2 is based on the polymeric reaction, in which 100 % of 

the sulfur reacts with a modifier containing equal parts of cyclopentadiene oligomer 

and dicyclopentadiene (DCPD) (McBee and Sullivan, 1982). DCPD is a hydrocarbon 

in the form of a colorless liquid with double bonds suitable for reacting with sulfur, 

and it also retards and prevents the crystallization of sulfur (Sullivan and McBee, 

1976). This process is known as the Chempruf® Process and uses a proprietary 

composition called “Chement 2000” (Crick and Whitmore, 1998).

Method 2, also shown in Table 2.2, uses a modified sulfur concrete prepared by 

combining sulfur with olefinic hydrocarbon polymers such as Escopol (Vroom, 1981). 

This concentrate is then mixed with locally available pure sulfur in the ratio of 10 

parts of sulfur to 1 part of concentrate, by weight. This process is used commercially 

to produce the concrete product named STARcrete™. Its predecessor Sulfurcrete® was 

first marketed in Canada in 1976.

Both methods of modifying sulfur give extremely long shelf life in the solid state. If 

stored in the molten state, both modifiers may continue to react and produce inferior 

concretes.

Although various additives are available to enhance the properties of sulfur concrete, 

this thesis focuses on unmodified sulfur concrete (pure elemental sulfur concrete) 

because of its abundance in the oil sands mines.
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2.2 Characteristics of Sulfur Concrete

2.2.1 Compressive strength

Sulfur concrete develops about 70 % of its ultimate strength within a few hours of 

cooling, and usually 75 to 85 % after 24 hours at 20°C, however, it attains its ultimate 

strength after 180 days at 20°C (McBee et al., 1983). The rate of strength development 

depends on the temperature at which the material is aged. Strength gain is slower at 

elevated temperatures and faster at lower temperatures. Since larger masses of sulfur 

concrete cool more slowly, they gain strength more slowly but in the end attain the 

same ultimate strength as smaller masses (McBee and Sullivan, 1979). Johnston

(1979) emphasized that there is no evidence of strength retrogression during a six- 

month period following placement of sulfur concrete.

As with normal Portland cement concrete, strength properties of sulfur concrete are 

affected by the type of aggregate used. Gregor and Hack (1978) have shown that 

sulfur concretes had about 30 % higher compressive strength when crushed basaltic 

aggregate was used than when the concrete was made with smooth aggregate with the 

same grain size distribution. This is because crushed stone have rough surfaces that 

provide higher frictional resistance to shear than the smooth round aggregate particles.

Malhotra (1974) has investigated the effect of specimen size on compressive strength 

of sulfur concrete. The compressive strength of 100 x 200 mm concrete cylinders was 

considerably higher than those of 150 x 300 mm cylinders. For a typical sulfur 

concrete mix containing about 20 % sulfur, the 28-day compressive strengths of 100 x 

200 mm cylinders ranged from 32.8 to 46.2 MPa, whereas the corresponding strengths 

of 150 x 300 mm cylinders ranged from 26.1 to 34.4 MPa. However density of the 

smaller cylinders was only slightly higher than the larger cylinders. The decrease in 

strength of large specimens is probably due to the combined effect of specimen size 

and slower rate of cooling while they are still in the moulds (Malhotra, 1974).
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Abel-Jawad and Al-Qudah (1994) found that sulfur concrete prepared using three 

different types of aggregates, namely, limestone, sandstone, and basalt developed 

much of their strength within few hours after casting and that no significant strength 

was gained afterwards. Therefore, the sulfur concrete strength may be considered 

independent of time.

Raymont (1978) summarized the range of physical and mechanical properties of sulfur 

concrete as given in Table 2.3.

Physical and mechanical properties Range

Compressive strength, MPa 28-70
Modulus of rupture, MPa 3-10
Ratio, modulus of rupture to compressive strength, % 12-20
Tensile strength, MPa 3 -8

Ratio, tensile strength to compressive strength, % 10-20
Modulus of elasticity, GPa' 20-45
Coefficient of thermal expansion per UC (x 10 '6) 8-35
Thermal conductivity, W/m. UC 0.4 to 2

Water absorption, % 0 -1 .5

Table 2.3 Range of physical and mechanical properties of sulfur concrete after
Raymont (1978)

Lee et al. (1978) showed that the addition of fly ash in a proportion of 7.3 % by weight 

of the total mix to the unmodified sulfur concrete improved the compressive strength 

by 73 %.

Czamecki and Gillott (1989) studied the effect of different admixtures on the strength 

of sulfur concrete. Their conclusions included the following:
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• The strength of sulfur concrete didn’t depend entirely on the amount of sulfur 

binder

• The strongest rock aggregate didn’t produce the strongest sulfur concrete. 

Moreover the aggregate particle shape and texture played a major role in the 

overall strength and density of concrete.

• The addition of crude oil resulted in lower strengths

• Sulfur concrete continuously immersed in water developed lower strengths 

than that exposed to normal laboratory air.

• Saline admixtures affected positively the moisture durability and strength in air 

and water.

2.2.2 Stress-strain relationships

Sulfur concrete is a relatively brittle material. This is quite evident during the testing 

of specimens in compression. Loov (1975) has published stress-strain relationship for 

sulfur concrete and has shown that in the testing of sulfur concrete specimens there 

was no gradual reduction in stiffness when the ultimate load was approached. 

Moreover failure occurred at a strain of approximately 0.0014. The brittleness of the 

material is a disadvantage but it may be overcome by using fibrous materials. Shrive et 

al. (1977) reported that sulfur, sulfur mortars, and sulfur concrete are extremely brittle 

materials, far more so than Portland cement mortars and concretes.

Young’s modulus of sulfur concrete and Portland cement concrete are comparable, at 

approximately 30 GPa for a sulfur concrete with strength of 40MPa (Loov, 1974, 

Malhotra, 1979). Moreover, after one day of cooling, the ACI 548.2R (1988) reported 

that for sulfur concrete with a compression strength of 27.6 MPa, the Young’s 

modulus ranged from 20.7 to 27.6 GPa.

Lee et al. (1981) found that admixtures such as olefins and thiocols stabilized the 

bonding structure and converted the sulfur concrete into a more ductile material.

16

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



However, the effect of these admixtures was time dependent and the ductility 

disappeared with time.

Gillott et al. (1980) studied another type of admixture that they believed could alter the 

bond characteristics between the sulfur mix and the aggregate and between the sulfur 

crystals within the matrix. Petroleum additives and some polyols improved the strain 

capacity, and the effect remained for long periods of time (Gillott et al., 1982 and 

1983).

Lee and Klaiber (1981) found that modulus of elasticity of plasticized sulfur concrete, 

prepared by modifying the sulfur cement using oligomers of cyclopentadiene, was 

lower than that of unmodified sulfur concrete. However, the ductility of the concrete 

was improved, as indicated by the larger strains at failure.

2.2.3 . Freeze-thaw durability

The durability of sulfur concrete subjected to freeze-thaw cycles has been studied 

extensively (Malhotra, 1973, Beaudoin and Sereda, 1974, Loov, 1975, Sullivan and 

McBee, 1976). Their laboratory results showed sulfur concrete to have poor freeze- 

thaw durability.

Duecker (1934) proposed a theory explaining the deterioration of sulfur concrete 

under freeze-thaw cycles, and it has been supported by many published works such as 

Vroom (1977), Sullivan and McBee (1978), and Malhotra (1979). Duecker suggested 

that since sulfur has a low thermal conductivity, large internal temperature gradients 

develop when the ambient temperature changes externally by few degrees. These 

temperature gradients, when coupled with the unusually high coefficient of thermal 

expansion of sulfur (-55 x 10‘6/°C), generate high thermal stresses. These stresses 

were thought to be responsible for the development of fissures or fractures within the 

material (Shrive et al., 1981). The factors that were thought to contribute to the failure
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includes, residual stresses resulting from the crystallographic reversion of sulfur from 

monoclinic to the denser orthorhombic form, differential stresses within the sulfur 

matrix, and between the sulfur matrix and aggregates due to the different expansion 

and contraction behaviors of the materials (Shrive et al., 1981).

As sulfur concrete contains no water or cement, its performance in freeze-thaw cycling 

is principally a problem of resistance to thermal cycling. This is further compounded 

by the fact that sulfur has a very high thermal coefficient of expansion. Malhotra 

(1973) has shown that sulfur concrete produced with crushed gravel aggregate is not 

durable under freeze-thaw cycling. This investigation indicated that the prisms had 

been extensively damaged after exposure to less than 75 cycles; the dynamic modulus 

of elasticity was generally less than 30 % of original.

Shrive et al. (1977) remarked that many sulfur concretes can support many 

temperature thaw cycles, although these concretes fail in the presence of water at 

constant temperatures. This phenomenon was attributed to the presence of expansive 

clays in the aggregate. Shrive et al. (1977) also found that sulfur concrete specimens 

which did not break up at constant temperature in the presence of water and did not 

lose strength when subjected to temperature cycles in the absence of water, did 

however failed laboratory tests of cyclic freezing and thawing in the presence of 

water. Thus they concluded that the lack of freeze-thaw durability of sulfur concrete 

was due to some mechanism involving the freezing and thawing of water in the 

specimen.

Shrive et al. (1981) suggested that freeze-thaw failure mechanism of sulfur concrete 

was similar to that proposed for Portland cement concretes under freeze-thaw cycles 

and involved the effect of moisture in the material. It was thought that moisture 

migration associated with the growth of ice crystals was the principal factor in the 

creation of cracks and fractures. Powers (1975) remarked that pressure great enough to 

exceed the tensile strength of the material has been attributed to an osmotic type
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mechanism. In addition, Litvan (1976) suggested that differences in vapor pressure 

between the more stable ice and unfrozen water absorbed on internal surfaces also 

increased the pressure. Therefore the ice is understood to form in large voids or 

cracks. This failure mechanism is controlled by entraining an air and void system, 

which is created such that the distance between voids within the matrix is sufficiently 

small (on average) to avoid development of large internal pressures. Shrive et al. 

(1981) showed that moisture reaches the interior of the samples despite the low 

permeability of the sulfur concrete. They inferred that both the mechanism of failure 

and the potential solution could be the same as Portland cement concretes.

The air content and the void spacing factor are important parameters considered in 

Portland cement concretes for freeze-thaw durability and are measured by the ASTM 

C-457. An air content of at least 7 % and a void spacing factor of at most 0.2 mm are 

considered necessary to provide an adequate durability for severe exposure conditions 

in Portland cement concretes. However, no consistent trend was found in sulfur 

concrete specimens studied by Shrive et al. (1981). They argued that the durability of 

sulfur concrete must also be a function of the permeability, tensile strength, stress 

strain behavior, and water absorption properties of the concrete.

Cohen (1987) performed an investigation to evaluate the freeze-thaw durability of 

sulfur concrete based on the mechanism proposed by Shrive et al. (1981). A total of 

twelve 2 x 2 x 1 2  inch mortar bars of commercial grade were used for testing. Six of 

the bars were cut into 2 x 2 x 2  inch cubes. The cubes and the bars were immersed 

either in water, a petroleum base oil, or air (in sealed plastic containers) and stored in a 

freeze-thaw apparatus with a temperature range from -12 to 32°C at 27 cycles per 

week.

From the test, it was observed that the oil stored specimens showed severe weight loss 

and scaling, whereas the water and air stored samples didn’t. The main reason for 

these was attributed to deleterious chemical reactions between the oil and sulfur
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concrete specimens leading to disintegration. The freeze-thaw action also didn’t cause 

significant harm to the relative compressive strength of water and air stored 

specimens. The decreasing values for oil-stored specimens were attributed to chemical 

disintegration. If the freeze-thaw mechanism of sulfur concrete is similar to that of 

Portland cement concrete, then it would be expected that water stored specimens 

would show more damage than their air stored counterparts. The fact that this was not 

the case suggested that moisture migration mechanism is not the dominant damaging 

source.

Interpretation of the relative modulus data according to ASTM C 666 would indicate 

that all specimens failed because the relative moduli had decreased to 60 % at 300 

cycles. However, analyses of the relative compressive strengths, surface conditions, 

and weight loss data of the water and air stored samples seemed to indicate good 

freeze-thaw resistance. Moreover there were no appreciable differences in the 

frequency and strength behavior of the water and air stored samples. Consequently, 

Cohen (1987) suggested that the mechanism by Duecker (1934) should not be 

dismissed from consideration. In other words, cyclic freezing and thawing in sulfur 

concrete may be equivalent to thermal cycling, in which case water does not have any 

significant role. Furthermore, the fact that mortar bars failed the ASTM C-666, when 

at the same time the cube strength showed satisfactory resistance, showed that the 

ASTM C-666 test cannot be used effectively for sulfur concrete (Cohen, 1987).

Studies by Beaudoin and Sereda (1973) have shown that the freeze-thaw resistance of 

mortars may be improved by the addition of pyrites. The best freeze-thaw performance 

was obtained with mortars containing 20 % or more of pyrite by weight.

McBee and Sullivan (1978) modified sulfur with 5 % dicyclopentadiene to improve 

the freeze-thaw resistance of sulfur concrete. Two types of concrete were investigated: 

for one type the coarse and fine aggregate were crushed quartz and for the other type 

coarse aggregate was crushed limestone and fine aggregate was manufactured
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limestone sand. The test result indicated a marginal improvement in the freeze-thaw 

resistance of sulfur concrete.

Lee and Klaiber (1981) found that while the resistance of plasticized sulfur concrete 

(modified using oligomers of cyclopentadiene) to freeze-thaw cycles and to water 

action was lower than that of conventional Portland cement concrete, there appeared to 

be considerable improvement over unmodified sulfur concretes.

2.2.4 Fatigue behavior

A material is said to fail in fatigue if failure takes place after a number of repeated 

loads, each smaller than the static strength of the material. This characteristic is 

important in structures such as highway pavements, which are subjected to many 

repetitive traffic loads during their service lives. Lee and Klaiber (1976) and Lee et al. 

(1978) investigated the fatigue properties of unmodified and laboratory modified 

sulfur concretes. They found out that sulfur concrete exhibited much higher fatigue 

lives than did conventional Portland cement concrete. They also noticed slightly 

higher fatigue life for plasticized sulfur concrete than for the unmodified sulfur 

concrete. Lee and Klaiber (1981) showed that plasticized sulfur concrete withstood 

repeated loadings at much higher percent of the modulus of rupture than conventional 

concrete. These findings mean that for pavements of the same thickness and of 

equivalent compressive strengths, sulfur concrete is able to carry many more 

applications of traffic loads than Portland cement concrete.

Furthermore, Lee et al. (1978) indicated that sulfur concrete with fly ash as an additive 

had higher fatigue life and improved considerably the compressive strength. All sulfur 

concrete mixes studied by Lee et al. (1978) showed better fatigue behavior than 

Portland cement concrete. The behavior of the fly ash modified sulfur concrete is far 

better than that of the dicyclopentadiene (DCPD) modified sulfur concrete.
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2.2.5 The effect o f  water under constant temperature

The immersion in water under constant temperature also affects the durability of the 

sulfur concrete. Gillott et al. (1983) and Czamecki and Gillott (1989 and 1990) 

showed that sulfur concrete is subject to excessive expansion, cracking, strength loss, 

and decrease in dynamic modulus of elasticity as a result of continuous immersion in 

water at room temperature. Their results indicated that sulfur concrete made with good 

quality aggregates may show poor durability in the presence of water. The durability 

of sulfur concretes containing glycerin and crude oil admixtures was slightly 

improved, but expansions were still unacceptably high. However, silane admixtures 

were found to significantly reduce the moisture expansion and improve durability of 

sulfur concrete by changing the surface characteristics at the aggregate-sulfur interface 

(Czamecki and Gillott, 1990). Their effectiveness depends on the type of admixture 

and the type of aggregate.

Czamecki and Gillott (1989) also found no correlation between the expansion of the 

rocks and the expansion of the concretes made with these rocks. They observed much 

greater expansion in the concretes than in the rocks, leading to the conclusion that the 

expansion resulted from a physical phenomenon within the sulfur.

Abdel-Jawad and Al-Qudah (1994) studied the combined effect of water and 

temperature on the compressive strength and microstructure of sulfur concrete 

prepared using three different types of aggregates: limestone, sandstone, and basalt. 

The results showed that sulfur concrete immersed continuously in water at different 

temperatures developed lower strength than samples exposed to normal laboratory air 

conditions. The reduction in strength ranges from 42 % to 75 %, depending on the 

types of aggregates and water temperature. The highest reduction in strength was 

obtained in the case of basalt aggregate and water temperature of 20°C. Most of the 

strength loss, at all temperatures, took place during the first three days of immersion in 

water.
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As well, visible cracks and surface cavities appeared in the samples prepared with 

aggregates of crushed limestone and basalt, possibly because of the presence of clay 

minerals. Sandstone aggregate concrete showed no sign of visible cracks because it 

was free of clay minerals.

2.2.6 Creep

Loov (1975) and Malhotra (1979) indicated that sulfur concrete exhibited considerably 

more creep than Portland cement concrete, which can be a serious disadvantage for 

structural concrete members. Gamble and Shrive (1978) suggested several 

mechanisms of creep in sulfur and also mentioned that the creep in elemental sulfur 

was greatly affected by the methods of preparation and curing.

2.2.7 Corrosion resistance

Sulfur concrete is a desirable material for use in construction in the fertilizer and metal 

refining industries because of its resistance to attacks by a wide range of acids and 

corrosive materials. McBee and Sullivan (1978) showed that concretes prepared with 

silica aggregates and modified sulfur binder were superior to those made with 

unmodified sulfur binder. The effects on the mechanical properties of modified sulfur 

concrete test specimens immersed in water, and in 1, 5, and 10 % by weight of H 2SO4  

for up to one year showed no change in compressive and tensile strengths though 

some loss in flexural strength, which may be explained by a loss in plasticity of the 

modified sulfur with time. Investigations by McBee and Sullivan (1978) also showed 

that sulfur concrete prepared from silica or limestone aggregates and modified sulfur 

were not affected by exposure to 5 % NaCL, 5 % CaCL or 5 % Na2SC>4 salt solutions. 

The test specimens did not show any loss in weight and there was only negligible gain 

in weight ranging from zero to 0.3 %.

Dielhl (1976) presented some data showing the resistance of elemental sulfur and 

dicyclopentadiene-modified sulfur to aggressive chemical attacks. More recently,
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Crick and Whitmore (1998) presented a list of the sulfur concrete’s chemical 

resistance to various solutions at room temperature as shown in Table 2.4.

Acids
Concentration*

(%)
Chemicals

Concentration*

(%)
Boric acid 100 Ammonium sulfate 100
Hydrochloric acid 32 Calcium chloride 100
Nitric acid 50 Copper sulfate 100
Phosphoric acid 85 Ferric chloride 100
Sulfuric acid 93 Magnesium chloride 100

Magnesium sulfate 100
Potassium chloride 100
Nickel chloride 100

Nickel sulfate 100
Sodium chloride 100
Sodium sulfate 100
Zinc chloride 100

Zinc sulfate 100
* Maximum concentration resisted by sulfur concrete

Table 2.4 Chemical resistance at room temperature, after Crick and Whitmore
(1998)

Malhotra (1975) mentioned that unmodified sulfur is attacked or dissolved by strong 

oxidizing agents such as concentrated sulfur, nitric, and chromic acids, sodium 

hypochlorite, strong alkalis at pH 10, polysulfide solutions, and certain organic 

chemicals like carbon disulfide, phenols and others. Sulfur also reacts with a number 

of metals in solutions like copper and beryllium to form insoluble sulfides.

Okamura (1998) studied the performance of sulfur concrete floors, which have been 

used in industrial and acid plants in British Colombia and Calgary. The sulfur 

concretes consisted of elemental sulfur, sulfur polymer stabilizer (Sulfurcrete®), fine 

filler material, and aggregate. Core samples from the facilities with sulfur concrete
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were taken to obtain details about mix proportions used, placing of the material, 

compressive strength, and general performance. The findings showed that sulfur 

concretes were in good conditions after years of service in these highly corrosive 

environments. The quality control in mix design, production, and placing of sulfur 

concrete were paramount for success against chemical attacks.

2.2.8 Resistance to fire  and ultra violet rays

Sulfur melts at about 119°C, and sulfur concrete subjected to this or higher 

temperature will melt and lose all its strength. Because of the low melting point of 

sulfur the use of sulfur concrete is limited to applications where temperature does not 

exceed about 80°C (Malhotra, 1979). In spite of the development of fire retardants, 

sulfur concrete cannot be considered stable in fire. In addition, sulfur combustion is 

self-sustaining and, thus once ignited, will continue to bum until extinguished. In the 

presence of oxygen, sulfur will bum to sulfur dioxide, a toxic gas (Malhotra, 1979).

Kemp et al. (1971) have shown that the oxidization of sulfur in the presence of 

moisture is accelerated by ultraviolet light. It may be speculated that large surfaces of 

sulfur concrete when exposed to moisture and ultraviolet light may result in the 

formation of sulfuric acid (Malhotra, 1979).

2.2.9 Resistance to biological attack

Loov (1974) and Malhotra (1979) pointed out that sulfur mortars and sulfur concretes 

are susceptible to attack by bacteria, primarily Thiobacillus thiooxidans, resulting in 

the production of sulfurous and sulfuric acids. Thus a drop in pH indicates growth of 

this organism.

Frederick and Starkey (1948) reported that the oxidation of elemental sulfur by 

Thiobacillus thiooxidans was dependent upon particle size. The smaller the sulfur 

particle, the faster is its rate of oxidation in pure culture experiments. Fjerdingstad
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(1960) pointed out that the optimum growth temperature for Thiobacillus thiooxidans 

is between 28 and 30°C, therefore the attack would be more severe on soils in 

countries with hot climate.

Investigations have been reported on the use of bactericides to counter the attack 

caused by bacteria (Duecker et al. 1948, Laishly and Tyler, 1978). Laishly and Tyler 

(1978) indicated as shown in Table 2.5 the effect of Thiobacillus thiooxidans on sulfur 

concrete.

Sulfur
limestone
concrete

bars

Cell count of 
Thiobacillus 

thiooxidans/ml
pH S 04 (mg/ml)

Length of
bars***
(inches)

Flexure 
test (psi)

Initial Final Initial Final Initial Final Initial Final
Inoculated* 3.1xl06 7xl07 3.3 1.8 0.5 9.5 10.06 10.06 384(±37)

Un-inoculated* 4.5 4.8 0.5 1.6 10.08 10.08 381(±35)
Dry control** 10.07 10.06 481(±36)

* Average of 4 different experiments 
** Average of 3 different experiments 
*** Measured with Demec extensometer 
()  Standard deviation of the mean

Table 2.5 Effect of Thiobacillus thiooxidans on sulfur concrete, modified from 
Laishly and Tyler (1978), (1 psi = 6.895 kPa)

2.2.10 Recycling

One attractive feature of sulfur concrete is that, if needed, sulfur concrete can be 

melted to recover the sulfur and aggregates and the recycled materials can be used 

again for concrete (Malhotra, 1979). Limited data by Lee et al. (1978) showed that the 

strength properties of concrete made with recycled sulfur are comparable to the 

original strength values (Table 2.6).
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Original Recycled

Series
Compressive 

Strength (psi)

Mod. of 

Rupture (psi)

Compressive 

Strength (psi)

Percent

change

Mod. of 

Rupture (psi)

Percent

change

I 4510 533 4286 -5.0 466 -12.6
II 4410 497 5506 +24.8 466 -6.2
III 2610 486 4516 +73.0 479 -1.4

Table 2.6 Strength of original and recycled sulfur concrete, Lee et al. (1978) (1
psi = 6.895 kPa)

2.3 Environmental and Safety Aspects in the Use of Sulfur in Highway 
Pavements

The material presented in this section is extracted from the works of Saylak et al. 

(1981) and Deuel and Saylak (1981). Their studies were sponsored by the Federal 

Highway Association (FHWA), and were performed at the Texas Transportation 

Institute (TTI). The first part of these studies dealt with the pollution from mix 

preparation and construction (Saylak et al., 1981). The second part investigated those 

aspects related to post construction exposures to the elements, and to the problems that 

can occur while the pavement is in use (Deuel and Saylak, 1981).

2.3.1 Mix preparation and construction

2.3.1.1 Use of sulfur in construction

One of the major concerns throughout the development of sulfur/asphalt concrete in 

construction applications has been the potential hazards created at the construction site 

due to the evolution of toxic gases such as: Hydrogen sulfide (H2S), Sulfur Dioxide 

(SO2 ) and Elemental Sulfur.

A Federal Highway Association (FHWA) sponsored research program at Texas 

Transportation Institute (TTI) by Saylak et al. (1980), with the objective of assessing 

the environmental and safety implications of using sulfur as a highway paving
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material, has concluded that as long as the temperature of the mix is maintained below 

149°C, the concentrations of the pollutants (H2 S, SO2  and S) remain below the 

maximum allowable concentrations (MAC) suggested by the American Conference of 

Governmental Industrial Hygienists (ACGIH). Similar studies sponsored by other 

organizations like Sulfur Institute (Izatt, 1977), Gulf (Kennepohl et al., 1975), Shell 

(Deme, 1974), and SUDIC (Rennie, 1978) also supported this claim.

2.3.1.2 Toxicity of sulfur initiated pollutants

The three most common sulfur initiated pollutants are Hydrogen sulfide (H2 S), Sulfur 

Dioxide (SO2 ) and particulate sulfur. The safety problems of each of these 

contaminants are discussed here.

2.3.1.2.1 Hydrogen sulfide (H2S)

Hydrogen sulfide is known for its characteristic “rotten egg” odor. Although this odor 

is noticeable at concentrations as low as 0.02 ppm, odor is not a good indicator of 

concentration level. Hydrogen sulfide can have a paralyzing effect on the sense of 

smell. Therefore, high concentrations cannot be noticed. During the TTI research 

project, the toxicity of H2 S was established based on the relationships between its 

concentration and the effects on humans, as specified by the ACGIH. Those 

concentrations and their effects are given in Table 2.7

H2S concentration, ppm Effect

0.02 Odor threshold
0.1 Eye irritation

5 -1 0 Suggested MAC for prolonged exposure

70-150 Slight symptoms after exposure of several hours

170 -  300 Maximum concentration which can be inhaled

400 -  700 Danger after exposure for half to one hour
600 Fatal with half hour’s exposure

Table 2.7 Effects of H2S on humans, after Saylak et al. (1981)
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On the basis of these effects a MAC value of 5 ppm is normally specified as the upper 

threshold limit for continuous exposure to H2 S emissions in areas expected to be 

normally occupied by construction or plant personnel.

2.3.1.2.2 Sulfur dioxide (SO2)

Sulfur Dioxide is a colorless gas with a pungent odor, which unlike H2 S gives ample 

warning of its presence. The principal health hazard from SO2  comes from inhalation 

of excessive quantities above its MAC. The National Institute for Occupation Safety 

and Health, and the Manufacturing Chemists Association have established the relative 

toxicity of SO2 emissions on the basis of its effects on humans (Table 2.8)

SO2 concentration, ppm Effect

0 .3 -1 Detected by taste
1 Injurious to plant foliage
3 Noticeable odor
5 MAC (ACGIH)

6 -1 2 Immediate irritation of nose and throat
20 Irritation to eyes

50-100 MAC for 30 -  60 minute exposures
400 -  500 Immediately dangerous to life

Table 2.8 Effects of SO 2 on humans, after Saylak et al. (1981)

A concentration of 5 ppm is the MAC specified as the upper threshold limit for SO2 

emissions in areas expected to be normally occupied by construction and plant 

personnel.

2.3.1.2.3 Elemental Sulfur

Vapors emitted during mixing and dumping operations contain a certain amount of 

undissolved and unreacted sulfur. As the vapors come in contact with air and cool, the
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sulfur crystallizes into small particles that are carried by wind. Since there is no 

practical way to eliminate this pollutant, its effect on both the environment and 

personnel must be considered.

Saylak et al. (1981) pointed out that the principal problem related to sulfur dust is the 

irritation of the eyes after contact. Sulfur is capable of irritating the inner surfaces of 

the eyelids. Sulfur dust may rarely irritate the skin. Sulfur is virtually non-toxic, and 

no evidence has been found that systematic poisoning results from the inhalation of 

sulfur dust. The primary hazard in handling solid sulfur results from the fact that sulfur 

dust suspended in air may be ignited. This problem is limited to enclosures and 

unventilated areas such as storage silos and hoppers (Saylak et al., 1981).

2.3.1.3 Conclusions of Phase 1 study (Saylak et al., 1981)

Six mix designs representing four types of sulfur-asphalt pavement materials; sand- 

asphalt-sulfur, sulfur extended asphalt, sulfur recycled system, and sulfur concrete 

were evaluated to assess their potential environmental impact during mix preparation 

and construction. The evolution of sulfur based pollutants, primarily H2 S, SO2 , and 

particulate sulfur was investigated from the mix preparation stages through 

construction. In the formulation phase the influence of sulfur in seven mix designs was 

examined against mix temperature, humidity, and oxygen content of air. The results 

generated from this study tend to support the data generated by others in the laboratory 

as well as the field that, as long as the mix temperature is kept below 149°C, evolved 

gases and pollutants can be maintained within safe limits. However, the conclusion 

does not apply when sulfur-asphalt mixtures are processed or stored for prolonged 

periods of time in closed environments such as silos and hoppers.

2.3.2 Post construction exposure

The second part of the study performed by the TTI (Deuel and Saylak, 1981), dealt 

with post construction aspects while the pavements are in use. Nine mix designs
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which included, five sulfur-asphalt systems, two sulfur concretes, and two control 

asphalt concretes, were subjected to a variety of simulated in service weathering traffic 

conditions including hot temperatures, actinic light (ultra violet radiation), rainfall, 

freeze-thaw, biological activities, chemical spills and fire. Pollutants in the form of 

dust, fumes and run-off products were collected and analyzed for their safety and 

environmental impact assessment.

2.3.2.1 Weathering studies

The combined effects of temperature, actinic light, and rainfall conditions on 

emissions and run-off products were achieved by exposing slabs of six selected mix 

designs of asphalt, sulfur asphalt, and sulfur concrete to natural daily and seasonal 

weathering.

Their result showed that the discharge of H2S and S 0 2 from the sulfur concrete and 

sulfur concrete modified with dicyclopentadiene were approximately equal in 

magnitude to that of the lower sulfur-asphalt pavement materials, although they 

contained more than 10 times of total sulfur than the sulfur-asphalt mixes. To put the 

magnitude of the flux values in perspective, the maximum value of H2S measured 

during the test was 955 |i,g/m2/hour (reported for the high sulfur asphalt blend). This 

value corresponded to a concentration in air of 2.6 ppm, which was half of the 

maximum allowable concentration recommended in section 2.3.1.2.1. Moreover, the 

maximum values measured for the sulfur concrete mix was 159 |ig/m2/hour of H2S 

and 201 p,g/m2/hour of S 0 2, and for the sulfur concrete modified with 

dicyclopentadiene were 164 pg/m2/hour of H2S and 232 |a.g/m2/hour of S 02. These 

values were well below the recommended maximum allowable concentrations.
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23.2.2 Simulated in service conditions

2.3.2.2.1 Temperature, actinic light and run-off effects

Compacted specimens of sulfur asphalt, asphalt and sulfur concrete were exposed to 

actinic light and temperature. After 6 months of exposure, the outer edges were 

chipped away and grounded in an ore crusher for subsequent total sulfur analysis. 

Total sulfur values obtained were utilized to determine the potential weathering effect 

of a combination of high temperature and UV light with potential loss as run off from 

rain. The most relevant results were that UV radiations from full sunlight did not 

affect the total sulfur measured and that the conservation of sulfur suggested no loses 

from a rainfall run-off mechanism.

2.3.2.2.2 Freeze-thaw

Compacted specimens of sulfur asphalt, asphalt and sulfur concrete were subjected to 

the weathering impact of freeze-thaw cycling following ASTM C-666 test procedure. 

After the final thaw, the water used as the surrounding matrix was filtered and 

extracted. Initial analysis of the water showed contents of organic leachate. However, 

further analysis demonstrated that these leachates were not constituents of the samples 

and also did not contain sulfur.

Chips taken from the outer edges of beam samples for total sulfur analysis suggested 

no loss of sulfur from the sample following the multiple freeze-thaw weathering 

sequence.

2.32.2.3 Chemical weathering

Deuel and Saylak (1981) analyzed for hydrolysates by using gas chromatographic 

techniques on both weathered specimens and laboratory control materials. This 

analysis revealed that organic material was not solubilized by hydrolysis reaction in 

either pH=2 or pH=10 water at a reaction temperature equivalent to the maximum
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surface temperature. Much more acidic or basic reactions at the pavement surface 

were required to induce chemical hydrolysis of sulfur asphalt pavements. The total 

sulfur lost as H2 S was small in magnitude, suggesting that hydrolysis reactions would 

at best be significant in the weathering of sulfur asphalt pavements over a long term. 

The chemical oxidation of sulfur was an exceedingly slow reaction at ambient 

temperatures of the natural environment.

2.32.2.4 Biological weathering

The different mix designs mentioned above were ground to pass through a 1mm mesh 

sieve, and 10 grams of samples were incorporated into 100 grams of fresh soil matrix, 

at field capacity moisture level, to determine the potential biological degradation. The 

data suggested that the sulfur tended to increase the biological activity of the soil. A 

mechanism of weathering was not reported for the sulfur concrete mixes. The study 

also revealed that no significant levels of sulfur were lost from the specimens exposed 

to a natural weathering environment over a relatively short period of time. However, 

the results suggested that soil-born microbes might be important in the long term. All 

soils contain microorganisms, which can utilize sulfur as an energy source, with 

potential for deposition on in service pavements.

2.3.22.5 Simulated traffic effects

Deuel and Saylak (1981) studied the following factors, which result from traffic and 

could impact the environment by affecting the road surface: skidding, snow low 

friction, tire pavement interaction, and exhaust fumes. With the exception of the 

exhaust fumes, the other three factors produced dust from either friction or erosion. 

This dust could be transported by wind or rain to adjacent stream and ground surfaces. 

Elemental sulfur was detected in dusts created by grinding the test samples, however it 

was believed that the test exaggerated the mechanism of degradation.
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2.3.2.2.6 Simulated fire test

Deuel and Saylak (1981) showed that putting compacted specimens of sulfur asphalt 

and sulfur concrete mixes in direct contact with a natural gas flame resulted in 

significant sulfur losses as H2S and SO2 . Compared with the sulfur losses (in the form 

of SO2 ) of the asphalt sulfur mixes, those of the concrete mixes were extremely high. 

The SO2 emissions of sulfur concrete and sulfur concrete modified with DCPD were 

2800 ppm and 3400 ppm respectively compared with the highest sulfur asphalt 

emissions of 750 ppm. However, the H2 S emissions of the sulfur concrete mix was nil, 

and the emissions of mix modified with DCPD was 25 ppm, comparable with the 

lower emissions from the sulfur asphalt mix. Another important issue was that only 

the DCPD modified sulfur concrete systems remained on fire once the burner flame 

was removed.

2.3.2.3 Conclusions of phase 2 study (Deuel and Saylak, 1981)

From the studies it was found that exposure to the elements had negligible effects on 

the paving materials studied and run-off either by wind or rain produced little or no 

effect on the immediate environment. It should be noted that both mix preparation and 

simulated weathering experiments were designed to maximize the test conditions and 

thus the results generated may be considered conservative.

The possibility of accidental events such as fires and chemical spills were investigated 

and revealed some possible short-term undesirable effects. These effects were 

essentially obnoxious fumes and/or short-term pollution. Virtually all of the sulfur 

paving materials were difficult to ignite and were self-extinguishing.

2.4 Batching, Transporting, Placing and Finishing of Sulfur Concrete

The ACI 548.2R (1988) guideline provides recommendations for batching, 

transporting, placing and finishing sulfur concrete. The minimum and maximum
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temperatures of a sulfur concrete mixture are controlled because: 1) the sulfur cement 

melts at 119°C and 2) above 149°C, the viscosity of sulfur cement rapidly increases to 

an unworkable consistency. For these reasons, 132 to 141°C has been found to be an 

optimum temperature range to allow time for transportation, placement and finishing 

of sulfur concrete before solidification. The ACI 548.2R (1988) indicated that the keys 

to successful placing and finishing of sulfur concrete are: 1) having the sulfur concrete 

mass heated from 132 to 141°C at the moment of the placement, and 2) speed in 

placing and finishing.

The ACI 548.2R (1988) pointed out that if sulfur concrete has a stiff, dry appearance 

when is heated above 149°C, additional sulfur cement should not be added. When this 

happens, the temperature should be checked to determine whether the mixture is too 

hot. If it is, the mix temperature should be quickly reduced below 149°C. If the right 

amount of sulfur cement was originally added, the sulfur concrete will return to more 

fluid and workable consistency.

Equipment and techniques from both the concrete and asphalt technologies are used to 

batch, transport, place, and finish sulfur concrete. The typical equipment for a cast in 

place sulfur concrete operation would include the following: aggregate drying system, 

weigh hopper/scale for proportioning mixture materials, mixing/transporting 

equipment, and typical concrete hand-placing and finishing tools.

Yarbrough (1983) examined the use of conventional asphalt and concrete equipments 

for batching, mixing, and placing sulfur concretes in production of precast concrete 

items, and parking pad and pavement patch construction. The findings showed that 

very little difficulty was encountered in manufacturing sulfur concretes with a 

conventional asphalt batch plant. The modified redi-mix truck used for transporting 

concrete has worked well with the only apparent problem being the inability to keep 

the discharge chute hot enough to prevent the sulfur concretes from solidifying on the
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chute. The relatively simple Portland cement concrete placing equipment worked 

reasonably well in placing and finishing the sulfur concretes.

2.4.1 Floor construction

ACI 548.2R (1988) guideline also added that in floor construction, compaction, strike 

off, and finishing of sulfur concrete can be done with conventional Portland cement 

concrete hand tools. Sulfur concrete should be worked in as large a mass as possible to 

maintain heat. The maximum dimensions for slabs are normally limited by the ability 

of the finishing crew to finish the concrete while it is sufficiently hot.

Once a placement section is filled with sulfur concrete it should be struck off with a 

simple screed. With a properly designed mixture, probe vibrators are generally not 

necessary. A vibrating screed is effective in achieving a relatively smooth sealed 

finish. After the slab is struck off, there are only a few minutes available to finish the 

surface (depending upon the ambient conditions). High quality wood and metal floats 

are recommended for the finishing. One pass over the slab surface while it is still 

molten to smooth and seal the surface is all that is required. If the finisher continues to 

work the surface as it starts to crust, the crust will tear and the finish will be destroyed. 

If this happens, a propane torch can be used to quickly remelt that area so that it can be 

refinished.

When sulfur concrete is unintentionally spilled, it should be left in a mass to solidify. 

No attempt should be made to quickly shovel and scrape it up because this will leave a 

thin film bonded to the surface, which is difficult to remove. A solidified mass of 

sulfur concrete can be removed more easily with a crowbar or shovel. Sulfur 

concrete’s final (as screeded) finished texture and skid resistance are generally 

desirable in most industrial environments. The surface of the slab is dense, washes 

down easily, and provides good abrasion resistance.
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Sulfur concrete floors should be poured on a dry compacted base material. If there is 

any moisture in the base, a vapor barrier, such as plastic sheeting, must be used over 

the base to prevent hot sulfur concrete from vaporizing the moisture in the base. It is 

best to pour sulfur concrete floors in small sections. Since sulfur concrete is poured 

hot and will contract on cooling to ambient temperatures, expansion joints must be 

provided between adjacent pours of a floor (McBee et al., 1981)
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3 LABORATORY TESTS

The construction of mine haul roads using sulfur concrete requires an understanding of 

the physical, mechanical and chemical properties of the material. An extensive 

laboratory testing program consisting of unconfined compression test, sonic velocity 

measurement, split tensile test and freeze-thaw durability test was carried out to 

characterize the strength properties and deformation characteristics of different mix 

designs of sulfur concrete prepared from oil sands mine by-products and amine wastes 

such as sulfur, fly ash, coke and tailing sand. The potential geochemical interactions of 

sulfur concrete with the near surface environment were also studied in the laboratory 

for its use as road building material.

Different mix proportions were selected to produce laboratory test specimens taking 

into consideration the strength, workability of the mixes and production rate of waste 

materials at the SUNCOR oils sands mines site in Fort McMurray. The test samples 

were prepared either from sulfur and coke with or without fly ash addition or sulfur 

mixed with tailings sand and fly ash. The sulfur in all mixes was the binder while the 

coke, fly ash and tailings sand were aggregates.

Uni-axial compressive loading testing was performed to fully characterize the strength 

and deformation properties of cylindrical sulfur concrete specimens when subjected to 

compressive loading. From the compression test the peak compressive strength, 

Young’s modulus and the strain at peak stress of different mix designs of sulfur 

concrete were evaluated. Moreover the full ranges of stress strain curves of these 

mixes were also obtained. Sonic velocities through cylindrical sulfur concrete samples 

were measured to determine elastic material properties such as Young’s modulus, bulk 

modulus, shear modulus and Poisson’s ratio of different mix designs of sulfur 

concrete.
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Based on the uni-axial compression testing and sonic velocity measurements results 

and the production rate of waste materials at SUNCOR oils sands mines in Fort 

McMurray, three optimum mix designs were selected for further testing. Two of the 

optimum mixes contained coke, sulfur and fly ash and one mix contained sand, sulfur 

and fly ash. Split tensile test, freeze-thaw durability studies and geochemical 

investigation of the use of sulfur concrete in a road were studied on laboratory test 

samples prepared based on the optimum mix designs.

The resistance of sulfur concrete to multiple freeze-thaw cycles is very important for 

its application in northern locations where there are significant fluctuations of 

temperatures throughout a year. Rapid freeze-thaw testing was carried on sulfur 

concrete specimens prepared using the optimum mix designs to evaluate the effect of 

multiple freeze/thaw cycles on the strength and deformation characteristics of the 

material. The parameters measured to evaluate the freeze thaw durability differed from 

those recommended in the standards for Portland cement concrete. However, they 

were consistent with the observations found in section 2.2.3.

Geo-environmental impacts of sulfur concrete haul roads on the near surface 

environment were also studied. The study of geochemical interaction of sulfur 

concrete with the near surface environment included: short term interaction of surface 

exposed sulfur concrete during the construction and operational life of the haul road 

and long term interaction of sulfur concrete with ground water following its burial 

with mine wastes in the mined-out pits. These chemical (environmental) interactions 

were studied separately to understand the potential environmental impact of using 

sulfur concrete for haul roads.

3.1 Materials and Proportion

According to Environment Canada (1984), the primary source of elemental sulfur is 

from sour natural gas (containing hydrogen sulfide), with smaller amounts from sour
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petroleum. Other sources include sulfuric acid and sulfur dioxide recovered from 

smelter gases, and sulfuric acid from pyrites concentrates, and minor amounts from 

direct mining operations. Meyer (1977) pointed out that one way to produce sulfur is 

from the extraction of ores mined primarily for lead, zinc, and copper. In Alberta, 

particularly, sulfur is recovered from hydrocarbons as a by product of the oil and gas 

industry. Near Fort McMurray sulfur is produced as by product of the oil sands 

bitumen upgrading process. Environment Canada (1984) remarked that Alberta 

accounts for 90 percent of the total sulfur production in Canada, with the various oil 

industry facilities distributed throughout the province.

Alberta's oil sands contain the biggest known reserve of oil in the world. An estimated

1.7 to 2.5 trillion barrels of oil are trapped in a complex mixture of sand, water and 

clay. The most prominent theory of how this vast resource was formed suggests that 

light crude oil from southern Alberta migrated north and east with the same pressures 

that formed the Rocky Mountains. Over time, the actions of water and bacteria 

transformed the light crude into bitumen, a much heavier, carbon rich, and extremely 

viscous oil. The percentage of bitumen in oil sand can range from 1% -20%. The oil 

saturated sand deposits left over from ancient rivers in three main areas, Peace River, 

Cold Lake and Athabasca. The Athabasca area is the largest and closest to the surface, 

accounting for the large-scale oil sands development around Fort McMurray 

(http://www.oilsandsdiscovery.com).

3.1.1 Oil sands processes

Mined oil sand, which is a mixture of bitumen (a thick sticky form of crude oil), sand, 

water and clay, is mined using shovels with buckets and is delivered to the ore 

preparation plant using large haul trucks. Crushers and sizers in the ore preparation 

plants prepare the ore for delivery to primary extraction plants via hydro-transport 

pipelines. The primary extraction plants on both sides of the Athabasca River separate 

raw bitumen from the sand in giant separation cells. After the bitumen is extracted
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from the oil sands ore, the sand and water is disposed of into settling ponds. The 

settled sand is known as tailing sand.

The extracted bitumen is a complex hydrocarbon made up of a long chain of 

molecules. In order for the bitumen to be processed in refineries, this chain must be 

broken up and reorganized. Unlike smaller hydrocarbon molecules, bitumen is carbon 

rich and hydrogen poor. Thus, the bitumen is upgraded by removing some carbon 

while adding additional hydrogen to make more valuable hydrocarbon products. The 

bitumen is heated in furnaces and sent to drums where petroleum coke, the heavy 

bottom material, is removed. Coke, which is similar to coal, is used as a fuel source 

for the utilities plant. The fly ash is a waste product from power plants as a result of 

burning coke and it is collected from Electrostatic Precipitators. Depending on the 

requirement of the final product sulfur is removed by hydro-treating the hydrocarbon 

products.

3.1.2 Sulfur

Sulfur is a by-product of bitumen upgrading process. The sulfur used to produce 

laboratory specimens for testing was shipped from SUNCOR Oil Sands mines at Fort 

McMurray inside sealed barrels to University of Alberta.

Pure solid sulfur is yellow in appearance and the specific gravity ranges between 1.96 

and 2.07. At normal temperatures, it has an orthorhombic crystalline structure. Upon 

heating, it inverts slowly at 96°C to a monoclinic less dense allotrope which melts at 

about 119°C. The liquid ranges in color from transparent straw yellow to dark reddish 

brown depending on its temperature. Viscosity changes markedly with temperature, 

particularly above 159°C. The specific gravity of liquid sulfur at 120°C is about 1.8.
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3.1.3 Tailing sand

Tailing sand is a waste material from the extraction of oil sands. The tailing sand was 

transported from the tailing dams located at the SUNCOR Oil Sands mines in Fort 

McMurray in sealed barrels to the University of Alberta. A washed sieve analysis was 

performed at the University of Alberta, and the grain size distribution is presented in 

Figure 3.1. The tailing sand is classified as poorly graded sand (SP) under the unified 

soil classification system.
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Figure 3.1 SUNCOR tailing sand grain size curve

3.1.4 Coke

Coke is a waste product of the bitumen upgrading process. Coke was transported from 

the SUNCOR Oil Sands mines in Fort McMurray inside sealed barrels to the
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University of Alberta. Originally, the coke delivered contained large amount of coarse 

particles. These coke chunks were crushed to 3/8 inch minus, in the laboratory, which 

was required to prepare test specimens. Sieve analysis was carried out on the crushed 

coke samples. The grain size distribution of the coke used to produce laboratory test 

specimens is shown in Figure 3.2. Specific gravity of the coke ranges from 1.3 to 1.6. 

The coke is classified as poorly graded (SP) under the unified soil classification 

system.
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Figure 3.2 SUNCOR coke grain size curve

3.1.5 Fly ash

The fly ash is a waste material, collected from the electrostatic precipitators as a result 

of burning coke, in the power plant at the SUNCOR Oil Sands mine site in Fort 

McMurray, Alberta. The fly ash can be described as a fine grayish brown powder with
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similar appearance to Portland cement. The solid particles have a specific gravity of 

2.34.

3.1.6 Sulfur and aggregates proportions

Sulfur concrete test specimens were prepared in the laboratory using different mix 

proportions by weight of sulfur, fly ash, coke, and tailing sand. Different mix 

proportions were selected taking into consideration strength, workability of mixes and 

production rate of waste materials at the SUNCOR site. Proportions of materials used 

along with abbreviations used to designate each mix design are presented in Table 3.1. 

These abbreviations are used throughout this thesis when discussing the results.

Percentage by weight
Consistency Key

Sulfur Fly Ash Coke Tailing sand

30 - 70 - Sticky 30S70C

35 - 65 - Sticky-soupy 35S65C

40 - 60 - Sloppy 40S60C

30 2.3 67.7 - Sticky 30S2.3FA67.7C

35 2.3 62.7 - Sticky-soupy 35S2.3FA62.7C

30 4.6 65.4 - Sticky 30S4.6FA65.4C

35 4.6 60.4 - Sticky-soupy 35S4.6FA60.4C

30 20 50 - Dry 30S20FA50C

40 10 50 - Sticky-soupy 40S10FA50C

33.3 33.3 33.3 - Very dry 33.3S33.3FA33.3C

30 2.3 - 67.7 Sticky 30S2.3FA67.7Sa

Table 3.1 Sulfur and aggregate proportions

3.2 Test Specimen Preparation and Measurement

Sulfur concrete is a thermoplastic material produced by hot mixing aggregate and 

sulfur as the binder. For it to be prepared all components of the mix have to be heated
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above the melting point of sulfur, which is about 119°C. The sulfur needs to be molten 

in order to mix well with the aggregates. The aggregates also need to be heated to 

prevent the sulfur from quickly solidifying when in contact with the aggregates during 

the mixing process. After the components are mixed well the resulting mixture is cast 

inside a mold to produce test specimens. Upon cooling the sulfur quickly solidifies 

and binds the aggregates into hard concrete mass. Two mixing techniques have been 

used, namely the open hot mix and the dry post heating mix.

The open hot mix process requires the sulfur to be molten and the aggregates to be 

heated before mixing. This process produces toxic gases such as Hydrogen Sulfide 

(H2S) and Sulfur Dioxide (SO2 ). However, as long as the temperature of the mix is 

maintained below about 149°C, the concentrations of these gases remain below the 

Maximum Allowable Concentrations (MAC) suggested by the American Conference 

of Governmental Industrial Hygienists (ACGIH) (Saylak et. al., 1981).

In the dry mix post heating process, granular sulfur and aggregates are mixed before 

heating, and then enough heat is applied for the sulfur to melt. The mixing process 

could be performed at room temperature, and the temperature is increased in a sealed 

container controlling the emission of gases, but even then, avoiding some exposure to 

fumes is difficult.

Because of the simplicity of the equipment required the open hot mix process was 

used to produce the test specimens in the laboratory. A respirator, goggles and gloves 

were worn at all times during the sample preparation process, and the specimens were 

prepared in a fume hood to vent gas emissions.

The materials used to prepare the concrete for testing (sulfur, coke, fly ash and tailing 

sand) were shipped from SUNCOR Oil Sands in Fort McMurray inside sealed barrels 

to University of Alberta. Different mix proportions were selected taking into 

consideration strength, workability of mixes and production rate of waste materials at
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the SUNCOR site. Samples were prepared either from sulfur and coke with or without 

fly ash or sulfur mixed with tailings sand and fly ash. The sulfur in all mixes was the 

binder while the coke, fly ash and tailing sand were aggregates.

3.2.1 Sample preparation procedure

The ACI 548.2R (1988) requires that sulfur concrete test specimens be cast in steel 

molds in the mixing and working temperature range of 132°C to 141°C. The molds 

need to be preheated to approximately 138°C before adding the mixture. The 

specification also requires compacting the sulfur concrete as it is added to the mold by 

tamping with a heated 16 mm hemispherical tipped rod. The samples should be cast in 

an upright position and the specimen surfaces are finished and allowed to cool to room 

temperature before being removed from the molds. This procedure was followed 

during the preparation and casting of all samples reported in this thesis.

The minimum and maximum temperatures of sulfur concrete mixture is controlled 

because: a) the sulfur cement melts at 119°C, b) above 149°C there might be a 

potential evolution of toxic gases such as Hydrogen Sulfide and Sulfur Dioxide, and c) 

above 159°C the viscosity of sulfur concrete rapidly increases to an unworkable 

consistency. For all these reasons 132°C to 141°C was found to be an optimum 

temperature range for sulfur concrete production, casting and finishing before 

solidification.

The test specimens for unconfined compression test, sonic velocity measurement, split 

tensile test and freeze-thaw durability tests were approximately 76 mm in diameter by 

152 mm high, with height to diameter ratio of 2. This dimension is appropriate to 

facilitate the investigation of the stress-strain curve of the materials and determine the 

Young’s modulus (ACI 548.2R, 1988). Also Malhotra (1978) and ACI 548.2R (1988) 

pointed out that small cylinders gained strength faster; thus to investigate the 

compressive strength this size was convenient. Test specimens for geochemical
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investigation studies were 152 mm in diameter by 76 mm high prepared inside 152 

mm by 305 mm plastic cylinders.

Laboratory ovens were used to melt the sulfur and heat the aggregates to the required 

mixing temperature ranging from 140°C to 145°C. A preheated mixing pot was used to 

mix the heated aggregate and the molten sulfur until a homogeneous fluid mixture was 

obtained. Samples were cast in preheated molds and were compacted in two or three 

layers using a heated flat circular tamper. After each tamping, the tamper was returned 

to the oven to be heated for compaction of the next layer. The sample was tamped to a 

height above the top of the mold and trimmed with a preheated steel trimmer. Care 

was taken during trimming to maintain the compaction and provide a finished surface. 

After the samples were cast in the molds, they were cured in air at room temperature 

(20°C) in an upright position. The molds were removed after the specimens cooled to 

room temperature and samples were ready for testing. The mixing spoon, tamper, and 

trimming tool were all preheated to the same temperature range as mentioned above.

The 35S65C, 35S2.3FA62.7C, 35S4.6FA60.4C, 40S10FA50C, and 40S60C mixtures 

were easy to mix. Their consistency varied from the very sticky-soupy 35S65C mix to 

the sloppy 40S60C. The 30S70C, 30S2.3FA67.7C, 30S2.3FA67.7Sa, and 

30S4.6FA65.4C, mixtures were slightly difficult to mix. They were slightly thicker 

with sticky consistency. The 30S20FA50C mix was dry, while the 33.3S33.3FA33.3C 

mix was very dry, and both were very difficult to mix during sample preparation.

3.2.2 Measurements o f specimen dimensions and unit weight

The diameter and height of the cylindrical samples were measured, following a 

minimum of 24 hours after curing in air at room temperature, using a digital caliper. 

Diameter readings were taken at three locations, top and bottom ends and at the 

middle of the sample. At each location two measurements were taken at right angles to 

each other. Two sample height measurements were taken at right angles to each other.

47

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The average of these readings was used in the calculation of cross sectional area and 

volume of sample.

The weight of the samples was taken by using laboratory scales with a precision of 0.1 

g. The unit weights of triplicate samples of the different mixes were calculated and the 

statistical results are given in Table 3.2. Density of individual samples tested is 

presented in Table A-l (Appendix A).

Mix Type
Density (kg/mJ)

Mean Minimum Maximum Standard Deviation

30S70C 1040 1036 1045 3.68
35S65C 1158 1129 1187 23.68
40S60C 1222 1198 1253 23.1

30S2.3FA67.7C 1064 1040 1078 16.86
35S2.3FA62.7C 1193 1151 1223 30.59
30S4.6FA65.4C 1080 1060 1093 14.52
35S4.6FA60.4C 1217 1152 1250 46.18

30S20FA50C 1358 1310 1386 34.3
40S10FA50C 1462 1431 1493 25.32

33.3S33.3FA33.3C 1303 1290 1327 16.78
30S2.3FA67.7Sa 2170 2079 2261 91

Table 3.2 Unit weight statistics of the mix designs

3.3 Uni-axial Compression Test

Uni-axial compression test was carried out by loading different mix designs of 76 mm 

x 152 mm cylindrical sulfur concrete specimens to failure to determine their strength 

and deformation characteristics under compressive loading. The compressive load and 

axial displacements were measured throughout the test. The peak compressive 

strength, the Young’s modulus, the strain at peak stress and the full range of the stress 

- strain curve were determined from this test.
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3.3.1 Test procedure and equipments

The test was carried out following ASTM C 39 test procedure as recommended in ACI 

548.2R (1988). Details of the testing procedure are given in Appendix B. Figure 3.3 

shows the compression test set up. The sulfur concrete samples were capped with 

sulfur mortar before testing (ASTM C 617).

Triplicate samples prepared using the mix designs shown in Table 3.1 were tested to 

failure, and measurements of axial deformations and loads were recorded. Load 

controlled hydraulic compression machine was used during the test. The machine was 

a Baldwin manufactured by Southwark Tate-Emery Testing Machines, with a 

maximum capacity of 1350 KN. The Baldwin testing machine had been calibrated 

prior to carrying out the tests. The machine has two dial gauges, one for reading up to 

220 KN and the other for up to 1350 KN of applied load. Two control valves are used 

in its operation, one for loading and another one for unloading. It has two steel bearing 

blocks. The upper block is spherically seated and fixed, whereas the bearing block at 

the bottom moves vertically up applying the compressive load to the specimens or 

down to release the applied load.

Figure 3.3 Compression test set up
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The vertical displacements of the test specimens were measured using the average of 

two displacement transducers located at diametrically opposite positions 

approximately at the same distance from the center of the specimen. These transducers 

were linear variable differential transducers (LVDT) with a built in 24 Volt DC 

excited carrier oscillator and phase sensitive demodulator systems. The transducer’s 

model was the 24DCDT-250, manufactured by Hewlett-Packard, with + 0.25 inch 

displacement range and proportioned with a scale factor of 28 Volt/inch (1.1 

Volt/mm). The full scale output of these displacement transducers was 7 Volts, with a 

maximum non linearity of +0.5% of the full scale. This type of transducer provides 

high accuracy and sensitivity. Figure 3.3 shows the compression test set up. An acrylic 

casing was used to protect the LVDT transducers from danger of sample breakage.

The applied compressive load was measured using a load cell (not shown in Figure 

3.3), at the same interval of time as the LVDT transducers were measured. The 

readings of the transducers and the load cell were recorded through a data logger (Data 

Dolphin DD-124 manufactured by Optimum Instruments, Inc.) in 3 to 5 seconds 

interval. The reading precision of this device was about 1x10' Volts. The maximum 

load applied on the samples was read from the machine dial gauge. The loading rate 

used was between approximately 75 and 150 kPa/sec, which is about half of the 

specified range to obtain accurate readings as failure is approached. The failures were 

usually sudden and noisy, characteristic of failure of brittle material and sometimes 

were explosive. It was not possible to record a post peak response for most of the 

specimens tested.

3.3.2 Test results

The results of the compression test are summarized in Figures 3.4 to 3.7 and Tables

3.3 and 3.4. Figure 3.4 presents the typical stress strain curves of sulfur concrete 

specimens produced from coke and sulfur. Figure 3.5 depicts the typical stress strain 

curves of sulfur concrete specimens produced from coke, sulfur, and small amounts of

50

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



fly ash (2.3 and 4.6% by weight). Figure 3.6 presents the typical stress strain curves of 

sulfur concrete specimens produced from coke, sulfur, and larger amounts of fly ash 

(10 to 33.3 % by weight). Figure 3.7 shows the typical stress strain curve of sulfur 

concrete specimen produced from tailing sand, sulfur, and fly ash. Stress-strain curves 

of all samples tested are presented in Figures A -l to A-ll(Appendix A).
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Figure 3.4 Stress-strain curves of coke and sulfur mixes
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Figure 3.5 Stress-strain curves of coke, sulfur, and 2.3 to 4.6 % fly ash mixes
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Figure 3.6 Stress-strain curves of coke, sulfur, and 10 to 33.3% fly ash mixes
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Figure 3.7 Stress-strain curve of tailing sand, sulfur, and fly ash mix

Table 3.3 gives the statistical values of the peak compressive strengths of all the mixes 

that were tested. It gives the minimum, maximum, mean and standard deviations of 

the triplicate samples of the different mix designs tested. Tables 3.4 also presents the 

same statistical data for the Young’s modulus values. Peak compressive strength and 

Young’s modulus of individual samples tested are presented in Tables A-2 and A-3 

(Appendix A). The test results indicate that sulfur concrete is strong and stiff material. 

In fact it is much stronger and stiffer than presently used haul road construction 

materials at SUNCOR oil sands mines, like limestone and gravel.
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Mix Type
Peak Strength (MPa)

Mean Minimum Maximum Standard Deviation

30S70C 3.65 2.79 4.22 0.617
35S65C 4.57 3.92 5.3 0.567
40S60C 5.17 3.38 6.77 1.208

30S2.3FA67.7C 4.75 4.67 4.82 0.075
35S2.3FA62.7C 7.57 7.4 7.66 0.120
30S4.6FA65.4C 8.01 7.86 8.27 0.120
35S4.6FA60.4C 9.75 10.94 8.07 1.221
30S20FA50C 12.6 12.44 12.76 0.131
40S10FA50C 24.49 23.14 26.52 1.463

33.3S33.3FA33.3C 7.62 7.33 8.15 0.375
30S2.3FA67.7Sa 29.1 27.13 31.0 1.935

Table 3.3 Peak strength statistical data

Mix Type
Young’s Modulus (MPa)

Mean Minimum Maximum Standard Deviation

30S70C 850 750 950 81.65
35S65C 1133 950 1300 143.26
40S60C 1533 1350 1700 143.372

30S2.3FA67.7C 1300 1300 1300 0
35S2.3FA62.7C 1600 1550 1650 40.8
30S4.6FA65.4C 1500 1500 1500 0
35S4.6FA60.4C 2033 1800 2200 169.97
30S20FA50C 2750 2600 2850 108.01
40S10FA50C 3150 3050 3250 81.65

33.3S33.3FA33.3C 1900 1800 2000 81.65
30S2.3FA67.7Sa 9750 9300 10200 450

Table 3.4 Young’s modulus statistical data
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3.4 Sonic Velocity Measurement

Sonic velocities through the sulfur concrete samples were measured to determine 

elastic material properties such as: Young’s modulus, bulk modulus, shear modulus 

and Poisson’s ratio based on the knowledge of material’s sound velocity and density. 

The velocities were measured using ultrasonic pulsed technique, where the sound 

velocity is obtained from the ratio of the ultrasonic path length to the pulse transit time 

in the material. The test was carried out on triplicate 76 mm x 152 mm samples of the 

different mix designs given in Table 3.1.

The ultrasonic pulsed wave transit time technique is a well established method for 

measuring the sound velocity in materials, as demonstrated by the existent ASTM E- 

494 “standard practice for measuring ultrasonic velocity in materials”. As the name 

implies, it involves the transit time measurement of short wave pulses (by necessity 

less than sample propagation times) traveling over a known path through the bulk of 

the sample. The ratio of the path length to the transit time yields the velocity. The 

technique actually measures an average of the velocity over the path length taken by 

the pulse. Pulse durations on the order of, or less than microseconds with megahertz 

carrier frequencies are typical. High rate repetitive pulse techniques on the order of 

kilohertz allow for both rapid and accurate transit time measurements using time 

averaging techniques.

For short duration wave pulses with wavelengths much less than the sample 

dimensions, two normal modes of bulk wave propagation pertain to extended isotropic 

media. They are the longitudinal and shear modes with respective velocities Vl and 

Vs. Longitudinal waves, sometimes referred to as compression waves, alternately 

compress and dilate the material lattice (i.e., generate compressive and tensile strains) 

as they pass by. The resulting particle motion of the material is parallel to the direction 

of wave propagation. Shear waves, on the other hand, generate particle displacements 

perpendicular to the propagation direction, causing the material lattice to shear as the
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waves pass by. From these two wave speeds and the density (p), all the elastic 

parameters of an isotropic material can be calculated: the Young’s, bulk, and shear 

moduli, and Poisson’s ratio. The relationships are (Blessing, G. V. 1990):

Young’s modulus = pVs2 (3VL2 -  4VS2) / (VL2 -  Vs2)

Bulk modulus = p (VL2 -  (4/3) Vs2)

Shear modulus = pVs2

Poisson’s ratio = (VL2 -  2VS2) / (2VL2 -  2VS2)

3.4.1 Test equipment and specimen

A terrametrics sonic velocity equipment model 55051600 was used for the test. The 

complete sonic velocity equipment consisted of a pulse generator with oscilloscope 

trigger, pulsing and sensing heads containing piezo electric crystals, cables for 

connection to an oscilloscope, calibration cylinders for periodic checking of the time 

constant of the heads, and an oscilloscope for displaying the pulses and measuring the 

travel time.

3.4.1.1 Sonic pulse generator

The pulse generator is designed to put out a voltage pulse with maximum amplitude of 

around 800 volts. The pulse is in the form of a rapid rise time with exponential decay. 

Because of the high energy output, the mechanical pulse produced by the pulsing head 

is easily picked up by the sensing head where it is transformed into an electrical signal 

which can be displayed on the scope without the need for pre-amplification.

The repetition rate of the output pulse is controllable and can be set between 30 and 

120 pulses per second. Generally the best pulse rate is around 60 pulses per second, 

which produces a steady trace on the oscilloscope.
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3.4.1.2 Pulsing and sensing heads

The pulsing and sensing heads are identical in every respect and are interchangeable. 

Pulsing and sensing heads are available in pairs, one type is designed to generate and 

sense compression waves, another type is designed to generate and sense shear waves.

The pulsing and sensing heads contain piezoelectric crystals to generate either 

compressional or shear waves. The transducers are housed in magnesium, which 

protects them from stray electromagnetic pick-up, and mechanical damage. The use of 

the magnesium improves the energy transmission across the face plate. The energy is 

further enhanced by pressurizing the crystal and by the use of phenol salicylate as a 

bonding agent between the head and the surface of the test sample. Resonant 

frequencies of the crystals are 600 kHz for the compression wave head and 800 kHz 

for the shear wave heads.

3.4.1.3 Test specimens

Test specimens require two flat parallel surfaces between which the travel times of the 

compression and shear waves will be measured. The faces should be flat + 0.001 in. 

and parallel + 0.005 in. per inch separation. The ratio between the pulse travel distance 

between parallel faces and the minimum lateral dimension should not exceed five, if 

reliable free medium velocities are required. Similarly the minimum lateral dimension 

of the test specimen should be at least ten times the wavelength of the compressive 

wave.

3.4.2 Test procedure

The diameter and height of test specimens were measured using a digital caliper. 

Diameter readings were taken at three locations, top and bottom ends and at the 

middle of the sample. At each location two measurements were taken at right angles to 

each other. Two sample height measurements were taken at right angles to each other. 

The average of these readings was used to calculate volume of sample. The weight of
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the sample was taken by using laboratory scales with a precision of 0.1 g. Density of 

the specimens was then calculated from weight to volume ratio.

The pulsing and sensing heads were attached to the flat ends of the test specimen by 

means of molten phenol salicylate for strong bonding. The pulsing and sensing heads 

were connected to the pulse generator and to the oscilloscope by means of co-axial 

cables with MHV connectors. The trigger pulse on the pulse generator is also 

connected to the oscilloscope. The sonic velocity measurement test set up is shown in 

Figure 3.8.

Figure 3.8 Sonic velocity measurement test set up

The trigger pulse was transmitted through the samples. Dual beam oscilloscopes were 

used to display both trigger pulse and output pulse. Pulse travel times were measured 

by using the delayed sweep controls on the oscilloscope. The first arrival of the 

compression wave was very easily determined since it is marked by the first deviation 

of the wave form from the initial horizontal straight line. Generally the polarity of the 

wave form is such that the wave will first deviate in a downward direction. The travel 

time measurement is then made from the start of the trace to the start of the first 

downward deviation. Actually, a minute portion of the travel time is not recorded due
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to the fact that the scope triggers after about 1 |i seconds after the pulse is initiated. 

However, this small time is accounted for when the time delay involved in the waves 

passing through the pulsing heads is corrected for.

The first arrival time of shear waves are not so readily discernible because the shear 

plate type of piezo electric crystal will invariably generate some compression wave 

components which will arrive ahead of the shear waves. Some time after the 

compression wave has arrived at the sensing head; the shear wave arrives and causes a 

large upward sweep of the oscilloscope trace. The travel time of the shear wave is 

obtained simply by measuring from the start of the trace to the start of the strong 

upward sweep, which usually occurs at the bottom of a valley.

3.4.3 Test results

Summary of the sonic velocity measurement test is presented in Table 3.5. Results of 

individual samples tested are presented in Table A-4 (Appendix A).

Mix Type
Density

(kg/m3)

Young’s

Modulus
(MPa)

Bulk

Modulus

(MPa)

Shear

Modulus
(MPa)

Poisson’s
Ratio

30S70C 1040 900 550 400 0.214
35S65C 1158 1250 800 500 0.237
40S60C 1220 1300 1150 500 0.280

30S2.3FA67.7C 1064 1400 1100 550 0.288
35S2.3FA62.7C 1193 1700 1800 650 0.342
30S4.6FA65.4C 1080 1550 1700 600 0.343
35S4.6FA60.4C 1217 1600 3500 600 0.393
30S20FA50C 1358 2900 3600 1050 0.367
40S10FA50C 1462 3200 4200 1150 0.375

33.3S33.3FA33.3C 1303 2000 1900 750 0.324
30S2.3FA67.7Sa 2170 10700 12000 3950 0.388

Table 3.5 Summary of the sonic velocity measurement test
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3.5 Optimum Mix Designs

Based on uni-axial compression test and sonic velocity measurements results and 

production rate of the waste materials at SUNCOR Oil Sands mines, three optimum 

mix designs were selected for split tensile test, the freeze-thaw durability studies and 

geochemical investigation of the use of sulfur concrete in a road. The selected mixes 

were 30S2.3FA67.7C, 35S2.3FA62.7C, and 30S2.3FA67.7Sa. The first two mixes 

contained coke, sulfur and fly ash and the third one contained sand, sulfur and fly ash. 

Compressive stress - strain curves of samples prepared using the optimum mix designs 

are shown in Figure 3.9.

As shown in Figure 3.9, sulfur concrete made from coke is much weaker and 

deformable than the concrete made from tailing sand. This is mainly because 

individual coke particles are much weaker than the quartzite tailing sand particles. The 

dramatic decrease in stiffness is associated with the observation that coke sulfur 

concrete is porous with many open voids, whereas tailing sand sulfur concrete has 

fewer visible pores.
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Figure 3.9 Stress-strain curves of optimum mix design samples

3.6 Split Tensile Test

The tensile strength of sulfur concrete specimens was investigated by using the split 

cylinder tensile test. The splitting tensile test rather than the direct tensile test was 

selected for investigating the tensile strength of sulfur concrete cylinders because the 

former test procedure is simpler.

3.6.1 Test procedure and equipments

ASTM C496 test procedure was followed during the entire test, as recommended by 

the ACI 548.2R (1988). Details of the testing procedure are given in Appendix B. The 

split tensile test consists of applying a diametric compressive force along the length of 

a cylindrical concrete specimen at a rate that is within a prescribed range until failure 

occurs. This loading induces tensile stresses on the plane containing the applied load 

and relatively high compressive stresses in the area immediately around the applied
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load. Tensile failure occurs rather than compressive failure because the areas of load 

application are in a state of tri-axial compression, thereby allowing them to withstand 

much higher compressive stresses than would be indicated by the uni-axial 

compressive strength test results.

A displacement controlled screw type compression testing machine, Instron Universal 

Testing Instrument Model 4206 was used for applying the compression load on the 

samples tested. The machine was equipped with a built in load cell with a maximum 

load capacity of 150 KN. The loading rate was set to Imm/min. Because the built in 

axial deformation measuring mechanism was found in error, LVDT differential 

transducers (used during the compression test) was used to measure deformations.

The split tensile test was carried out on duplicate 76 mm x 152 mm cylindrical test 

specimens, prepared based on the optimum mix designs. After the specimens were 

prepared and cured in air at room temperature, two perpendicular diametrical lines 

were marked on both faces of the cylinder in such a way that the lines at the opposite 

ends are on the same plane. Lines were drawn along the sides of the cylinder 

connecting the diametric lines on opposite faces to make a plane. The longitudinal 

lines were marked to locate the loading plane and LVDT differential transducers 

perpendicular to the loading plane, between cylinder ends. The test set up is shown in 

Figure 3.10.

The LVDT differential transducers were used to measure the displacement at failure. 

The specimens were wrapped at their ends by using plastic tapes to protect the 

transducers from potential damage caused by broken sample pieces at failure. The tape 

was wrapped very loosely so as not to have an effect on the test. The applied load was 

measured by using the same load cell used for compression test. The maximum load at 

failure was read from the Baldwin compression machine gauge.
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Figure 3.10 Split tensile test set up

3.6.2 Test results

The test results from duplicate samples are summarized in Table 3.6. Results of all the 

split tensile tests are included in Table A-5 (Appendix A). Split tensile stresses versus 

vertical strain curves are also plotted in Figures A-12 to A-14 (Appendix A).

Mix Type Density
(kg/m3)

Tensile
strength

(rt«)(MPa)

Compressive
strength

(ac)(MPa)

Ratio of 
crt/cTc
(%)

30S2.3FA67.7C 1075 0.54 4.75 11.4
35S2.3FA62.7C 1191 0.88 7.57 11.6
30S2.3FA67.7Sa 2145 1.96 28 7.0

Table 3.6 Split tensile test summary

3.7 Freeze Thaw Durability Test

The resistance of sulfur concrete to multiple freeze thaw cycles is very important for 

its application as road construction material in northern locations, where large
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temperature fluctuations throughout a year exist. Previous studies have shown that 

sulfur concrete prepared from unmodified sulfur has very poor durability when 

subjected to multiple freeze thaw cycles (Malhotra, 1973, Beaudoin and Sereda, 1974, 

Loov, 1975, Sullivan and McBee, 1976). A C I548.2R (1988) recommended evaluating 

the freeze thaw durability of concrete subjected to multiple freeze thaw cycles 

according to ASTM C 666 test procedure A. Details of the testing procedure are given 

in Appendix B.

Procedure A involves freezing and thawing sulfur concrete samples in water. It is 

harsher than procedure B, which involves freezing in air and thawing in water, 

because the continual presence of water causes the available void spaces to be 

penetrated more rapidly in procedure A than in B. Furthermore, the relative dynamic 

modulus of elasticity must be determined at selected freeze thaw cycles in accordance 

with ASTM C215. If the measured relative dynamic modulus is less than 60% of the 

initial modulus before 300 freeze thaw cycles then the test should stop and the samples 

are assumed to have failed the test.

Although ASTM C666 is recommended by ACI 548.2R, it was not followed 

rigorously. Based on previous study (Cohen 1987) one can argue that the dynamic 

modulus of elasticity did not accurately represent the degree of deterioration of sulfur 

concrete during rapid freezing and thawing test. Therefore it was decided to perform a 

uni-axial compressive test thus measuring the static modulus of elasticity, compressive 

peak strength and compressive yield strength in order to evaluate the effect of multiple 

freeze thaw cycles on the strength and deformation properties of sulfur concrete.

3.7.1 Test procedure and equipments

The objective of the test was to evaluate the durability of sulfur concrete specimens 

subjected to rapid freeze thaw cycles by carrying out compression test instead of 

measuring the dynamic Young’s modulus. From the compression test, the static
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Young’s modulus, the peak compressive strength, and the yield compressive stress 

were determined. They were then compared to the corresponding values of the original 

samples (before application of any freeze thaw cycle). The test was carried out on 

duplicate 76 mm x 152 mm cylindrical sulfur concrete samples prepared using the 

optimum mix designs.

Because compression test is destructive, the tested samples cannot continue to be used 

in the freeze thaw cycles. For this reason, four groups of samples, two per each mix 

type, were prepared for the test. Compression test was carried out on samples 

subjected to 50, 100, 200 and 300 freeze thaw cycles. All the samples started the 

freeze thaw cycle after two weeks of curing in air at room temperature (20°C).

An additional three samples, one from each mix, were prepared and a thermo­

electrical transducer was inserted into the specimens at about the mid height to 

measure their temperature. The transducers were Omega Precision Interchangeable 

Thermistors model 44007, with a resistance of 5000 Ohms at 25°C. The thermistors 

were manufactured from oxides of nickel, manganese, iron, cobalt, magnesium, 

titanium, and other metals. They provide precise temperature information, and their 

accuracy was +0.2°C in a working range of -80°C to 120°C. The temperature data of 

the thermistors were recorded using a data logger. The model of the data logger was 

Data Dolphin DD-124 manufactured by Optimum Instruments Inc. The reading
*j

precision of the device was about 1x10' Volts. The temperatures of the room and the 

heat transfer media (water or air) were verified by using regular mercury 

thermometers.

Procedure A of ASTM C666 requires that the samples must be in water during the 

freezing and thawing periods. Specimens were cast in plastic containers leaving a gap 

of approximately 3.5 mm around the cylinders. A twisted rubber band approximately 2 

mm thick was placed around the top third of the specimens ensuring gap was 

maintained between the sample and the container. An O ring 2.5 mm thick and
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approximately 50 mm in diameter was used at the bottom to support the sample 

leaving about 2.5mm gap between the sample and plastic mold.

The test requires alternately lowering sample temperature from +4.4°C to -17.8°C and 

raising it from -17.8°C to +4.4°C in cycles not less than 2 hours and no more than 5 

hours duration. It also requires that not less than 25% of the time should be used for 

thawing. At the end of the cooling period, the temperature at the center of the 

specimens should be -17.8 + 1.7°C, and at the end of the heating period, the 

temperature should be 4.4 + 1.7°C. During the entire experiment, the maximum and 

minimum temperature should be between 6.1 and -19.4°C, respectively.

The freeze thaw cycles were performed by moving the samples from freezer to cooler 

room and vice versa. Setting the temperatures of the freezer and cooler rooms keeping 

all the test requirements was not easy. After a week of trial and error, it was found that 

for the sand sulfur concrete specimens freezer room temperature of -19°C and cooler 

room temperature of 10°C was appropriate. For freezing, the samples were randomly 

placed in the freezer room in front of the cooling fans during every freezing period. It 

took approximately 1 hour for the sample temperature to reach about -16.5°C. For 

thawing, the plastic containers were randomly introduced into plastic tubs of water at 

10°C, as shown in Figure 3.11. The samples took about 1.5 hours to thaw. Keeping the 

initial water temperature constant at 10°C for each thawing period was difficult 

because the time the water required to recover its initial temperature after used for 

thawing was longer than the time the samples were in the freezer. Therefore changing 

the water was required to keep the initial temperature to 10°C. During the thawing 

period the temperatures were monitored continuously to prevent the samples from 

reaching temperatures higher than the 6 .1°C.
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Figure 3.11 Sand sulfur concrete specimens during thawing in water

For the coke sulfur concrete specimens freezer room temperature of -19°C and cooler 

room temperature of 15°C was found appropriate. For freezing, the samples were 

randomly placed in the freezer room in front of the cooling fans during every freezing 

period. It took about 1.5 hours for the sample temperature to .reach about -16.5°C. For 

thawing, the plastic containers were randomly placed in front of the cooling fans in the 

cooler room at 15°C. The samples took approximately 2 hours to thaw. During night 

times ail the sand and coke concrete specimens were frozen to -19°C inside the freezer 

room.

The freeze thaw cycle was started at the same time on all the sand and coke concrete 

specimens. After 24 cycles pop-outs along the horizontal construction joints were 

observed in the coke concrete samples. The construction joints were created when the 

samples were prepared in multiple layers. The pop outs along the joints were followed 

by high degree of sample deterioration that led to sample disintegration. Consequently, 

it was determined that the coke samples had failed the freeze thaw test and they were 

abandoned. Failed specimens are shown in Figures 3.12 and 3.13. The main reason for 

the failure was that coke particles are porous so water surrounding the samples 

percolated into the pores and expanded during freezing breaking the particles apart. 

The test continued on the sand concrete specimens. Unconfined compression testing
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was carried out on the sand sulfur samples after they were subjected to 50, 100, 200 

and 300 freeze thaw cycles.

Figure 3.12 Construction joint on 35S2.3FA62.7C sample

Figure 3.13 30S2.3FA67.7C sample failed after 24 cycles 

3.7.2 Test results

A uni-axial compression test was carried out on the specimens at the end of each 

specified freezing and thawing periods. The test was performed only on the sand- 

sulfur concrete specimens, as the coke-sulfur samples failed before reaching the first 

50 freeze thaw cycles. From the compression test, peak compressive strength, yield 

strength and Young’s modulus were determined and compared with the values prior to 

any freeze-thaw cycle to evaluate the damage caused by the freeze-thaw cycle.
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Number of 
freeze-thaw 

cycles

Young's
modulus

(MPa)

Peak
strength
(MPa)

Yield
strength
(MPa)

0 9750 29.5 25.5
50 6700 25 23
100 6350 23.5 21
200 5530 22 19.5
300 3925 17 16.5

Table 3.7 Rapid freeze-thaw test summary

Peak strength Yield strength Young's modulus
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Figure 3.14 Effect of freeze thaw cycle on peak strength, yield strength and
Young’s modulus

Table 3.7 summarizes the rapid freeze-thaw test results. Figure 3.14 plots the variation 

of peak compressive strength, yield strength and Young’s modulus with the number of 

freeze thaw cycles. The stress-strain curves are shown in Figures A-15 to A-19 

(Appendix A). The test results showed that there is a considerable degradation of the 

material when subjected to multiple freeze thaw cycles. There is 42% reduction in 

peak strength, 36% reduction in yield strength and 60% reduction in Young’s modulus 

after 300 freeze-thaw cycles. It is to be noted that even though the samples had
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deteriorated, the strength and deformation characteristics after 300 freeze-thaw cycles 

indicated sand-sulfur concrete is still much better than the existing road building 

materials in crushed aggregate and limestone.

3.8 Geochemical Investigation

3.8.1 Potential geo-environmental impact associated with sulfur concrete 
haul roads

The geo-environmental impacts of sulfur in contact with atmosphere and water are 

primarily associated with the production of sulfuric acid due to microbial oxidation. 

The presence of elemental sulfur in and of itself is generally not detrimental to soil 

bacteria population (CPA 1990, Lau 2003). Soil acidification processes are likely to 

result in the following effects (Alberta Environment 1996, Maynard 1998, Lau 2003):

1. Leaching of cations which leads to reduced concentrations of calcium, 

magnesium and other base cations required for plant growth in soils,

2. Reduced availability and deficiency of major nutrients such as phosphorous 

and potassium,

3. Intolerance towards pH changes and impairment shown by vegetation, crops 

and soil microorganisms,

4. Decrease in the availability of molybdenum and increase in the availability of 

trace metals such as manganese, boron, zinc, copper, and iron for plants,

5. Increased solubility and thus mobilization of phytoxic ions (e.g. aluminum), 

and

6. Greater contribution of acidity, nutrients and potentially hazardous ions to 

ground water and surface water.

In the context of potential environmental impacts around the haul roads where there is 

no vegetation in the active mine area or at the base of the reclaimed mine only issues 5 

and 6 need to be addressed.
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3.8.2 pH  and electrical conductivity (EC) measurement

3.8.2.1 pH

pH measurement is one of the most commonly used and important measurements in 

both laboratory and industrial settings. In general, pH is a measure of the degree of 

acidity or alkalinity of a substance. It is related to the effective acid concentration 

(“activity”) of a solution and is defined by, pH = -log [H+]. The pH range includes 

values from 0 to 14. Values from 0 to 7 represent the acidic half of the scale. Values 

from 7 to 14 represent the alkaline or basic half of the scale. The pH value 7 is 

considered neutral, as it is neither acidic nor alkaline.

The pH value of a sample can be determined in several ways. The preferred and most 

accurate way is the potentiometric measurement, using a pH electrode, a reference 

electrode, and a pH meter. This method is based on the fact that certain electrodes, 

immersed in solution, produce a millivolt potential (i.e. voltage) that is related to the 

hydronium ion concentration or pH of a solution in a precise way.

The relationship between the electrode’s voltage and the solution pH is defined by the 

Nemst equation, Emeas = E* - (2.3RT/nF)*(pH). In this equation, Emeas is the voltage 

output of the electrodes, E* is the total of all other voltages in the system including the 

reference voltage, R is the Gas Law constant, T is the temperature in Kelvin, n is the 

charge on the hydronium ion (+1), and F is the Faraday constant.

3.8.2.2 Electrical conductivity

Conductance is a quantity associated with the ability of primarily aqueous solutions to 

carry an electrical current, I, between two metallic electrodes when a voltage E is 

connected to them. Though water itself is a rather poor conductor of electricity, the 

presence of ions in the water increases its conductance considerably, the current being 

carried by the migration of the dissolved ions. The conductance of a solution is 

proportional to and a good, though non specific indicator of the concentration of ionic
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species present, as well as their charge and mobility. It is intuitive that higher 

concentrations of ions in a liquid will conduct more current. Conductance derives from 

Ohms law, E = IR, and is defined as the reciprocal of the electrical resistance of a 

solution. C = 1/R, where C is conductance (siemens) and R is resistance (ohms).

In practice, conductivity measurements involve determining the current through a 

small portion of solution between two parallel electrode plates when an ac voltage is 

applied. Conductivity values are related to the conductance (and thus the resistance) of 

a solution by the physical dimensions -  area and length -  or the cell constant of the 

measuring electrode. By using cells with defined plate areas and separation distances, 

it is possible to standardize or specify conductance measurements. Thus comes, the 

term specific conductance or conductivity. The relationship between conductance and 

specific conductivity is, Specific conductivity, S.C. = (Conductance, C)*(Cell 

constant, K) = siemens * cm/cm2 = siemens/cm. Conductivity measurements are 

reported as Siemens/cm, because the value is measured between opposite faces of a 

cell of known cubic configuration.

3.8.2.3 Test equipment

The equipment used for pH and electrical conductivity measurement during sulfur 

concrete weathering tests and long term geochemical stability of sulfur concrete 

mixtures was a Fisher Scientific product, accumet research AR50 pH meter, which is 

designed to measure pH, absolute mV, relative mV, ion concentration, or conductivity 

with a series of prompts on its screen. The AR50 pH meter kit consisted of a meter, an 

electrode (13-620-299), an automatic temperature compensation (ATC probe) (13- 

620-19), and a Conductivity probe (13-620-162).

AR50 pH meter provides microprocessor precision in a compact bench top design that 

is easy to use. In the pH mode, the meter measures in the range -2 to 20 with a relative 

accuracy of ±  0.002. It has automatic and manual buffer recognition with five
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calibration points. The conductivity mode has cell constant range of 0.1, 1.0, and 10 

and measures conductivity in the range of 0 to 300 mS/cm with 0.5% accuracy.

3.8.3 Geo-chemical interaction studies

Study of geo-environmental impacts of sulfur concrete haul roads with the near 

surface environment focused on two important aspects, the short term interaction of 

sulfur concrete exposed at the surface during haul road construction and operation, and 

the long term interaction of the sulfur concrete following its burial with mine wastes in 

the mined out pits. These environmental interactions were studied separately to 

understand the potential environmental impact of using sulfur concrete for haul roads.

3.8.3.1 Sulfur concrete weathering tests

During haul road construction and operation there is a potential for chemical reactions 

involving sulfur in contact with atmospheric oxygen and water from both rain and 

snow melt. These reactions may release acids into the surface water thereby affecting 

the environment.

To provide an assessment of potential acid generation under field conditions a series 

of leaching studies were conducted on intact sulfur concrete samples. The chemical 

stability of sulfur concrete samples when alternately exposed to highly reactive 

deionized (DI) water and atmospheric oxygen at regular intervals was studied. The 

experiment was conducted to mimic operational conditions when the haul roads are in 

daily use with surface exposed to climatic variation. The test procedure is summarized 

as follows:

-  Triplicate sets of sulfur concrete samples based on the optimum mix designs were 

prepared in 152 mm x 305 mm plastic cylinder molds.

-  The hardened samples were covered with 15 cm of aggregate, which would 

normally act as wearing surface. The aggregate was saturated with water and the
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water was drained off through an outlet installed through the cylinder, level with 

the sulfur concrete surface. By letting the water drain by gravity the aggregate was 

placed at the field moisture condition, which is the optimum moisture content for 

sulfur oxidation (Tan, 1982).

-  The weight of the samples was measured before and after moisture addition to 

calculate the field moisture content of the aggregate.

-  The containers were stored at room temperature (20°C) covered with a simple 

plastic cap to reduce moisture evaporation but allow atmospheric oxygen 

interaction through out the study.

-  The samples were allowed to sit for six weeks so that geochemical reactions could 

occur. During this time the mass of water was maintained by replacing any water 

that evaporated on a weekly basis.

-  After six weeks the aggregate was saturated with known volume of deionized 

water and was allowed to drain, the drained water was collected and analyzed for 

pH and electrical conductivity (EC). The test set up is shown in Figure 3.15. The 

test results are summarized in Table 3.8.

Figure 3.15 Weathering test set up

Deionized water with pH of 6.63 and EC value of 6.21 x 10'3 mS/cm was used to flush 

the samples. The results of weathering test are shown in Table 3.8. The test results 

show an insignificant change in pH of the drained water indicating that minimal
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chemical reactions had occurred. The change in EC value is partly attributed to 

dissolved dust particles washed from the aggregate surface during the first flush. The 

same mass of deionized water was flushed through the same mass of aggregate as used 

in these experiments to determine the change in water chemistry as a result of the 

aggregate only. The pH of the drained water increased to 8.06 while the EC value 

increased to 0.44 mS/cm.

Mix design pH EC (mS/cm)
30S2.3FA67.7C -1 6.62 0.58
30S2.3FA67.7C - 2 5.72 1.35
30S2.3FA67.7C - 3 6.23 1.18
35S2.3FA62.7C -1 6.21 1.25
35S2.3FA62.7C - 2 6.84 1.17
35S2.3FA62.7C - 3 6.66 0.90
30S2.3FA67.7Sa -1 6.64 1.06
30S2.3FA67.7Sa - 2 6.80 1.29
30S2.3FA67.7Sa - 3 7.09 1.06

Table 3.8 Weathering test results

In a longer duration test under operational condition of the haul road, microbial 

activity may be sufficient to increase the production of acid by the oxidation of 

elemental sulfur. Thus an operational test section of sulfur concrete haul road 

instrumented to measure and collect leachate is required to properly assess the geo- 

environmental impact of a sulfur concrete haul road.

3.8.3.2 Long term geochemical stability of sulfur concrete mixtures

In the long term, the haul roads constructed with sulfur concrete will be buried with 

mine wastes in the mined out pits when the oil sands mines are abandoned. Hence 

there might be potential diffusive release of contaminants from the buried sulfur 

concrete into the surrounding groundwater. The potential of diffusive release of
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contaminants was examined by studying the chemical stability of sulfur concrete 

samples when submerged in the highly reactive deionized (DI) water, and in 

composite tailing (CT) release water, which is the most likely water type which will be 

in contact with the sulfur concrete when buried with the mine waste.

The experiment was conducted under controlled atmospheric and flow conditions to 

mimic anticipated future geochemical and hydro-geologic conditions. The tests were 

conducted under inert atmospheric conditions (in the absence of oxygen) to mimic the 

deep deposition of the materials when the sulfur concrete is disposed in the mined out 

pits, and under diffusive dissolution (no agitation or mixing of water during testing) 

conditions to mimic the anticipated hydro-geologic conditions. For low porosity sulfur 

concrete in still water the dissolved chemical mass released to the surrounding water is 

the result of dissolution from the surface of the material followed by diffusive 

transport within the water phase. The test procedure is summarized as follows:

-  Triplet sets of sulfur concrete samples based on the optimum mix designs were

prepared in 152 mm x 305 mm plastic cylinder molds.

-  Porosity of the samples was determined through precise measurement of the mass 

of the constituents and sample dimensions. Porosity determination is shown in 

Table A-6 (Appendix A).

-  The samples were then covered by a liter of DI or CT release water and stored in 

Nitrogen filled bags at room temperature (20 °C).

-  pH and electrical conductivity (EC) of the water was measured on a weekly basis

and water samples were taken at regular intervals. Test results are summarized in 

Figures 3.16 to 3.19.
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Figure 3.16 pH vs. time for DI water overlaid samples 
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Figure 3.17 EC vs. time for DI water overlaid samples
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pH Values (CT Recycled Water Overlay)
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Figure 3.18 pH vs. time for CT recycled water overlaid samples 
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Figure 3.19 EC vs. time for CT recycled water overlaid samples
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From Figures 3.16 to 3.19, the average change in pH value for DI water covered 

samples is 1.1 and for the CT release water covered samples is 1.2. The change in EC 

for DI water covered samples is 0.45 mS/cm and for the CT release water covered 

samples is 0.9 mS/cm. After about 140 days the change in pH and EC values of all the 

samples covered by DI water and CT release water are not significant indicating that 

minimal chemical reactions took place over this time duration. Thus the sulfur 

concrete samples are stable under the test conditions.

A longer term test is required to fully assess the geochemical interaction of CT release 

water with elemental sulfur for the long term storage of sulfur concrete in the mined 

out pits.
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4 HAUL ROAD CROSS-SECTION DESIGN

A haul road cross section design has two main components, structural and geometric 

designs. The structural design of a haul road is basically the determination of the 

thickness of the pavement layers for a particular combination of construction materials 

and load configuration. The geometric design of haul road cross section deals with 

physical dimensions such as width, cross slope, side ditch height and safety berm 

height. The objectives of both designs are to provide a safe, efficient, smooth and 

vehicle friendly ride to the haul trucks and other vehicles without excessive 

maintenance through the design life. Some content of this chapter was summarized 

from guidelines for mine haul road design (Tannant and Regensburg, 2001).

4.1 Geometrical Cross Section Design Parameters

4.1.1 Road width

The width of haul roads on both straight and curved sections must be adequate to 

permit safe vehicle maneuverability and maintain road continuity. Because the size of 

equipment that travels on haul roads varies significantly from mine to mine, vehicle 

size rather than vehicle type or gross vehicle weight are best used to define road 

width requirements. In the past, for straight road segments, it was recommended that 

each lane of travel should provide clearance on each side of the vehicle equal to one- 

half of the width of the widest vehicle in use (AASHO 1965). For multiple lane roads, 

the clearance allocation between vehicles in adjacent lanes is generally shared. With 

the much larger and wider truck in use today, the guidelines regarding appropriate 

clearance may need to be reviewed.

Roads that are too narrow can drastically reduce tire life by forcing the truck operator 

to run on the berm when passing another vehicle. This will result in sidewall damage, 

uneven wear, and cuts. This is a particular problem when an operator adds new larger
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trucks to an existing fleet but does not change the road layout to accommodate the 

wider trucks.

The minimum width of running surface for the straight sections of single and multi­

lane roads can thus be determined from the following expression:

W = (1.5L+0.5)*X Equation (1)

Where:

W  = width of running surface (m), L  = number of lanes, and X  = vehicle width (m)

Additional road width in excess of the minimum determined from Equation (1) might 

be required locally along the road alignment, for example:

• to accommodate equipment larger than the primary road users, such as shovels

• to allow sufficient room for vehicles to pass on single lane roads, and

• if, on single lane roads, the sight distance is less than the stopping distance, 

sufficient space must be provided for moving vehicles to avoid collision with 

stalled or slow-moving vehicles.

Switchbacks or other areas on haul roads requiring sharp curves must be designed 

taking into consideration the minimum turning radius of the haul trucks. A wider road 

is required on curves to account for the overhang occurring at the vehicle front and 

rear.

4.1.2 Safety berm, side ditch and cross slope

The road width (at sub-grade level) should also account for safety berm and side 

ditches. Safety berms are typically constructed from mine spoil and are used to keep 

potential out of control vehicles on the road.
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The height of the safety berm is generally about 2/3 of the diameter of tire of the 

largest vehicle traveling on the road. The slopes of the sides of the safety berm can be 

as steep as 1H:1V, if the material stability permits. The safety berm is usually 

constructed with 1 to 2 m wide gaps spaced approximately every 25 m to facilitate 

surface drainage off the road.

A drainage ditch is excavated on each side of the road. The ditch depth is variable but 

a typical value is 0.5 m lower than the top of the sub-grade. The sides of the ditch 

should not be steeper than 3H: 1V.

The cross slopes of the road should be enough to ensure proper drainage off the road. 

Normally a 2 % crowning is adequate.

4.2 Structural Design of Haul Road Cross-Section

A haul road cross-section generally consists of different layers. The sub-grade is the 

naturally occurring surface on which the haul road is built. It may be leveled by 

excavation or back-filled in some cases to provide a suitable surface. The sub-base, 

base course and surface course are layers of materials of increasing quality that are 

successively placed above the sub-grade to form the pavement.

Sub-grade: The sub-grade can consist of native insitu soil or rock, previously placed 

landfill or mine spoil, or other existing surface over which a road is to be placed. 

Where the sub-grade comprises hard, sound rock or dense, compact gravel, little or no 

fill may be necessary as haul trucks can travel on the sub-grade surface. At the other 

end of the spectrum, soft clays and muskeg will require substantial quantities of fill to 

help spread the heavy wheel loads and prevent rutting, sinking or overall road 

deterioration. Such adverse conditions, if allowed to occur, pose a serious threat to 

vehicular controllability and create unsafe haul road segments. If the sub-grade lacks

82

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the required bearing capacity, then it needs to be altered through suitable measures 

such as compaction or the use of geotextiles.

Sub-base: Sub-base is the layer of a haul road just above the sub-grade and below the 

base course of the road. It usually consists of compacted granular material, either 

cemented or untreated. Run of mine and course rocks are the general components of 

this layer. Apart from providing structural strength to the road, it serves many other 

purposes such as minimizing effect of frost, accumulation of water in the road 

structure, and providing working platform for the construction equipment. The sub­

base distributes vehicle load over an area large enough that the stresses can be borne 

by the natural, sub-grade material. The lower the bearing capacity of the ground, the 

thicker the sub- base must be.

Base course: The layer of haul road directly beneath the surface course of the road is 

called the base course. If there is no sub-base then the base course is directly laid over 

the sub-grade or roadbed. Usually high quality treated or untreated material with 

suitable particle size distribution is used for construction of this layer. Specifications 

for base course materials are generally considerably more stringent for strength, 

plasticity, and gradation than those for the sub-base. The base course is the main 

source of the structural strength of the road.

Surface course: The upper most layer of the haul road that comes directly in contact 

with tires is known as the surface course. A haul road surface is generally constructed 

with fine gravel with closely controlled grading to avoid dust problems while 

maintaining proper binding characteristic of the material. Apart from providing a 

smooth riding surface, it also distributes the load over a larger area thus reducing 

stresses experienced by the base course.
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4.2.1 Haul road construction materials

Selection of both materials for construction and thickness of haul road cross section 

are critical issues for successful haul road design. At SUNCOR oil sand mines, 

presently haul roads are constructed using crushed limestone, gravel or lean oil sands 

as the major construction materials and they require thick road cross sections due to 

the low stiffness of these materials and the large truck loads that travel on the roads. 

Studies by Kumar (2000 and 2001) showed that a CAT 797 haul truck with more than 

500 tons gross weight requires as much as 5 m thick cross section at the SUNCOR 

mine sites. Cameron et al (2001) summarized the haul road design approach at 

SYNCRUDE and indicated that haul roads in excess of 4 m thickness of compacted 

gravel are required for acceptable performance for their 300 to 400 tons payload 

trucks.

Kumar (2001) reported strength and deformation properties for materials used to 

construct haul roads by Mine Engineering at SUNCOR (Table 4.1)

Material Density
(Kg/m3)

Young’s
Modulus

(MPa)

Resilient 
modulus for 

design * (MPa)

Usage in road 
cross section

Gravel 
(minus 20mm)

2050 14 >200 Surface course

Sandy gravel 1930 70 175 Base course
Sandy till 1810 19 100 Base course

Lean oil sands 2050 10 30 Sub base

Interburden 2040 10 50 Sub base

Table 4.1 Strength and deformation properties of road building materials

Haul roads at SUNCOR are presently below desirable standards and are having a 

negative impact on mine productivity especially during the summer months (Kumar, 

2001). The major symptoms of haul road deterioration are potholes, rutting and
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settlement. Haul roads are deteriorated mostly due to precipitation/runoff, heavy 

traffic volume, spring breakup, poor compaction and vehicle spillage.

The construction materials used presently, shown in Table 4.1, have low strength and 

stiffness. To improve the quality of haul roads and reduce the required haul road cross 

section thickness, materials with better strength and stiffness must be used to 

construct the roads and/or the foundation soils beneath the haul road should be 

substantially improved. As is evident from Chapter 3, sulfur concrete produced from 

mine waste products such as sulfur, tailings sand, coke and fly ash, is much stronger 

and stiffer than the existing road building materials. Thus sulfur concrete capped with 

running surface course may be able to be used to build haul roads of higher quality, 

with reduced thickness, than current roads at SUNCOR’s mine sites. Physical, 

mechanical and geochemical properties of sulfur concrete are presented in Chapter 3.

4.2.1.1 Surface course materials

The upper most layer of the haul road is known as the surface course. Surface course 

material selection is based on properties such as grain size distribution, strength, 

rigidity, and weathering characteristics. Surface course requires good quality material 

because it faces the greatest weathering and highest dynamic loads due to truck loads. 

Apart from these, surface course design should take care of operational requirements 

such as dust control, smoothness of ride, traction and rolling resistance.

Surface course material selection is usually based on local experience or guidelines 

related to unpaved public road construction. However, the unique service condition 

experienced by mine haul roads requires development of specifications tailored to 

those particular needs (Thompson and Visser, 2000).

Compacted natural gravel and crushed rock and gravel mixtures are widely used in 

surface mines for surface course construction. These materials can yield low rolling
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resistance and high traction, and can be constructed and maintained at a relatively low 

cost. Other materials that can be used for surface course includes: asphaltic concrete 

and roller compacted concrete (RCC). The advantages and disadvantages of each 

material are summarized in Table 4.2.

Material Advantages Disadvantages

Compacted 

gravel & 

crushed rock

Relatively smooth, stable surface 

Relatively low construction cost 

Low deformation under load 

Ease of construction 

Low rolling resistance

Frequent maintenance required

Source material may require

screening/crushing

Dust problems in dry weather

Erodible if flooded

Potential frost action (fines > 10 %)

Asphaltic

concrete

High coefficient of adhesion

Minimal dust problems

Smooth, stable surface

Low rolling resistance

Low maintenance cost

High vehicle performance speeds

Low deformation under load

Ices easily in cold weather 

Needs base course with CBR = 80+ 

High construction cost 

Specialized construction 

Impractical for tracked vehicles

Rollcrete

High coefficient of adhesion

Very low rolling resistance

Minimal dust problems

Smooth, stable surface

Very low maintenance costs

High vehicle speeds

Very low deformation under load

High construction costs 

Impractical for tracked vehicles

Table 4.2 Advantages and disadvantages of various road surface materials (after
Monenco 1989)
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Among these materials, the most commonly used and recommended one is compacted 

gravel and crushed rock

4.2.1.1.1 Compacted gravel and crushed rock

Generally surface course is constructed using high quality gravel crushed to minus 19 

mm size with modulus about 330 MPa (Cameron & Lewko 1996). Thompson (1996) 

reported use of a 200 mm thick layer of material having resilient modulus in the range 

of 150-200 MPa compacted to 98% modified AASHTO for a 170 ton haul trucks. For 

larger trucks, thicker layers with material having higher modulus should be used as the 

surface course.

The American Association of State Highway and Transportation Officials (AASHTO): 

M147 (1993a) gives the following guidelines for surface course aggregates for public 

unpaved roads:

• Coarse aggregate retained on the 2.0 mm (No. 10) sieve shall consist of hard, 

durable particles/fragments of stone or gravel. Materials that break up when 

alternately frozen and thawed or wetted and dried shall not be used.

• Coarse aggregate shall have a percentage of wear, by the Los Angeles 

Abrasion test, AASHTO T96, of not more than 50.

• Fine aggregate passing the 2.0 mm sieve shall consist of natural or crushed

sand, and fine mineral particles passing the 0.075 mm (No.200) sieve.

• The fraction passing the 0.075 mm sieve shall not be greater than two-thirds of 

the fraction passing the 0.425 mm (No.40) sieve. The fraction passing the 

0.425 mm sieve shall have a liquid limit not greater than 25 and a plasticity 

index not greater than 6.

• All the materials should be free from vegetable matter and lumps or balls of

clay. The soil- aggregate material shall conform to the grading requirements of

Table 4.3.
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Sieve designation Mass percent passing

Standard (mm) Alternate Grading C Grading D Grading E Grading F

25.0 1 in. 100 100 100 100
9.5 3/8 in. 50-85 60-100 - -
4.75 No. 4 35-65 50-85 55-100 70-100
2.00 No. 10 25-50 40-70 40-100 55-100

0.425 No. 40 15-30 2545 20-50 30-70
0.075 No. 200 5-15 5-20 6-20 8-25

Table 4.3 Grading requirements for soil aggregate materials for surface course
(after AASHTO 1993a)

A satisfactory gradation for granular surface materials is provided in Table 4.4 

(Monenco 1989). Roads subjected to freezing or prolonged inclement weather should 

not contain more than 10% fines (less than No. 200 US standard sieve size) to prevent 

muddy, slippery conditions when wet or thawing. The particles of the granular 

material should be clean, sound and durable. Gravels larger than 9.5 mm should have 

30% or more fractured faces. Granular surfacing material should be placed in layers 

not exceeding 200 mm in thickness prior to compaction. Each layer should be 

uniform in gradation and moisture content, spread without causing particle 

segregation and compacted with a vibratory smooth drum roller weighing at least 15 

tons to at least 98 % of Standard Proctor maximum dry density as determined in the 

laboratory.

ASTM sieve size % by weight passing

76 mm 100
38 mm 7 0 - 100
25 mm 55-88
9.5 mm 4 0 -70

#4 30-55
#10 22-42

#200 5-10

Table 4.4 Recommended grading for granular surface course (Monenco 1989)
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Thompson and Visser (1997, 2000) presented results from haul road trafficability 

studies performed on roads in South Africa. They examined numerous functional 

performance indicators such as severity of potholes, corrugations, rutting, loose 

material, dustiness, loose and fixed stones, cracks, erosion, and skid resistance. These 

defects were correlated to surface material properties such as dust ratio, plasticity 

index, CBR, grading coefficient, shrinkage product as well as the maintenance cycle 

and daily tonnage hauled. Their research has led to the establishment of wearing 

course material specifications shown in Table 4.5 that are calibrated for mine haul 

roads. Figure 4.1 shows the ideal and recommended range of two important material 

properties for the surface course. The ideal range for the shrinkage product is 95 to 

130 while the ideal range for the grading coefficient is 25 to 32. The impacts of 

material properties outside the recommended range are also depicted in Figure 4.1.

Property Min. Max. Impact on functionality

Shrinkage product* 85 200
reduce slipperiness but prone to 

ravel & corrugations

Grading coefficient** 20 35
reduce erodibility but induce 

tendency to ravel

Dust ratio*** 0.4 0.6
reduce dust generation but induces 

raveling

Liquid limit (%) 17 24 reduce slipperiness but prone to dust

Plastic limit (%) 12 17 reduce slipperiness but prone to dust

Plasticity index 4 8 reduce slipperiness but prone to dust

CBR at 98% Mod. AASHTO 80 resist erosion, improve trafficability

Max. particle size (mm) 40 ease maintenance, no tire damage

^Shrinkage product = bar linear shrinkage x P425 
**Grading coefficient =  (P265 -P2) x P475 /100
***Dust ratio = P075 / P425, Where: P075, P425, P2, P475, and P265 refer the percent by 
weight passing sieves o f size 0.075, 0.425, 2.0, 4.75, and 26.5mm respectively.

Table 4.5 Recommended material properties for a haul road surface material
(after Thompson & Visser 2000)
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Figure 4.1 Optimal and sub-optimal range of values for the shrinkage 
product and grading coefficient for a granular surface course material 

(after Thompson & Visser 2000)

4.2.2 Cross section design

Kaufman and Ault (1977) did pioneering work on haul road design and construction 

for surface mines. The design procedure followed in their work was based on the 

CBR (California Bearing Ratio) analysis of the haul road construction material and 

the applied loads. The CBR design method is one of the most widely used methods 

for computing pavement layer thickness for road construction. This approach 

characterizes the bearing capacity of a given soil as a percentage of the bearing 

capacity of a standard-crushed rock, the ratio of capacities being referred to as the 

CBR for the given soil. Empirical design curves, known as CBR curves, relate the 

required fill thickness and applied wheel load to the CBR value. The CBR method is 

particularly useful for estimating the total cover thickness needed over the insitu sub­

grade material. A weaker sub-grade requires thicker layers of road construction 

material. This moves the truck tires higher and away from the weak insitu material,

poor wet 
skid resistance

excessive dust

loose material
optimal

loose stones dry skid 
resistance

corrugations
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thus diminishing the stresses or strains to a level that can be tolerated by the sub­

grade.

Wade (1989), Wieren and Anderson (1990) and many other authors modified CBR 

design procedures to suit changes in design parameters such as weight of the haul 

trucks and nature of the construction materials. But as haul truck size increased, the 

CBR-based design procedure failed to deliver optimum design criteria for haul roads. 

The method was denounced by authors such as Morgan et al. (1994) and Thomson 

and Visser (1997) due to the following reasons:

• The CBR method is based on the Boussinesq's semi-infinite single layer

theory, which assumes a constant elastic modulus for different materials in the

pavement. Various layers of a mine haul road consist of different materials 

each with its own specific elastic and other properties,

• The CBR method does not take into account the properties of the surface 

course material,

• The CBR method was originally designed for paved roads and airfield 

surfaces. Therefore the method is less applicable for unpaved roads, especially 

haul roads which experience much different wheel geometry and construction 

materials, and

• The empirical design curves were not developed for the high axle loads

generated by large haul trucks and simple extrapolation of existing CBR design 

curves can lead to errors of under design, or even over design.

Thus haul road cross section design based on critical strain and resilient modulus, 

which provides a theoretical rather than an empirical design approach, was developed 

to deliver optimum design of haul roads. The method uses the fundamental 

engineering properties of the construction materials to estimate the stress and strains 

within the road cross section under realistic wheel loading conditions.
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4.2.2.1 Cross-section design based on critical strain and resilient modulus

Morgan et al. (1994) and Thompson and Visser (1997) proposed a haul road design 

method based on elastic deformation of each layer in a haul road taking into account 

different moduli of elasticity for different layers. In this method the road cross section 

is treated as a composite beam and it is assumed that the road adequately supports haul 

trucks as long as the vertical strains in the pavement layers remain less than the critical 

strain limits, and the stress level in any layer of a haul road cross section does not 

exceed the bearing capacity of the material used in that layer. Based on field 

observations, maximum vertical strain limits have been established to be 1500-2000 

micro- strain for typical haul roads. When the vertical strains in the pavement layers 

exceed the critical strain limit value, the road ceases to act as a composite beam and 

can no longer adequately support the haul truck.

For a given stress in a pavement layer, the induced strain is a function of the modulus 

of the material. The proponents of this design method (Morgan, et al. 1994 and 

Thompson and Visser 1997) suggest the use of resilient modulus for describing the 

material properties of the pavement layer. The resilient modulus is determined from a 

cyclic loading test. It is like a tangent Young's modulus but it is measured after cyclic 

loading has compacted the test specimen. The cyclic stresses applied to the test 

specimen are less than its peak strength. Because the specimen is compacted during 

the cyclic loading, the stiffness increases as illustrated in Figure 4.2. Hence, the 

nature of the test required to determine the resilient modulus is similar to the cyclic 

loading experienced in a road. AASHTO (1993b) T294 gives the laboratory test 

method to determine the resilient modulus of an unbound soil by repetitive loading of 

a soil sample in a tri-axial test cell.

Thompson (1996) estimated the resilient modulus by the falling weight deflectometer 

test. Alternatively, the Young's modulus of elasticity for a material can be determined 

by a compression test in laboratory. Figure 4.2 shows how the stiffness of a material 

increases with repetition of loading and thus the initial Young's modulus is lower than
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the resilient modulus. The test to measure the Young's modulus is simple and very 

well understood and may give a reasonable lower estimate of the resilient modulus, 

albeit on the conservative side as there is no confining pressure and stiffening of soil 

due to repeated loading. Mohammad et al. (1998) describe yet another method for 

calculation of resilient modulus using a cone penetration test with continuous 

measurement of tip resistance and sleeve friction.

For Resilient Modulus

A pprox. S tre s s  Level

£
55

Strain

Figure 4.2 Method to obtain resilient modulus (after Bowles 1984)

4.2.2.1.1 Tire pressure and foot print area

The strains in a layer are a function of applied stress (tire load, size, and spacing) and 

the resilient modulus of the layer. Wheel loads for any haul truck can readily be 

computed from the manufacturer's specifications. Note that haul trucks are frequently 

loaded above their rated weight capacity and this should be taken into consideration 

in the road design. By dividing the loaded vehicle weight over each axle by the 

number of tires on that axle, the maximum load for any wheel of the vehicle can be 

established. In every case, the highest wheel load should be used in the design 

computations.
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Haul trucks used in surface mines have grown significantly in terms of size and 

capacity. In 1989, the largest trucks available had about 218 tons payload capacity, 

but by 1999, the payload capacity has risen to more than 300 tons. Correspondingly, 

the load per tire has increased to more than 85 tons. Considering the fact that 

increases in the size of haul trucks were virtually at a stand still during the early half 

of the decade, (due to the inadequacy of tire technology for larger trucks), this recent 

increase in haul truck size is significant. Larger haul trucks are being designed, 

produced, and accepted by the industry for one most important reason: economy of 

scale.

Two important elements of tires that affect haul road design are foot print area and 

tire pressure. Tire pressure has gone up to 690 kPa from 551 kPa in recent years, 

although the new low profile truck tires (55/80R63) have an inflation pressure of 586 

kPa. The increase in tire pressure has placed greater stresses on the road surface. The 

bearing capacity of materials used for the surface course should be greater than the 

tire pressure. Due to the large tire foot print areas, the stress bulb below a tire can 

extend deep into the road cross-section, resulting in the need for well designed 

pavement cross section with sufficient bearing capacity and stiffness.

The shape of the tire footprint can be approximated as a rounded rectangle. The 

footprint is longer for low profile, low-pressure tires or for tires operating below their 

recommended inflation pressure. The pressure distribution beneath a tire is non- 

uniform, especially for bias ply tires. However, an assumption of uniform pressure 

distribution on a circular area for the purpose of stress analysis in haul road layers 

gives reasonably satisfactory results (Kumar, 2000). Specifications of selected 

Michelin tires are summarized in Table 4.6.
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Tire
Truck

Payload

Footprint 

Area (m2)

Load per 

Tir<?

Tire Pressure 

(kPa)

Standard Tire 40.00R57 218 ton 1.11 63 ton 689

Retrofit Tire 44/80R57 218 ton 1.13 63 ton 586

Low Profile 55/80R63 327 ton 1.68 93 ton 586

Table 4.6 Michelin radial tire specifications (after Doyle, 1999)

4.2.2.1.2 Design procedure

Figure 4.3 presents a flow chart summary of the road design method based on the 

resilient moduli of the various layers in the road cross section. The method is based 

on the criteria that the vertical strain at any point within the haul road should be less 

than a critical strain limit. The critical strain limit is dependent on the traffic density 

and design life of the haul road, which defines the number of load repetitions during 

the design life of the road. Generally, this limit falls between 1500 and 2000 micro­

strain for typical haul road.

Resilient modulus is the major input for calculating the vertical strain. It can be 

determined either by a resilient modulus test (AASHTO 1993b, T294) or by a falling 

weight deflectometer test. The Young's modulus of a material gives a conservative 

estimate of the resilient modulus.

Once the critical strain limit has been established and the layer moduli at various 

depths below the tires are measured or estimated, the next step is to determine the 

vertical stresses that act below the tire. Various methods can be used to calculate the 

stress distribution although numerical stress analysis programs are probably the 

easiest technique to use.

Initially, the thickness of each layer should be estimated based on past experience or 

designs at other mines with similar conditions. The least vertical strain will occur if
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the stiffest material is placed at the top, the next stiffest underneath it, and so on. For 

modeling strain, other material properties such as Poisson's ratio of each material are 

also required. The increase in strain due to interaction of adjacent tires should also be 

considered. If the strain in any layer is more than the critical strain limit, then the 

thickness and/or the stiffness of the layer above that material should be increased. On 

the other hand, if the strain in any layer is much less than the critical strain limit, then 

the thickness of the layer above can be decreased. The amount by which the thickness 

should be increased or decreased depends on the difference between the vertical strain 

and the critical strain limit. In both cases the modeling should be repeated to ensure 

that the strain at all points remains less than the critical strain limit as the road cross- 

section is determined.

Start

Resilient modulus can be determined by: 
AASHTO T294 test 
fallng weight deflectometer test 
plate loading test

Critical Strain Limit 
(CSL)

Resilient modulus of 
each layer

CSL = 80,000/N  027
CSL in microstrain
N is number of load repetitions
(CSL typically 1500 to 2000 microstrain)

Choose layer thickness based on 
past experience /  best guess

Calculate strain bulbs using finite 
element model and resilient moduli

Increase thickness 
of layer above

Go for good 
quality material

Strains > CSL?

Strains «  CSL?

Reasonable
thickness?

Final road design

Decrease thickness 
of layer above

Figure 4.3 Major steps of the resilient modulus haul road design method
(modified from Kumar 2000)
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The layer thickness determined by this method depends on the resilient (Young's) 

modulus of the haul road construction material. A low modulus construction material 

may result in a very thick layer, which may be unacceptable for economic or 

operational reasons. Then it becomes essential to investigate the use of improved 

compaction methods and/or better quality materials to build the road section with 

reduced thickness. Strain modeling should be performed again to ensure that the 

vertical strain at all points within the cross-section is less than the critical strain limit.

4.2.2.1.3 Critical strain limit

The important criterion for haul road design is establishing the critical strain limit for 

each pavement layer. A road cannot adequately support haul trucks when the vertical 

strain exceeds the critical strain limit as the road ceases to act as a composite beam. 

Morgan et al. (1994) found that the critical strain limit was about 1500 micro-strain at 

the top of the sub-grade while Thompson and Visser (1997) noted that the limit was 

around 2000 micro-strains at the road surface. Somewhat different critical strain 

limits may be used for design depending on the design life of the road and traffic 

density. The strain limit depends on the anticipated number of haul trucks using the 

road over its working life. One empirical equation for estimating the critical strain 

limit is given by Knapton (1988). This equation was developed for heavy loading 

conditions found on docks at container ports. A modified version of the equation for 

haul roads show that same functional relationship between the critical strain limit and 

the design life of the road and traffic density:

E  = 80000 /  N0'27 Equation (2)

Where: E = allowable strain limit in micro-strains

N = number of load repetitions (number of haul trucks using the road over its 

working life).

This equation has been developed for semi-permanent and permanent haul roads. A 

critical strain of 2000 micro-strain is obtained for about 800,000 load repetitions,
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which would be typical for a permanent haul road carrying 400,000 loaded trucks 

over its life span. If the number of load repetitions increases to 2.5 million, then the 

critical strain limit drops to about 1500 micro-strain. Semi-permanent or temporary 

roads will typically experience roughly less than 500,000 load cycles and hence a 

critical strain limit larger than 2000 micro-strain would be appropriate. Equation (2) 

gives a reasonable critical strain limits for load repetition numbers ranging between 

50,000 and 5,000,000. However, it should be noted that Equation (2) needs further 

calibration for mine haul roads and may change in the future (Tannant and 

Regensburg, 2001). A strain limit value of 1500 to 2000 micro-strain is used for 

typical haul road design.

4.2.2.1.4 Resilient modulus test

Resilient modulus is the major input for modeling vertical strain within haul roads. 

The resilient modulus of sand-sulfur concrete mixtures for constructing haul roads was 

determined from tri-axial cyclic load tests in laboratory. The nature of the test 

simulates the cyclic loading experienced in a road subjected to moving wheel loads. 

The test procedures are summarized as follows:

-  Testing was carried out on 102 mm x 203 mm sand-sulfur concrete samples 

(prepared from 67.7 % tailings sand, 30 % sulfur, and 2.3 % fly ash by weight) 

inside a tri-axial cell at room temperature.

-  Confining pressure of 10 kPa (approximate confining pressure at field condition) 

and cyclic deviatoric stress of 600 kPa, which is equivalent to inflation tire 

pressure of the design haul truck (CAT 797), was applied on the test sample.

-  The cycle time was 3.08 seconds composed of 0.45 seconds loading and 2.63 

seconds resting time.

-  The applied cyclic stress and corresponding axial deformations were continuously 

measured during the test and the results are shown in Figures 4.4 and 4.5.
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From Figure 4.5 it can be observed that all the axial deformation that occurred in the 

specimen during loading was recovered during unloading. No plastic strain 

accumulation was observed in the specimen. This was because the applied cyclic 

stress, 600 kPa, was much lower than the failure strength of the material which is 

approximately 29 MPa; it fell well within elastic range of the material leading to only 

recoverable elastic deformations. Thus the resilient modulus is nearly the same as the 

Young’s modulus of the material. So Young’s modulus value obtained in section 3.3.2 

was used for modeling associated with selection of the pavement cross section.
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Figure 4.4 Cyclic stress vs. time plot

Kumar 2001 has reported resilient modulus values of road construction materials 

available at SUNCOR mine sites at Fort McMurray. The resilient modulus of the 

insitu sub-grade material, lean oil sand, is about 30 MPa whereas the surface course 

material, gravel minus 20mm, has resilient modulus > 200 MPa.
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Figure 4.5 Axial deformation vs. time plot

4.2.2.1.5 Finite element analysis

For designing haul roads it is imperative to understand the stress and strain 

distributions in the haul road cross section induced by the haul truck tires. Finite 

element stress and deformation analysis was carried out using a two dimensional finite 

element program for calculating stresses and strains, Sigma/W version 5.12 (2002), 

which is product of GEO SLOPE International Ltd.

The objective of the modeling was to analyze vertical stress and strain distributions in 

the pavement layers for different combinations of pavement layer thicknesses and 

modulus of materials. A haul road cross section is adequate if the stress at any point is 

less than the bearing capacity of the material and the vertical strain is less than the 

critical strain limit, established to be between 1500 to 2000 micro-strains. The 

adequacy of the haul road cross-section for the design truck load was then examined 

using these stress and strain criteria for the different models.

The load distribution on the road surface beneath a haul truck tire was assumed to be 

uniform over a circular area (Kumar 2000). The design haul truck used in the analysis 

was CAT 797, the biggest haul truck presently used at SUNCOR mine sites in Fort
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McMurray. It has an inflation tire pressure of 600 kPa with tire foot print area of 1.68 

m2 (0.73 m radius for circular load modeling). Typical sub-grade material at SUNCOR 

mine sites, lean oil sand, has a resilient modulus of 30 MPa (Kumar 2001). The sand- 

sulfur concrete (67.7 % tailing sand, 30 % sulfur, and 2.3 % fly ash by weight) to be N 

used as the structural element of the pavement has Young’s modulus of 9750 MPa. 

The Young’s modulus decreased to 3925 MPa when the sulfur concrete is subjected to 

300 freeze-thaw cycles (Section 3.7.2). The haul road cross section selected consists of 

sand-sulfur concrete layer, which is placed on top of the sub-grade. 0.3 m thick surface 

gravel with a resilient modulus of 300 MPa was placed on top of the sulfur concrete 

layer to act as a wearing course.

The axisymmetric option was selected in the Sigma/W analysis as it allows modeling 

a circular load, whereas the plane strain option simulates a strip load (of infinite

length). A circular stress distribution on the road surface is a better approximation of

a tire and how it loads the road than a strip load. A typical axisymmetric model which 

was used to analyze stress and strain distributions in a pavement layer induced by 

haul trucks is shown in Figure 4.6. Here the cross section consisted of 0.9 m thick 

sulfur concrete, E = 9750 MPa, covered by 0.3 m thick gravel surface course, E = 300 

MPa.

The assumptions used in generating the models are:

• Type of model used - axisymmetric

• Analysis type - Load deformation

• Size of half model -15 m (width) x 12 m (depth),

• Type of material - Linear elastic

• Element type -  4 node quadrilaterals

• Number of elements = 1520

• Number of nodes = 1599

• Poisson's ratio = 0.35
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Figure 4.6 Typical axisymmetric model used in a Sigma/W analysis

The axis of rotation is at x = 0 (x and y are horizontal and vertical axes, respectively). 

The tire pressure is applied between the points (0,0) and (0.75,0). The boundary of the 

model (at y = 0) represents the surface of the haul road and thus is a free boundary. 

The vertical boundaries of the model (at x = 0 and x = 15) are restrained in x direction 

allowing the material at the boundary to move only in vertical (y) direction. The 

lower boundary of the model (at y = -12) is restrained in y direction. The right and 

lower boundaries are chosen to be at a reasonable distance from the tire, so that the 

boundary conditions do not affect the stresses and strains beneath the tire. The top 

layer (between y = 0 and y = -0.3) represents the surface course material. The sulfur 

concrete layer is placed underneath the surface course between y = -0.3 and y = -1.2 

for the case shown in Figure 4.6. The layer below y = -1.2 represents the sub-grade or
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insitu material. The thickness of the sulfur concrete layer was varied for different 

models until the stress and strain design criteria are satisfied.

An axisymmetric model allows only one circular load (tire) at a time in the model. So 

the effect of stress/strain bulb interaction from multiple tires couldn’t be studied 

directly using the Sigma/W program. However, the principle of superposition allows 

superposition of elastic stresses and strains. Therefore, the axisymmetric model was 

used to generate the vertical strain distribution below a single tire and the results were 

then numerically superimposed to simulate strains beneath multiple tires. The most 

critical case was the back axle of the truck shown in Figure 4.7, which has four tires; 

the front axle has only two tires. Moreover, there is very little interaction between the 

front and back tires of the truck due to the axial spacing.

6.0 in

Figure 4.7 Schematic diagram for positions of tires on back axle of CAT
797 haul truck

Stress/strain bulbs for single tire load were generated using the axisymmetric model. 

The stress/strain data was queried at a grid of 0.3 m horizontally and vertically. The 

data was mirrored along the X = 0 line to generate full stress/strain bulbs for one tire, 

as an axisymmetric model generates only half of the space. Then the stress/strain 

values at grid points were staggered by a horizontal distance of 1.68 m (to get the data 

for the adjacent tire) and added to generate stress/strain values at various grid points to 

represent vertical stress/strain generated by two adjacent tires. The result obtained by 

the above procedure was staggered again by a horizontal distance of 6.0 m (to get data 

for the tires at the other end of the axle) and added to generate values of vertical
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stress/strain at grid points representing stress/strain generated by all four tires along 

the back axle of a truck. The data generated for the three cases (one tire, two tires and 

four tires) were plotted using Sigma Plot version 8.02 software.

The analysis was performed on different models by varying the thickness of sulfur 

concrete layer. After many trial and errors, pavement consisting of 0.9 m thick sulfur 

concrete layer with modulus of 9750 MPa covered by 0.3 m thick gravel surface 

course with modulus of 300 MPa was found to satisfy the strain limit and bearing 

capacity criteria.

Figures 4.8 to 4.10 shows the vertical strain distributions beneath the single tire, two 

adjacent tires and all four tires on the back axle of the haul truck, respectively. 

Examination of the figures reveals that interaction between adjacent tires affects the 

vertical strain levels in the sub-grade layer. The maximum strain level in the sub-grade 

increased from 400 to 750 micro strain and from 400 to 900 micro strain when two 

and four tires were considered, respectively. The effect is not significant in the surface 

course and sulfur concrete layers because the strain bulbs are not sufficiently wide 

enough to interact in those layers.

Figure 4.11 shows the vertical stress distribution beneath four tires of the back axle of 

CAT 797 haul truck. The maximum stress level in the sub-grade due to the single tire 

load was 15 kPa and it increased to 27 kPa when two tires were considered (not 

shown). The maximum stress level in the sub-grade, sulfur concrete layer and surface 

course is 33 kPa, 970 kPa and 600 kPa, respectively when all four tires in the back 

axle were considered.
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Figure 4.8 Vertical strains beneath single tire (in micro-strain) using E
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Figure 4.9 Vertical strains beneath two adjacent tires (in micro-strain)
using E = 9750 MPa
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The Sigma/W analysis was also performed on different models using modulus of 3925 

MPa for sulfur concrete (reduced modulus value obtained after 300 freeze-thaw 

cycles). After many trial and errors it was found that 1.2 m thick sulfur concrete 

covered by 0.3 m gravel surface course with modulus of 300 MPa was required to 

satisfy the strain limit and bearing capacity design criteria.

Figures 4.12 to 4.14 shows the vertical strain distributions beneath the single tire, two 

adjacent tires and all four tires on the back axle of the haul truck, respectively. 

Examination of the figures reveals that interaction between adjacent tires affects the 

vertical strain levels in the sub-grade layer. The maximum strain level in the sub-grade 

increased from 450 to 800 micro strain and from 450 to 950 micro strain when two 

and four tires were considered, respectively. The effect is not significant in the surface 

course and sulfur concrete layers because the strain bulbs are not sufficiently wide 

enough to interact in those layers.
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Figure 4.12 Vertical strains beneath single tire (in micro-strain) using E =
3925 MPa
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Figure 4.13 Vertical strains beneath two adjacent tires (in micro-strain)
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Figure 4.14 Vertical strains beneath four rear tires (in micro-strain) using
E = 3925 MPa
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Figure 4.15 shows the vertical stress distribution beneath four tires of the back axle of 

CAT 797 haul truck. The maximum stress level in the sub-grade due to the single tire 

load was 17 kPa and it increased to 28 kPa when two tires were considered (not 

shown). The maximum stress level in the sub-grade, sulfur concrete layer and surface 

course is 35 kPa, 750 kPa and 600 kPa, respectively when all four tires in the back 

axle were considered.
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Figure 4.15 Vertical stress distribution beneath four rear tires (in kPa)
using E = 3925 MPa

The Sigma/W analysis carried out showed that haul road constructed from 0.9 m thick 

sand sulfur concrete with modulus of 9750 MPa, or 1.2 m thick sand sulfur concrete 

with modulus of 3925, covered by 0.3 m thick surface gravel with modulus 300 MPa, 

on a sub-grade with modulus of 30 MPa, satisfies both the bearing capacity and strain 

limit criteria. Therefore, haul roads can be constructed with 0.9 m to 1.2 m thick sand 

sulfur concrete layers covered by 0.3 m surface gravel course depending on their 

design life (number of freeze-thaw cycles they will be subjected to).
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5 CONCLUSION AND RECOMMENDATION

This thesis investigated the technical feasibility of construction of mine haul roads 

using sulfur concrete prepared from the mine wastes (sulfur, coke, fly ash and tailing 

sand) that are readily available at SUNCOR Oil Sands mines. This was achieved by 

conducting an extensive laboratory testing program to evaluate the physical, 

mechanical and chemical properties of different mix designs of sulfur concrete and by 

carrying out preliminary design evaluation of a haul road test section.

5.1 Summary of Findings

Two mixing techniques were used to produce sulfur concrete specimens for laboratory 

testing: the open hot mix and the dry post heating mix. Because of the simplicity of the 

equipment required, the open hot mix process was opted to produce the test 

specimens, which requires the sulfur to be molten and the aggregates to be heated 

before mixing. This process produces toxic gases such as Hydrogen Sulfide (H2 S) and 

Sulfur Dioxide (S 02). However, as long as the temperature of the mix is maintained 

below about 149°C, the concentrations of these gases remain below the Maximum 

Allowable Concentrations (MAC) suggested by the American Conference of 

Governmental Industrial Hygienists (ACGIH).

As clearly seen in Figure 3.4, the strength and deformation properties of the sulfur 

concrete prepared from coke and sulfur improved with an increase in sulfur content. 

This is because the coke particles are porous and absorb molten sulfur requiring 

additional sulfur to provide strong bonding between individual particles. Figures 3.5 

and 3.6 depict that fly ash contributes to improved strength and stiffness with the coke 

aggregate in the sulfur concrete by acting as fine grained pore filler. Its addition to the 

coke improved the grain size distribution of the aggregates allowing the sulfur to 

properly coat and cement the particles together resulting in a stronger and stiffer 

material. Tables 3.3 and 3.4 show that sulfur concrete produced from sulfur, fly ash
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and tailings sand is much stronger and stiffer than concrete produced from sulfur, fly 

ash and coke.

The sulfur concrete mixtures tested in this research program had relatively linear 

stress-strain curves. The coke concrete specimens show higher axial strain at failure 

than the tailing sand concretes. However, in almost all the specimens tested, the post 

peak response ended with a sudden loss of load behaving in a brittle manner.

Three optimum mix designs, namely, 30S2.3FA67.7C, 35S2.3FA62.7C and 

30S2.3FA67.7Sa, were selected for detailed investigation of sulfur concrete for its use 

in haul road construction. The first two mixes contained coke, sulfur and fly ash and 

the third one contained sand, sulfur and fly ash. The compressive stress - strain curves 

of these specimens (Figure 3.9) showed sulfur concrete made from coke is much 

weaker and more deformable than that made with tailing sand. This is mainly because 

individual coke particles are much weaker than the quartzite tailing sand particles. The 

dramatic decrease in stiffness is because coke sulfur concrete is porous with many 

open voids, whereas tailing sand sulfur concrete has fewer pores.

Coke sulfur concrete specimens failed when subjected to only 24 freeze-thaw cycles, 

when pop-outs occurred along the horizontal construction joints. The construction 

joints were created when the samples were prepared in multiple layers. The pop outs 

along the joints were followed by high degree of sample deterioration that led to 

sample disintegration. This failure was because coke particles are porous, water 

percolated into the pores and expanded during the freezing cycle breaking the particles 

apart.

The sand sulfur concrete specimens also showed strength deterioration when subjected 

to multiple freeze-thaw cycles. The sulfur concrete made from 30 % sulfur, 2.3 % fly 

ash and 67.7 % tailings sand by weight showed 42 % reduction in peak strength, 36 % 

reduction in yield strength and 60 % reduction in Young’s modulus after 300 freeze-
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thaw cycles. Figure 3.14 plots the variation of peak compressive strength, yield 

strength and Young’s modulus with the number of freeze thaw cycles. The test results 

showed that there is a considerable degradation of the material when subjected to 

multiple freeze thaw cycles. However, it is to be noted that even though the samples 

have deteriorated, the strength and deformation characteristics after 300 freeze-thaw 

cycles indicated sand-sulfur concrete is still much better than the existing road 

building materials made of crushed aggregate and limestone.

Potential geo-environmental impacts of sulfur concrete haul roads with the near 

surface environment were studied using weathering and diffusion tests. The 

weathering test simulated the short term interaction of sulfur concrete exposed at the 

surface during haul road construction and operation, while the diffusion testing 

simulated the long term interaction of sulfur concrete following its burial with mine 

wastes in mined out pits. The test results showed that for the 5 months duration in 

which the test was conducted, there was very little interaction between the sulfur 

concrete and the environment, suggesting that sulfur concrete can be used as haul road 

construction material in a safe manner with no detrimental effect to human health or 

the environment.

The laboratory test results showed that, with the materials available from the oil sands 

industry such as sulfur, fly ash and tailings sand, competent construction materials can 

be produced. The sulfur concrete tested is much stronger and stiffer than the existing 

haul road building materials at SUNCOR Oil Sands mines, thus improved haul roads 

can be built with reduced pavement thicknesses.

The Sigma/W analysis carried out on the sand sulfur concrete haul road cross section 

showed that a 0.9 m thick sand sulfur concrete with modulus of 9750 MPa, or 1.2 m 

thick sand sulfur concrete with modulus of 3925, covered by 0.3 m thick surface 

gravel with modulus 300 MPa, on a sub-grade with modulus of 30 MPa, satisfies both 

the bearing capacity and strain limit criteria and is thus adequate to sustain CAT 797
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haul trucks. Therefore, haul roads should be able to be constructed with 0.9 m to 1.2 m 

thick sand sulfur concrete sections covered by 0.3 m surface gravel course at 

SUNCOR oil sands mine sites depending on their design life (number of freeze-thaw 

cycles they will be subjected to).

5.2 Recommendations

5.2.1 Sample preparation

The fabrication of sulfur concrete specimens following the procedures given in ACI 

548.2R (1988) resulted in construction joints in the specimens, which were clearly 

observed during the freeze-thaw cycles. The construction joints were formed when the 

sulfur concrete was cast in multiple layers. Thus, to avoid these construction joints, it 

is recommended to use smaller molds, approximately 38 mm x 76 mm, to cast sulfur 

concrete in a single layer.

5.2.2 Sulfur concrete placem ent during construction

The pop out of test specimens along the weak planes (construction joints) during the 

freeze-thaw test alerts on the method of placement of sulfur concrete during road 

construction. A construction procedure which secures a strong bond between the 

successive layers of sulfur concrete should be implemented. One alternative is using 

sheepsfoot compacters during placement of sulfur concrete to produce interlocking 

between successive layers. Another possible option is to spray a thin layer of very hot 

sulfur/sulfur concrete on top of the compacted layer before placing the subsequent 

layer. This way, a better bond between the different layers could be formed.

5.2.3 Geochemical interaction studies

Elemental and ionic constituent concentrations in the drained water samples collected 

from the short term weathering test must be measured to provide a chemical signature 

of the components dissolved from the sulfur concrete. These data will establish the
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acid formation reaction rates from the surface of the sulfur concrete and multi species 

dissolution rates. The data can also be incorporated into a reactive transport path 

geochemical model to predict the potential changes in geochemistry for water in 

contact with the particular sulfur concrete during the operational life of the haul roads.

The elemental and ionic constituents and their concentrations in the sampled waters 

collected from the long term diffusion test must be measured to provide a chemical 

signature of the components solubilized from the sulfur concrete. This will allow the 

mass rate of diffusion flux for individual elements and ionic compounds released from 

the sample into the water to be determined. These diffusion rates can be incorporated 

into a one dimensional reactive transport model to predict the potential changes in 

geochemistry for water in contact with the particular sulfur concrete during its long 

term burial with the mine wastes.

5.2.4 Future work

Because sulfur concrete is a new material for haul road construction, it is 

recommended to build an instrumented haul road test section and monitor the truck- 

haul road interactions and geochemical interactions of sulfur concrete with the 

environment under varying climatic conditions prior to implementing wide spread use 

of sulfur concrete haul roads.
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APPENDIX A LABORATORY TEST RESULTS

This appendix presents laboratory test results of the unconfined compression test, 

sonic velocity measurement test, split tensile test, resistance to rapid freezing and 

thawing test and geochemical interaction test carried out on different mix designs of 

sulfur concrete specimens prepared from oil sands industry mine wastes like sulfur, fly 

ash, coke and tailings sand.
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Mix design
Density

(kg/m3)

Statistics

Mean Range Standard Deviation

30S70C-1 1036
1040.3 9 3.6830S70C-2 1045

30S70C-3 1040
35S65C-1 1187

1158 58 23.6835S65C-2 1129
35S65C-3 1158
40S60C-1 1214

1221.7 55 23.140S60C-2 1198
40S60C-3 1253
30S2.3FA67.7C-1 1078

1063.7 38 16.8630S2.3FA67.7C-2 1073
30S2.3FA67.7C-3 1040
30S4.6FA65.4C-1 1060

1080.3 33 14.5230S4.6FA65.4C-2 1088
30S4.6FA65.4C-3 1093
35S2.3FA62.7C-1 1205

1193 72 30.5935S2.3FA62.7C-2 1151
35S2.3FA62.7C-3 1223
35S4.6FA60.4C-1 1250

1217.3 98 46.1835S4.6FA60.4C-2 1152
35S4.6FA60.4C-3 1250
30S20FA50C-1 1310

1358.3 76 34.330S20FA50C-2 1386
30S20FA50C-3 1379
40S10FA50C-1 1493

1462.3 62 25.3240S10FA50C-2 1463
40S10FA50C-3 1431
33.3S33.3FA33.3C-1 1290

1303.3 34 16.7833.3S33.3FA33.3C-2 1293
33.3S33.3FA33.3C-3 1327
30S2.3FA67.7Sa-l 2079 2170 182 91
30S2.3FA67.7Sa-2 2261

Table A-l Density of sulfur concrete mixes
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Figure A-2 35S65C stress-strain curve
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Figure A-4 30S2.3FA67.7C stress-strain curve
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Figure A-5 30S4.6FA65.4C stress-strain curve
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Figure A-6 35S2.3FA62.7C stress-strain curve
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Figure A-7 35S4.6FA60.4C stress-strain curve

50% Coke, 30% Sulfur, and 20% Fly Ash
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Figure A-8 30S20FA50C stress-strain curve
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Figure A-10 33.3S33.3FA33.3C stress-strain curve
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Mix design
Peak strength 

(MPa)

Statistics

Mean Range Standard Deviation

30S70C-1 4.22
3.65 1.43 0.6230S70C-2 3.93

30S70C-3 2.79
35S65C-1 4.48

4.57 1.38 0.5735S65C-2 3.92
35S65C-3 5.30
40S60C-1 5.35

5.17 3.39 1.2140S60C-2 3.38
40S60C-3 6.77
30S2.3FA67.7C-1 4.82

4.75 0.15 0.0830S2.3FA67.7C-2 4.67
30S2.3FA67.7C-3 -

30S4.6FA65.4C-1 7.90
8.01 0.41 0.1930S4.6FA65.4C-2 8.27

30S4.6FA65.4C-3 7.86
35S2.3FA62.7C-1 7.66

7.57 0.26 0.1235S2.3FA62.7C-2 7.65
35S2.3FA62.7C-3 7.40
35S4.6FA60.4C-1 10.94

9.75 2.87 1.2235S4.6FA60.4C-2 8.07
35S4.6FA60.4C-3 10.23
30S20FA50C-1 12.44

12.6 0.32 0.1330S20FA50C-2 12.76
30S20FA50C-3 12.61
40S10FA50C-1 26.52

24.49 3.38 1.4640S10FA50C-2 23.14
40S10FA50C-3 23.8
33.3S33.3FA33.3C-1 7.33

7.62 0.82 0.3833.3S33.3FA33.3C-2 8.15
33.3S33.3FA33.3C-3 7.38
30S2.3FA67.7Sa-l 31 29.1 3.87 1.9
30S2.3FA67.7Sa-2 27.13

Table A-2 Peak compressive strength of sulfur concrete mixes
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Mix design
Young’s 

Modulus (MPa)

Statistics

Mean Range Standard Deviation

30S70C-1 950
850 200 81.6530S70C-2 850

30S70C-3 750
35S65C-1 1300

1133.3 350 143.3735S65C-2 1150
35S65C-3 950
40S60C-1 1550

1533.3 350 143.3740S60C-2 1350
40S60C-3 1700
30S2.3FA67.7C-1 1300

1300 0 030S2.3FA67.7C-2 1300
30S2.3FA67.7C-3 -

30S4.6FA65.4C-1 1500
1500 0 030S4.6FA65.4C-2 -

30S4.6FA65.4C-3 1500
35S2.3FA62.7C-1 1550

1600 100 40.835S2.3FA62.7C-2 1600
35S2.3FA62.7C-3 1650
35S4.6FA60.4C-1 2200

2033.3 400 169.9735S4.6FA60.4C-2 1800
35S4.6FA60.4C-3 2100
30S20FA50C-1 2850

2750 250 108.0130S20FA50C-2 2800
30S20FA50C-3 2600
40S10FA50C-1 3150

3150 200 81.6540S10FA50C-2 3250
40S10FA50C-3 3050
33.3S33.3FA33.3C-1 2000

1900 200 81.6533.3S33.3FA33.3C-2 1900
33.3S33.3FA33.3C-3 1800
30S2.3FA67.7Sa-l 10200 9750 900 450
30S2.3FA67.7Sa-2 9300

Table A-3 Young’s modulus of sulfur concrete mixes
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Mix design
Density
(kg/m3)

P-Speed
(m/s)

S-Speed
(m/s)

Young's
Modulus

(MPa)

Bulk
Modulus

(MPa)

Shear
Modulus

(MPa)
Poisson’s

Ratio
30S70C -1 1036 - - - - - -

30S70C - 2 1045 994 599 911 531 375 0.214

30S70C - 3 1040 - - - - - -

35S65C -1 1187 - - - - - -

35S65C - 2 1129 1147 673 1266 803 512 0.237

35S65C - 3 1157 - - - - - -

40S60C - 1 1214 1398 699 1580 1580 593 0.333

40S60C -  2 1198 1234 656 1345 1136 516 0 .303

40S60C -  3 1253 - - - - - -

30S2.3FA67.7C - 1 1078 - - - - - -

30S2.3FA67.7C -  2 1072 1299 709 1388 1093 539 0.288

30S2.3FA67.7C -  3 1040 - - - - - -

35S2.3FA62.7C - 1 1205 - - - - - -

35S2.3FA62.7C -  2 1151 1523 747 1723 1813 642 0.342

35S2.3FA62.7C -  3 1224 - - - - - -

30S4.6FA65.4C - 1 1060 - - - - - -

30S4.6FA65.4C -  2 1088 - - - - - -

30S4.6FA65.4C -  3 1093 1494 730 1564 1665 582 0.343

35S4.6FA60.4C - 1 1250 1804 767 2041 3 086 734 0 .390

35S4.6FA60.4C -  2 1152 1925 700 1608 3 517 565 0 .424

35S4.6FA60.4C -  3 1250 - - - - - -

30S20FA50C - 1 1310 1962 900 2901 3 626 1061 0.367

30S20FA50C -  2 1386 - - - - - -

30S20FA50C - 3 1379 1769 855 2 718 2972 1008 0.348

40S10FA50C -1 1493 1892 870 3091 3 839 1132 0.366

40S10FA50C - 2 1463 1984 888 3 172 4219 1154 0.375

40S10FA50C - 3 1431 1809 910 3 152 3103 1185 0.331

33.3S33.3FA33.3C-1 1290 1711 789 2 194 2702 804 0.365

33.3S33.3FA33.3C-2 1293 1494 762 1987 1885 750 0.324

33.3S33.3FA33.3C-3 1327 1615 667 1650 2674 590 0.397

30S2.3FA67.7Sa -1 2079 3293 1411 11494 17028 4142 0.388

30S2.3FA67.7Sa - 2 2261 2764 1322 10679 12003 3950 0.352

Table A-4 Sonic velocity measurement results
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Sample ID Density
(kg/m3)

Tensile
strength

(ot)(MPa)

Compressive
strength

(CTc)(MPa)

Ratio of 
Ot/oc (%)

Vertical 
strain at 

failure (%)

30S2.3FA67.7C -1 1076 0.54 4.82 11.20 0.38
30S2.3FA67.7C - 2 1074 0.55 4.67 11.78 0.42
35S2.3FA62.7C -1 1195 0.86 7.40 11.62 0.52
35S2.3FA62.7C - 2 1186 0.88 7.65 11.50 -

30S2.3FA67.7Sa -1 2125 2.00 30.00 6.67 0.22
30S2.3FA67.7Sa - 2 2165 1.88 26.50 7.09 0.27

Table A-5 Split tensile test results

67.7% Coke, 30%Sulfur, and 2.3% Fly Ash

1.00
Sample 1 Sample 2

nT 0.80

0.60

0.40

w 0.20

0.00
0.00 0.20 0.40 0.60

Vertical strain (%)

Figure A-12 30S2.3FA67.7C tensile stress-vertical strain curve
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62.7% Coke, 35% Sulfur, and 2.3% Fly Ash

1.00
Sample 1

nT 0.80

0.60

« 0.40

0.20

0.00
0.600.00 0.20 0.40

Vertical strain (%)

Figure A-13 35S2.3FA62.7C tensile stress-vertical strain curve

67.7% Sand, 30% Sulfur, and 2.3% Fly Ash

2.50
Sample 1 — m —  Sample 2

o' 2.00 o.
S
w
$ 1.50

<D
1.00

W 0.50

0.00
0.600.20 0.400.00

Vertical strain (%)

Figure A-14 30S2.3FA67.7Sa tensile stress-vertical strain curve
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30S2.3FA67.7Sa-230S2.3FA67.7Sa-1

0.0 0.2 0.4 0.6 0.8
Axial Strain

Figure A-15 Compressive stress-strain curve of original sample (0 freeze-
thaw cycle)

30S2.3F A67.7Sa -1 30S2.3FA67.7Sa-2

0.0 0.2 0.4 0.6 0.8
Axial Strain

Figure A-16 Compressive stress-train curve after 50 freeze-thaw cycles
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• 30S2.3F A67.7Sa-1 30S2.3F A67.7Sa-2
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Axial Strain (%)

Figure A-17 Compressive stress-train curve after 100 freeze-thaw cycles

30S2.3FA67.7Sa-1 30S2.3FA67.7Sa-2

0.0 0.2 0.4 i

Axial Strain

0.6 0.8

Figure A-18 Compressive stress-train curve after 200 freeze-thaw cycles
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30S2.3FA67.7Sa-1 30S2.3FA67.7Sa-2

0.0 0.2 0.80.4 l

Axial Strain

0.6

Figure A-19 Compressive stress-train curve after 300 freeze-thaw cycles
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Mix design
Coke

(g)
Sulfur

(g)

Fly
Ash
(R)

Theoretical
(calculated)

volume
(cm3)

Measured
volume
(cm3)

Porosity
(%)

Average
porosity

(%)

30S2.3FA67.7C - 1 762 338 26 751 908 17.28

30S2.3FA67.7C - 2 797 353 27 786 945 16.80

30S2.3FA67.7C - 3 803 356 27 792 981 19.35

30S2.3FA67.7C - 4 804 356 27 793 1000 20.66

30S2.3FA67.7C - 5 802 355 27 791 927 14.67 17.53

30S2.3FA67.7C - 6 818 363 28 807 927 12.91

30S2.3FA67.7C - 7 793 351 27 782 1018 23.19

30S2.3FA67.7C - 8 813 360 28 802 981 18.31

30S2.3FA67.7C - 9 818 362 28 806 945 14.66

35S2.3FA62.7C -1 788 440 29 822 945 13.02

35S2.3FA62.7C - 2 812 453 30 847 981 13.73

35S2.3FA62.7C - 3 777 434 29 811 1000 18.92

35S2.3FA62.7C - 4 803 448 29 838 1000 16.19

35S2.3FA62.7C - 5 799 446 29 834 963 13.43 15.20

35S2.3FA62.7C - 6 807 450 30 842 981 14.24

35S2.3FA62.7C - 7 824 460 30 859 1018 15.58

35S2.3FA62.7C - 8 784 437 29 817 963 15.15

35S2.3FA62.7C - 9 814 454 30 849 1018 16.62

30S2.3FA67.7Sa -1 1413 626 48 856 950 9.82

30S2.3FA67.7Sa - 2 1457 646 50 883 1002 11.85

30S2.3FA67.7Sa - 3 1463 648 50 887 984 9.91

30S2.3FA67.7Sa - 4 1452 644 49 880 967 8.98

30S2.3FA67.7Sa - 5 1471 652 50 891 984 9.47 10.13

30S2.3FA67.7Sa - 6 1472 652 50 892 993 10.19

30S2.3FA67.7Sa - 7 1458 646 50 884 984 10.24

30S2.3FA67.7Sa - 8 1461 647 50 885 1002 11.63

30S2.3FA67.7Sa - 9 1451 643 49 879 967 9.05

Table A-6 Sulfur concrete porosity calculation
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APPENDIX B LABORATORY TEST PROCEDURES

B .l Standard Test Method for Measuring Compressive Strength, Young’s 
Modulus and Stress - Strain Curves of Cylindrical Concrete Specimens.

Scope and Summary of Test Method

The ASTM C 39 covers determination of compressive strength of cylindrical concrete 

specimens such as molded cylinders and drilled cores. It is limited to concrete having 

a unit weight in excess of 800 kg/m3. The test method consists of applying a 

compressive axial load to molded cylinders or cores at a rate which is within a 

prescribed range until failure occurs. The compressive strength of the specimen is 

calculated by dividing the maximum load attained during the test by the cross- 

sectional area of the specimen.

The standard indicates that care must be exercised in the interpretations of the 

significance of compressive strength determined by this test method since strength is 

not a fundamental or intrinsic property of concrete made from the given materials. The 

ASTM C 39 also points out that the values obtained depend on the size and shape of 

the specimens, the batching, the mixing procedures, and the methods of sampling, 

molding, and fabrication and the age, temperature, and moisture conditions during 

curing. But the compressive strength of sulfur concrete specimens do not vary 

significantly with age and the moisture condition during curing is obviously not 

applicable because the sulfur concrete cylinders are cured in air at room temperature 

(20°C) in contrast with portland cement concrete that is cured in a moisture room 

maintained at 100% relative humidity.

Apparatus

The testing machine shall have sufficient capacity and capable of providing the 

following rates of loading: for testing machines of the screw type, the moving head
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shall travel at a rate of approximately 1 mm/minute when the machine is running idle. 

For hydraulically operated machines, the load shall be applied at a rate of movement 

(platen to crosshead measurement) corresponding to a loading rate on the specimen 

within the range of 150 to 350 kPa/s. The designated rate of movement shall be 

maintained at least during the latter half of the anticipated loading phase of the testing 

cycle. The machine must be power operated and must apply the load continuously 

rather than intermittently, and without shock. The calibration of the testing machine 

must be verified within 18 months, preferably in 12 months interval.

The accuracy of the testing machine shall be in accordance with the following 

provisions: the percentage of error for the loads within the proposed range of use of 

the testing machine shall not exceed + 1.0 % of the indicated load and the accuracy of 

the testing machine shall be verified by applying five test loads in four approximately 

equal increments in ascending order. The difference between any two successive test 

loads shall not exceed one third of the difference between the maximum and 

minimum test loads.

The testing machine shall be equipped with two steel bearing blocks with hardened 

faces (with Rockwell hardness of not less than 55 HRC), one of which is a spherically 

seated block that will bear on the upper surface of the specimen, and the other a solid 

block on which the specimen shall rest. Bearing faces of the blocks shall have a 

minimum dimension at least 3 % greater than the diameter of the specimen to be 

tested. Except for the concentric circles described below, the bearing faces shall not 

depart from a plane by more than 0.02 mm in any 150 mm of blocks 150 mm in 

diameter or larger, or by more than 0.02 mm the diameter of any smaller block; and 

new blocks shall be manufactured within one half of this tolerance. When the diameter 

of the bearing face of the spherically seated block exceeds the diameter of the 

specimen by more than 13 mm, concentric circles not more than 0.8 mm deep and not 

more than 1 mm wide shall be inscribed to facilitate proper centering.
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Specimens

Specimens shall not be tested if any individual diameter of a cylinder differs from any 

other diameter of the same cylinder by more than 2 %. Neither end of compressive test 

specimens when tested shall depart from perpendicularity to the axis by more than 

0.5° (approximately equivalent to 3 in 300 mm). The ends of compression test 

specimens that are not plane within 0.050 mm shall be sawed or ground to meet that 

tolerance, or capped in accordance with either Practice C 617 or Practice C 1231. The 

diameter used for calculating the cross-sectional area of the test specimen shall be 

determined to the nearest 0.25 mm by averaging two diameters measured at right 

angles to each other at about mid-height of the specimen. The length shall be 

measured to the nearest 0.05 D when the length to diameter ratio is less than 1.8, or 

more than 2.2, or when the volume of the cylinder is determined from measured 

dimensions.

Calculation

Compression strength is calculated by dividing the maximum load earned by the 

specimen to the average cross sectional area and expressing the results to the nearest 

O.IMPa. The procedure for calculating the Young’s modulus was adopted from Brown 

(1981). The axial strain is calculated from ea = A1 / lo, where lo is the original axial 

length and A1 is the change in measured axial length. The stress strain curve is 

obtained by plotting the axial strain versus the axial stress from zero up to the failure 

stress of the specimen.

In addition, the calculation of Young’s .modulus (E), or modulus of elasticity, followed 

Brown (1981), and is defined as the ratio of the axial stress change to the axial strain 

produced by the stress change. Engineering practice uses three methods to calculate 

the modulus. In this thesis, the average Young’s modulus is adopted(Eav) and is
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determined from the average slope of the more or less straight line portion of the axial 

stress- axial strain curve.

B.2 Standard Test Method for Splitting Tensile Strength of Cylindrical Concrete 
Specimens 

Scope and Summary of Test method

The ASTM C 496 covers the determination of the splitting tensile strength of 

cylindrical concrete specimens, such as molded cylinders and drilled cores. The test 

method consists of applying a diametric compressive force along the length of a 

cylindrical concrete specimen at a rate that is within a prescribed range until failure 

occurs. This loading induces tensile stresses on the plane containing the applied load 

and relatively high compressive stresses in the area immediately around the applied 

load. Tensile failure occurs rather than compressive failure because the areas of load 

application are in a state in a state of tri-axial compression, thereby allowing them to 

withstand much higher compressive stresses than would be indicated by the uni-axial 

compressive strength test results.

Apparatus

The testing machine shall conform to the requirements of ASTM C 39. If the diameter 

of the largest dimension of the upper bearing face or the lower bearing block is less 

than the length of the cylinder to be tested a supplementary bearing bar or plate of 

machined steel shall be used. The surfaces of the bar or plate shall be machined within 

0.025 mm of planeness, as measured on any line of contact of the bearing area. It shall 

have a width at least 51 mm, and a thickness not less than the distance from the edge 

of the spherical or rectangular bearing block at the end of the cylinder. The bar or plate 

shall be used in such manner that the load will be applied over the entire length of the 

specimen.
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Two bearing strips of nominal size 3.2 mm thick plywood, free of imperfections, 

approximately 25mm wide, and of a length equal to or slightly longer than the 

specimen shall be provided for each specimens. The bearing strips shall be placed 

between the specimen and both the upper and lower bearing blocks of the testing 

machine or between the specimen and supplemental bars or plates if used. Bearing 

strips shall not be reused.

Specimens

The test specimen shall conform to the size, molding, and curing requirements set in C 

192. The moisture condition during curing is obviously not applicable because the 

sulfur concrete cylinders are cured in air at room temperature (20°C) in contrast with 

Portland cement concrete that is cured in a moisture room maintained at 100% relative 

humidity.

Test procedure

The proper execution of this test requires marking the specimens by drawing diametric 

lines on each end of the specimens by using a suitable device that will ensure that they 

are in the same axial plane.

The diameter of the test specimens must be obtained to the nearest 0.25 mm by 

averaging three diameters measured near the ends and the middle of the specimen and 

lying on the plane containing the lines marked on the two ends. The length of the 

specimen must be determined by averaging at least two measurements taken in the 

plane containing the lines marked on two ends.

The marked lines guide the proper positioning of the specimens in the test apparatus. 

Place a plywood strip along the center of the lower bearing block. Then place the
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specimen on top of the strip and align so that the lines marked on the ends of the 

specimen are vertical and centered over the plywood strip. Place a second plywood 

strip lengthwise on the cylinder, centered on the lines marked on the ends of the 

cylinder. The positioning must ensure that the projection of the plane of the two lines 

marked on the ends of the specimen intersects the center of the upper bearing plate.

Apply the load continuously and without shock, at a constant rate within the range 689 

to 1380 kPa/min splitting tensile stress until the specimen fails. Record the maximum 

applied load indicated by the testing machine at failure. The splitting tensile strength 

(T) is calculated as T = 2P / Ttld, where T is splitting tensile strength in kPa, P is the 

maximum applied load in KN, 1 is the specimen length in meter, and d is the 

specimen’s diameter in meter.

B.3 Standard Test Method for Resistance of Concrete to Rapid Freezing and 
Thawing 

Scope and Summary of Test Method

The ASTM C 666 covers the determination of the resistance of concrete specimens to 

rapidly repeated cycles of freezing and thawing in the laboratory by two different 

procedures: Procedure A, rapid Freezing and Thawing in Water, and Procedure B, 

Rapid Freezing in Air and Thawing in Water. Both procedures are intended for use in 

determining the effects of variations in the properties of concrete on the resistance of 

the concrete to the freezing and thawing cycles specified in the particular procedure. 

Neither procedure is intended to provide a quantitative measure of the length of 

service that may be expected from a specific type of concrete.

It is assumed that the procedures will have no significantly damaging effects on frost 

resistant concrete which may be defined as 1) any concrete not critically saturated with 

water (that is, not sufficiently saturated to be damaged by freezing) and 2) concrete
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made with frost resistant aggregates and having an adequate air void system that has 

achieved appropriate maturity and thus will prevent critical saturation by water under 

common conditions. No relationship has been established between the resistance to 

cycles of freezing and thawing of specimens cut from hardened concrete and 

specimens prepared in the laboratory.

Apparatus

The freezing and thawing apparatus shall consist of a suitable chamber or chambers in 

which the specimens may be subjected to the specified freezing and thawing cycle. 

The apparatus must be capable of producing continuously and automatically 

reproducible cycles within the specified temperature requirements. In the event that 

the equipment doesn’t operate automatically, provisions shall be made for either its 

continuous manual operation on a 24 hour basis or for the storage of all specimens in a 

frozen condition when the equipment is not in operation.

Procedure A requires that the specimens shall be surrounded by not less than 1 mm 

nor more than 3 mm of water at all times while it is being subjected to freezing and 

thawing cycles. Also the bottom of the specimen should not be in direct contact with 

the bottom of the container in order to avoid substantially different conditions from the 

remainder areas of the sample. A flat spiral of 3 mm wire placed in the bottom of the 

container has been found adequate for supporting specimen. Rigid containers which 

have a potential to damage specimens are not permitted for use.

The temperature measuring equipment consists of thermometers, resistance 

thermometers, or thermocouples capable of measuring the temperature at various 

points within the specimen chamber and at the center of the specimen to within 

1.1 °C.
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Freezing and Thawing Cycle

Base conformity with the requirements for the freezing and thawing cycle on 

temperature measurements of control specimens of similar concrete to the specimens 

under test in which suitable temperature measuring devices have been imbedded. 

Change the position of these control specimens frequently in such a way as to indicate 

the extremes of temperature variation at different locations in the specimen cabinet.

The nominal freezing and thawing cycle for both procedures shall consist of 

alternately lowering the temperature of the specimens from 4.4 to -17.8 °C and raising 

it from -17.8 to 4.4 °C in not less than 2 nor more than 5 hours. Procedure A requires 

not less than 25% of the time shall be used for thawing, at the end of the cooling 

period the temperature at the center of the specimens shall be -17.8+ 1.7 °C and at the 

end of the heating period the temperature shall be 4.4 + 1.7 °C with no specimen at 

any time reaching a temperature lower than -19.4 °C nor higher than 6.1 °C. the time 

required for the temperature at the center of any single specimen to be reduced from 

2.8 to -16.1 °C shall be not less than one half of the length of the cooling period, and 

the time required for the temperature at the center of any single specimen to be raised 

from -16.1 to 2.8 °C shall be not less than one half of the length of the heating period. 

The difference between the temperature at the center of the specimen and the 

temperature at its surface shall at no time exceed 27.8 °C. The period of transition 

between the freezing and thawing phases of the cycle shall not exceed 10 minute.

Test Procedure

Freezing and thawing tests should be started by placing the specimens in the thawing 

water at the beginning of the thawing phase of the cycle. Specimens should be 

removed from the apparatus, in a thawed condition, at intervals not exceeding 36 

cycles of exposure to the freezing and thawing cycles for testing the fundamental 

transverse frequency. The specimens should be returned to the freeze thaw apparatus
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either to random positions or according to some predetermined rotation scheme to 

ensure that all specimens are subjected to the conditions at all parts of the freezing 

apparatus. The test should continue until the samples have been subjected to 300 

freeze thaw cycles or until their relative dynamic modulus of elasticity deteriorates to 

60% of the initial modulus. When it is anticipated that the specimens may deteriorate 

rapidly, they should be tested for fundamental transverse frequency at intervals not 

exceeding 10 cycles when initially subjected to the freeze thaw cycles.
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