
Utilization of Sulfur and Crumb Rubber in Asphalt Modification

M. Anwar Parvez,1 Mohammed Al-Mehthel,3 Hamad I. Al-Abdul Wahhab,2 Ibnelwaleed A. Hussein1

1Department of Chemical Engineering, King Fahd University of Petroleum and Minerals, Dhahran 31261, Saudi Arabia
2Department of Consulting Service, Saudi Aramco, Saudi Arabia
3Department of Civil Engineering, King Fahd University of Petroleum and Minerals, Dhahran 31261, Saudi Arabia
Correspondence to: I. A. Hussein (E - mail: ihussein@kfupm.edu.sa)

ABSTRACT: In this study, waste crumb rubber and sulfur were utilized to enhance the performance of asphalt binder for pavement

applications. About 20–50% of sulfur and 1–6% crumb rubber were used. Melt properties were investigated using thermal analysis,

dynamic and steady shear rheology, and artificial aging. Rheological tests were carried out in ARES rheometer. Both steady and

dynamic shear rheology showed that crumb rubber improved the viscoelastic properties of the sulfur-extended asphalt binder. Crumb

rubber modification reduced temperature susceptibility of sulfur/asphalt, and increased the upper grading (performance) temperature

of sulfur asphalt. The combined effect of sulfur and crumb rubber reduced the activation energy compared with that of pure asphalt.

Zero-shear viscosity and strategic highway research program rutting parameter (G*/sind) improved by crumb rubber incorporation

into the sulfur asphalt binder. Short-term aging improved G*/sind with slight increase in activation energy. The addition of sulfur to

asphalt matrix increased the viscoelastic properties (G0 and G00) of sulfur asphalt. The addition of crumb rubber to sulfur asphalt

enhanced the temperature resistance of the binder. Utilization of waste crumb rubber and sulfur in asphalt modification proved to

enhance asphalt pavement life. In addition, utilization of such wastes can help in meeting the extra demand for asphalt, reduce the

pavement cost, and help in solving a waste disposal problem. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40046.
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INTRODUCTION

Asphalt cement is used to construct asphaltic surfaces and pro-

duce several products such as waterproofing membranes and

emulsified asphalts. It is a strategic commodity that is in huge

demand due to massive roads and highways construction plans

in many countries. Asphalt binder is a thermoplastic material

that behaves as an elastic solid at low service temperatures or

during rapid loading; and as a viscous liquid at high tempera-

tures or slow loading. This double behavior creates a need to

improve the performance of the asphalt binder to minimize

stress cracking, which occurs at low temperatures, and perma-

nent deformation, which occurs at high service temperatures.

The daily and seasonal temperature variations plus the growth

in truck traffic volume, tire pressure, and axle loading have

increased stresses on asphalt pavements. This increases the

demand to modify asphalt binders (to reduce cracking and

deformation). Different methods have been used to upgrade the

properties of asphalt binders.1–4

Most of the previous work focused on polymer modification of

base asphalt. Also, most of the previous work was performed in

cold climates (Canada and Sweden) where improvement of the

low-temperature performance of polymer-modified asphalt

(PMA) was of great concern. For hot climates, such as Saudi

Arabia, the high-temperature performance is important for

modified asphalt binders. Limited number of publications used

sulfur to modify asphalt with SBS polymer and the amount of

sulfur was limited to 5–10%.5,6 The function of sulfur in asphalt

paving mixture depends on the sulfur concentration and the

sulfur-asphalt ratio. At low sulfur content, where sulfur/asphalt

ratio is less than 0.2, sulfur modifies the chemical and rheologi-

cal properties of asphalt through chemical reactions. At high

sulfur/asphalt ratio (>0.2 L), sulfur acts as filler and

“structuring agent,” improving the workability of the sulfur–

asphalt aggregate mixture at processing temperatures (130–

160�C) and the mechanical strength of the mixture at service

temperatures.7

Meanwhile, the rate of production of elemental sulfur is increas-

ing due to increased oil and gas production. For example, Saudi

Aramco produces approximately 6000 tons day21 of elemental

sulfur. The rate of production is expected to increase to 10,000

tons day21 in a few years. Although sulfur is a vital raw mate-

rial to manufacture a myriad of products, its abundance has
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reduced its price worldwide. Meanwhile, the storage of sulfur

poses an environmental hazard and usages of this abundant sul-

fur in a useful, economical, and environmentally friendly way

are needed. Sulfur asphalt concrete is one such use.

The early study on the use of sulfur in asphalt mixes showed bet-

ter properties than the conventional asphalt mixes.8 But due to

high prices of sulfur, the product sulfur asphalt was uneconomi-

cal. In view of the increase in asphalt price since the beginning of

the 1970s, the product was studied again by the US Bureau of

Mines and Federal Highways. However, significant problems with

storing hot sulfur at asphalt mix plants as well as preblending

the sulfur with the bitumen were encountered. In many oil and

gas producing countries, such as the Arabian Gulf countries,

there is high production of elemental sulfur from processing

plants. Therefore, and for several reasons, there is a renewed

interest to seek new and efficient utilization of sulfur. First, sulfur

is a valuable natural resource. Second, the income realized from

the beneficial use of sulfur can help offset the cost of pollution

control and ease a potential disposal problem. Finally, the stock-

piling of sulfur in built-up areas without concurrent utilization

could create additional pollution problems. Of the several poten-

tial uses for sulfur, a sulfur/asphalt combination for highway

pavements seems to have the greatest potential for increasing the

beneficial consumption of this element. This sulfur asphalt pave-

ment material could utilize much of the elemental sulfur, which

will be recovered from fossil fuels.

On the other hand, waste tires discarded every year reach 10 mil-

lion worldwide.9 Discarding waste rubber is a huge waste of

energy and causes environmental problems because the waste

rubber will not degrade. Using waste crumb rubber as dispersant

in asphalt is a smart way to solve the waste disposal problem

caused by waste tires and to improve the quality of road pave-

ments, such as extending road service life. Waste crumb rubber

used in pavement not only can help to solve the waste tire prob-

lem, but also can save petroleum resources. The previous use of

crumb rubber was limited to modify base asphalt. In some US

Patents10–13 crumb rubber was used to make bituminous pave-

ment, but none of them used sulfur in their embodiments.

The objective of this study is to maximize the utilization of two

wastes namely sulfur and crumb rubber in asphalt modification.

Here, we used sulfur in the range 20–50% to produce sulfur

asphalt binder while rubber was used at 1–6%. Sulfur asphalt

with such high amounts of sulfur is brittle. Therefore, it was

proposed to add rubber to sulfur asphalt to improve its rheo-

logical properties. No previous work was done to examine the

effect of crumb rubber on the rheological properties of sulfur

asphalt binder. In this article, we will try to explore the use of

crumb rubber to improve sulfur asphalt binder performance

and possible correlation between crumb rubber content and

rheological properties of sulfur asphalt binder at medium and

high temperatures of application.

EXPERIMENTAL

Materials

Crumb rubber was collected from a local supplier. The source

of the used rubber was waste car tires. Rubber was ground to

fine powder to increase the surface area. The crumb rubber gra-

dation was determined using ASTM D5644 procedure. The

maximum size of the crumb rubber fines was 1 mm. The siev-

ing results of the crumb rubber fines were given in Figure 1.

Waste sulfur (99.9% purity) was collected from Saudi Aramco

Gas/Oil Separation Plants. It was a waste product from oil and

gas processing plants. Asphalt cement was obtained from a local

refinery. The results of the differential scanning calorimetry

(DSC) of these samples were presented in Figure 2.

Sample Preparation

Sulfur and pure asphalt were blended in a high shear blender.

The elemental sulfur pellets were ground to fine powder before

feeding to the blender. The blender acts as a batch stirred tank

with a constant temperature bath. Typical mixing procedure

was as follows: steel cans of approximately 1000 mL were filled

with 250–260 g of asphalt and put in a thermoelectric heater.

Crumb rubber was mixed with base asphalt at a temperature of

180�C in the blender for 2 min. The can with the sample was

sealed from the top to prevent extra air oxidation. The sealed

can was then put in an oven of the same temperature for 2 h

for swelling of rubber in asphalt. After 2 h of conditioning, the

can with the sample was dipped into oil bath having a tempera-

ture controlled at 145 6 1�C. When the temperature of the rub-

ber mixed asphalt reached 145�C, a locally made high shear

Figure 1. Crumb rubber particles size distribution.

Figure 2. DSC scans of the modified asphalt binder and its compositions.
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mixer was dipped into the can and set to about 2500 rpm. Cal-

culated amount of elemental sulfur powder was added gradually

with asphalt/rubber. The bath temperature was maintained at

145 6 1�C. Samples were blended for 20 min at high shear to

confirm uniform distribution of sulfur and rubber in the

asphalt matrix. Asphalt samples were poured into rubberized

molds before being used for rheological testing. The samples

specimens were stored in a refrigerator at 5�C. Twenty samples

of sulfur-modified asphalt binders and pure asphalt binder were

prepared and tested. Detailed samples information is presented

in Table I.

DSC Measurements

The thermal behaviors of the pure and modified asphalt binder

as well as the compositions of the asphalt binder were deter-

mined by means of a TA Q1000 DSC. Samples of 7–10 mg were

weighed and sealed in aluminum pans. Melting temperature

measurements were performed by heating samples from room

temperature to 150�C. A heating rate of 5�C min21 was applied

and nitrogen was used as the purge gas at a flow rate of 50 mL

min21.

FTIR Characterization

Fourier transform infrared spectroscopy (FTIR) technique was

used to determine the chemical bond changes of pure and

modified asphalt binder. FTIR measurement was carried using a

Nicolet 6700 spectrometer from Thermo ElectronTM. All the

FTIR spectra were taken in the absorbance mode and in the

range 600–4000 cm21 at room temperature. FTIR spectra were

obtained using a spectral resolution of 4 cm21 and 30 co-added

scans.

Rolling Thin-Film Oven Test

Rolling thin-film oven test (RTFO) was used to perform aging

of asphalt binders according to ASTM D 2872 procedure. This

test simulates the aging process that takes place during the pro-

duction and up to the first year of the service life of the pave-

ment. Base asphalt as well as modified asphalt were poured into

cylindrical bottles. About 35 g of asphalt sample were poured in

each cylindrical bottle. Then the bottles were placed horizontally

in a convection oven, which was rotated at 163�C for 85 min.

Air was supplied into the bottle to accelerate aging. This process

created a thin film of asphalt on the inside of the bottles. After

completing the run, samples were collected for rheological test-

ing in ARES.

Rheological Tests

Dynamic and steady rheological tests were carried out to inves-

tigate the effect of rubber on the rheology of sulfur-modified

asphalt. The dynamic temperature step measurements for the

samples were performed in ARES rheometer. This is a constant

strain rheometer equipped with a heavy transducer (range 2–

2000 g for normal force; 2–2000 g-cm for torque). All tests

were carried out in the range 64–85�C using a parallel plate set

of 25 mm diameter. With the sample in position, the oven was

closed and the sample heated at 64�C for about 5 min; there-

after, the gap between the plate platen was adjusted to 1.5 mm

by lowering the upper platen force transducer assembly at a

constant load of 500 g. The melt that extruded beyond the

platen rim by this procedure was cleaned off. Strain in the lin-

ear viscoelastic range (strain amplitude, c� of 12.5%) and fre-

quency of 10 rad s21 was used in all tests. In all the

experiments, nitrogen gas was continuously used for heating the

samples during testing to avoid oxidation during testing. A

holding period of 5 min was allowed before beginning measure-

ments when the temperature reaches steady state. The Orches-

trator software was used to calculate the dynamic shear

viscosity, storage modulus, complex modulus, and phase angle

for all samples.

Dynamic frequency sweep tests were conducted at 50�C and a

frequency of 100–0.1 rad s21 and a constant strain of 12.5%.

Table I. Percentage Compositions of Sulfur-Modified Asphalt Binder

Sample #

Percentages of different components

Sulfur% Asphalt% Crumb rubber%

1 0 100 0

2 20 80 0

3 20 79 1

4 20 78 2

5 20 76 4

6 20 74 6

7 30 70 0

8 30 68 1

9 30 66 2

10 30 64 4

11 30 62 6

12 40 60 0

13 40 58 1

14 40 56 2

15 40 54 4

16 40 52 6

17 50 50 0

18 50 49 1

19 50 48 2

20 50 46 4

21 50 44 6

Figure 3. FTIR spectra of pure asphalt binder. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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Different linear viscoelastic variables were calculated using TA

Orchestrator software. Steady shear rheological tests were con-

ducted at 50�C and a shear rate in the range 0.01–10 s21.

RESULTS AND DISCUSSION

Thermal Characterization

DSC results of pure sulfur, crumb rubber, pure asphalt, and two

sulfur-modified asphalt binders were shown in Figure 2. There

was no peak in the DSC thermogram of pure asphalt. So,

asphalt used in this study was virgin asphalt. Crumb rubber

had no melting point; rather it had a transition at �105.5�C.

The glass transition of rubber is much below that so this transi-

tion is not a glass transition. The DSC scan of pure elemental

sulfur showed that sulfur had two melting peaks. The first melt-

ing peak is at 106.40�C, which corresponds to rhombic sulfur.

The second peak is at 120.6�C and it corresponds to monoclinic

form of sulfur. The literature values were also in the same

range.14 The modified asphalt binder had three different constit-

uents namely: crumb rubber, sulfur, and asphalt with different

weight percentages. One interesting observation in the DSC

scan of sulfur-modified asphalt binder was that it had only one

melting point, which was around 118�C. It ensured that rhom-

bic sulfur was converted to monoclinic sulfur in the modifica-

tion process. DSC scan of 40/60 sulfur/asphalt showed a

melting point at 118.13�C, which was very close to the melting

point of monoclinic sulfur. The modified asphalt binder with

40% sulfur, 52% asphalt, and 4% rubber had little influence on

the melting point of the sulfur (�118.5�C). So, rubber modifi-

cation had slightly increased the melting point in comparison

to the 40/60 sulfur/asphalt binder. The mixing temperature used

in the study was 145�C.

FTIR Results of Asphalt Binders

Figure 3 represents the FTIR spectra of pure asphalt binder and

Table II listed the main bonds present in asphalt. Similar results

were also mentioned in the literature.15 We did not elaborate

on the method of analysis since we used the same approach.

The bonding of sulfur-modified asphalt binders were also simi-

lar to the one presented in Figure 3 but with different

intensities.

The FTIR spectra for pure and 30% sulfur-modified asphalt

binders were shown in Figure 4. The main differences between

pure and sulfur-modified asphalt binders were in the range

600–1250 cm21. The FTIR spectra of other sulfur-modified

binders were also similar to that presented in Figure 4. It was

noticed that the intensities of the bonds had changed in modi-

fied binders. The relative change of bonding was calculated

using the following equations:

IS5O5
Area of sulfoxide band centered around 1030 cm21 for modified asphalt binder

Area of sulfoxide band centered around 1030 cm21 for pure asphalt binder
(1)

IC2S5
Area of C AS band centered around 720 cm21 for modified asphalt binder

Area of C AS band centered around 720 cm21 for pure asphalt binder
(2)

Based on the above eqs. (1 and 2) the ratios of the areas were

calculated and the results were given in Figure 5. The relative

intensities of the C@S and S@O bonds increased in comparison

with pure asphalt binders. This confirmed the chemical cross-

linking in modified asphalt binders. It was also mentioned in

the literature that part of the sulfur added reacts chemically

with asphalt to form carbon–sulfur bond and polysulfide

bond.16 The intensity of CAS in asphalt had increased by

�30% in 30/70 sulfur/asphalt binder as shown in Figure 5. Fur-

ther increase in crumb rubber concentration had little influence

on the intensity of CAS bond. However, the intensity of S@O

bond increased significantly with the addition of crumb rubber.

Figure 4. FTIR spectra of pure and modified asphalt binders. [Color fig-

ure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Table II. Assignations of the Main Bands of the FTIR Spectra

Webnumbers (cm21) Assigned bands

2920, 2850 tCAH aliphatic

1636 tC@C aromatic

1456 dCAH of A(CH2)nA (aliphatic index)

1376 dCAH of CH3 (aliphatic branched)

1030 tS@O sulfoxide

808, 864 tC@C of alkenes

721 dCAH or dCAS

Note: t 5 stretching, and d 5 bending.
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So, it can be concluded that the increase in CAS bond was due

to the addition of sulfur to asphalt whereas the increase in

S@O bond resulted from crumb rubber addition. Sulfur was

expected to crosslink with unsaturated nonring compounds in

asphalt.

Rheological Characterization

Dynamic Frequency Sweep Test. Dynamic frequency sweep test

for all binders were conducted at 50�C and 100–0.1 rad s21 in

the linear viscoelastic range. Typical linear viscoelastic properties

of sulfur-modified asphalt binders with various amounts of

crumb rubber and sulfur were displayed in Figure 6. Figure

6(a,b) showed the dynamic storage modulus, G0, as function of

frequency, x, for 30 and 50% sulfur-modified asphalt binders.

The results were shown for 0, 1, 2, 4, and 6% crumb rubber by

weight. The results for 20 and 40% sulfur-modified binders

were not shown here as the trends were very similar to the pre-

sented figures.

Sulfur-modified asphalt binders improved, G0 as compared to

base asphalt for the whole x range. The increase in G0 values

was higher for higher concentration of crumb rubber. The stor-

age modulus, G0, was highly sensitive to the morphological state

of a heterogeneous system. The value of G0 is an indication of

elasticity boosting due to asphalt modification. The relative

increment in G0 was well understood by the modification index

as defined by the following equation:

IG05
G0 of crumb rubber modified sulfur asphalt binder

G0 of sulfur asphalt binder
(3)

Here, the definition of IG0 was used for the binders that contain

sulfur as well as crumb rubber. For example, IG0 for 30% sulfur-

modified binders is the ratio of G0 of rubber-modified binders

to the G0 of 30/70 sulfur/asphalt binder. So, the significance of

this index was to calculate the relative influence of replacing the

portion of asphalt by the same amount of crumb rubber. IG0

values were calculated for x 5 1 rad s21 at 50�C and showed in

Table III for different binders.

Table III showed that IG0 increased with respect to both sulfur

and crumb rubber concentration. According to time–

temperature superposition principle low-frequency data

corresponds to high-temperature properties. So, High values of

G0 at lower frequency provide more flexibility of asphalt binder

at higher temperature. Further analysis of the frequency sweep

data were carried out to correlate G0 with crumb rubber and

sulfur concentrations. The influence of crumb rubber concentra-

tion on G0 was shown in Figure 7. The data were well fitted to

the equation given below:

G05aC R1bC s (4)

where CR and CS are the percentage of crumb rubber and sulfur

in asphalt matrix. Table IV listed two parameters (a, b) and fit

quality R2. It showed that storage modulus, G0 increased linearly

with crumb rubber for all sulfur/asphalt binders. Adjusted con-

stant a increased with sulfur content whereas b decreased with

sulfur content. The slope of the straight line increased with the

increase in sulfur content suggesting that the amount of sulfur

also contributes to the increase in G0. Another observation from

the linear viscoelastic results was that the increment in G0 at

high x is lower than that at low x. The high x corresponds to

low-temperature behavior of asphalt binders. So, comparatively

Figure 5. The intensity of bonding in pure and modified asphalt binders.

Figure 6. G0(x) for (a) 30% sulfur-modified asphalt binders at 50�C and

(b) 50% sulfur-modified asphalt binders at 50�C.
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lower values of G0 at high frequency were favorable for asphalt

pavement.

Figure 8(a,b) displayed the well-known Black diagram (phase

angle vs. G*) representation for 30 and 50% sulfur binders at

50�C. The reduction of phase angle is related to the presence of

elastic networks or entanglements in the modified binder.17 It

was noticed that incorporation of crumb rubber in sulfur/

asphalt binder decreased the phase angle which indicated

improvement in elastic behavior. This improvement can be due

to the degree of crosslinking and entanglement produced by

crumb rubber and sulfur with asphalt matrix. The combined

effect of shear and heat in the blender could result in several

phenomena in the modified asphalt matrix. Some of them can

be as: (1) polymerization of sulfur to form longer chain, (2)

increase in crumb rubber particle size due to swelling effect in

the asphalt matrix, and (3) change in compositions of asphalt

by thermal and mechanical degradation.18 The combination of

these phenomena could lead to crosslinking/entanglement and

enhance the viscoelastic properties of modified asphalt binders.

The reaction and crosslinking of sulfur asphalt were discussed

earlier in the FTIR section.

Temperature Sweep Measurements

Temperature sweep test was conducted for all binders to extract

the values of complex moduli, G*, and phase angle, d, as func-

tion of temperature. According to the strategic highway research

program (SHRP), the stiffness parameter G*/sind is a factor

used to estimate the rutting resistance of asphalt binder.19 It

should be larger than 1 kPa at the maximum pavement design

temperature for unaged original asphalt, when measured at 10

rad s21 to simulate traffic loading. Higher values of G*/sind
were expected to give a high resistance to permanent deforma-

tion. Figure 9 showed G*/sind versus temperature for all the

sulfur-modified asphalt binders as function of crumb content at

76�C. This temperature was chosen on the basis that the maxi-

mum local pavement temperature for Saudi Arabia is 76�C for

hot summer season.20 It showed that sulfur-modified asphalt

binders without crumb rubber modification cannot fulfill SHRP

criteria as the value of G*/sind was less than 1 kPa for all sam-

ples. So, there is a necessity of modification of these binders to

increase G*/sind to improve rutting resistance. G*/sind for the

20% sulfur-modified asphalt was less than 1 kPa when even 6%

crumb rubber was used. In the case of 30% sulfur-modified

binders, 4% crumb rubber was required to reach G*/sind �1

kPa, whereas for 40 and 50% sulfur-modified binders, 1%

crumb rubber was enough to reach G*/sind �1 kPa.

The maximum temperature attained by sulfur-modified asphalt

binders at G*/sind equal to 1 kPa was given in Table V. Addi-

tion of crumb rubber to sulfur/asphalt binders increased the

maximum attainable temperature for all the binders. The value

of G*/sind for pure asphalt was 1 kPa at 68�C which indicated

the need of pure asphalt for modification to achieve the per-

formance grading. The maximum temperature of all the sulfur-

modified asphalt binders without crumb (zero crumb content)

was less than 76�C. However, additions of crumb rubber to

those binders improved it significantly. So, crumb rubber

improved rutting resistance of sulfur-modified asphalt. Also, for

the same percentage of rubber, the increase in sulfur content

increased G*/sind (see Fig. 9). Addition of crumb rubber was

expected to add toughness and flexibility to the binders.

The effect of temperature on pure and modified asphalt binders

was shown in Figure 10. With increasing temperature tand
increased and complex modulus decreased for pure asphalt

binder. The variations in tand and G* slowed down for the

sulfur-modified asphalt binders. A similar phenomenon was

Table III. Modification Indexes for Crumb Rubber-Modified Sulfur Asphalt Binders

Crumb rubber
content (%)

IG’ for 20%
sulfur

IG’ for 30%
sulfur

IG’ for 40%
sulfur

IG’ for 50%
sulfur

1 2.17 1.67 2.04 2.92

2 2.53 2.05 3.30 5.14

4 3.09 3.07 6.31 10.31

6 4.57 5.34 8.93 23.61

Figure 7. Storage modulus as function of sulfur and crumb rubber

concentration (x51 rad s21 at 50�C).

Table IV. Model Parameters for Eq. (4)

Sulfur
content (%)

Model parameters

a b R2

20 119.60 14.65 0.948

30 310.47 12.62 0.958

40 637.80 9.49 0.998

50 1233.40 7.72 0.996
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reported in an early publication21 for polymer-modified asphalt

binder. The addition of sulfur led to the increase in G* more

significantly at elevated temperatures, and tand curve became

flatter over a wide range of tested temperatures. It indicated

that the elasticity of the modified binder had improved effec-

tively with the addition of sulfur due to the formation of a

chemically crosslinked network in the modified binders as

described in the FTIR results. However, the variation of tand
with sulfur content was inconsistent with sulfur content, which

suggests a complex morphology sensitive to sulfur content.

Temperature sweep data were further analyzed to check the

effect of temperature on asphalt viscosity. Viscosity-temperature

relationships of asphalt binder were expressed by the well-

known Arrhenius equation as follow:

G�

x
5�5Ae

Ea =RTð Þ (5)

where Ea is the flow activation energy, A is the pre-exponential

term, and R is the universal gas constant. Ea is an important

factor that strongly influences the viscosity. Figure 11 showed

complex viscosity versus 1/T for the 30% sulfur-modified

asphalt binders at 10 rad s21. As the trend is very similar for

other binders, only one figure was shown here. The data given

in Figure 11 showed good fit to Arrhenius model. Ea was calcu-

lated using equation 5 and the values for different binders were

given in Table VI. Activation energy for pure asphalt was calcu-

lated to be 113.07 kJ mol21.

It was observed that addition of sulfur to asphalt reduced the

activation energy of sulfur/asphalt binder as compared to pure

asphalt. The crumb rubber-modified asphalt binders showed

lower activation energy than pure asphalt except for the 50%

sulfur-modified binders. The exception of the 50% sulfur-

modified binders is likely due to a difference in the morphology

as suggested by the high complex modulus for this blend at all

temperatures as shown in Figure 10. Activation energy, Ea was

related to the binder thermal susceptibility.22 The lower activa-

tion energy of asphalt binders means lower temperature suscep-

tibility. So, from Table VI it could be concluded that the 20, 30,

and 40% sulfur-modified asphalt binders would be less temper-

ature susceptible than pure asphalt. However, the 50% sulfur-

modified asphalt binder showed higher Ea, consequently the

binders would be more temperature susceptible.

Rheological data of sulfur-modified asphalt binders were ana-

lyzed by introducing a modification index IM.23 A simple

Figure 8. Black diagram representation of (a) 30% sulfur binders at 50�C

and (b) 50% sulfur binders at 50�C.

Figure 9. G*/sind versus crumb rubber content for unaged modified bind-

ers at 76�C. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Table V. Maximum Temperature at Which G*/sind is Equal to 1 for

Sulfur-Modified Binders

Crumb rubber
content (%)

Maximum temperature
attained (�C) at G*/sind 51 kPa

20%
Sulfur

30%
Sulfur

40%
Sulfur

50%
Sulfur

0 64 65 67 73

1 67 73 77 79

2 68 75 79 82

4 71 77 81.5 85

6 73.5 80 85 89
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modification index was obtained from temperature sweep data

using the following equation:

IM5
G0R
G0S

(6)

where G0S was the storage modulus of sulfur-modified asphalt

binder with zero rubber content and G0R was the storage modu-

lus of the corresponding sulfur/asphalt binders with rubber con-

tent 1–6% for x 5 1 rad s21. Equation 6 showed the effect of

rubber modification on sulfur/asphalt binders. The modification

index was calculated from temperature sweep test and presented

in Figure 12. Figure 12(a,b) depicted that the viscoelastic prop-

erties of rubber-modified sulfur asphalt binder increased with

respect temperature as the crumb rubber content increased. The

effect is minimum for the case of 20% sulfur binders and signif-

icant for other binders (30–50% sulfur). Figure 12(a) showed

the effect of crumb rubber content whereas Figure 12(b) showed

the effect of sulfur content. Both additives had positive effect on

the modification index. The slope of the straight line increased

as the amount of additives was increased. It was also interesting

to observe that the variation of the modification index within a

certain temperature interval is controlled by the material sensi-

tivity to temperature variation. In this way, the variation of IM

with temperature was an indirect indicator of the thermal sensi-

tivity and could be used to describe the influence of tempera-

ture on the rheological properties. However, higher IM values

could also indicate that the corresponding sample would be stiff

at lower temperature, which might lead to formation of cracks.

So, there should be an optimum amount of the additives (sulfur

and crumb rubber) to be used for both high- and low-

temperature range application. The improvements of the elastic

properties with temperature were likely due to the crosslinking

of sulfur with asphalt. The reason for the increase in the elastic

properties with temperature was due to the swelling of crumb

rubber and filling of the free volume in asphalt created by ther-

mal expansion. The addition of sulfur to asphalt matrix

increased the viscoelastic properties (G0 and G00) of the modified

binder. The addition of crumb rubber to sulfur asphalt

enhanced the temperature resistance of the binder.

Steady Shear Rheology

Steady rate sweep tests were conducted for all binders at 50�C
and a shear rate in the range 0.01–10 s21. Steady shear viscosity

as function of shear rate was plotted in Figure 13 for 40%

sulfur-modified binders. As the behaviors of the other binders

were also very similar, only one figure was provided to

show the general trend. Pure asphalt samples displayed long

Newtonian plateau up to a shear rate of �2 s21. The crumb

rubber-modified binders showed very small width of Newtonian

plateau followed by shear thinning behavior at high shear rate.

Similar behavior was also reported for polymer-modified

asphalt binders.24 These types of shear viscosity data can be well

Figure 10. Complex modulus and tand versus temperature for selected

binders. Figure 11. Effect of temperature on complex viscosity (30% sulfur-

modified binders).

Table VI. Activation Energy of Crumb Rubber-Modified Sulfur Asphalt Binders

Crumb rubber
content (%)

Ea for 20%
sulfur-modified
binders (kJ mol21)

Ea for 30%
sulfur-modified
binders (kJ mol21)

Ea for 40%
sulfur-modified
binders (kJ mol21)

Ea for 50%
sulfur-modified
binders (kJ mol21)

Ea for pure
asphalt (kJ mol21)

0 99.98 81.90 72.89 93.79 113.07

1 86.21 74.31 85.84 133.71

2 91.10 76.09 95.90 135.95

4 97.64 77.03 99.64 133.94

6 99.34 77.91 103.22 130.85
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modeled by Carreau model which is given by the following

equation:

g5
go

11 _c= _ccð Þ2
� �a (7)

where, g0 is the zero-shear viscosity, _cc is the critical shear rate

at the onset of shear thinning region and a is a parameter

related to the slope of shear thinning region. The shear rate vis-

cosity data were well fitted by the model as can be seen from

Figure 13. Addition of crumb rubbers decreased the Newtonian

plateau and broadened the shear-thinning region. This shear

thinning behavior was attributed to the crosslinking of sulfur

and asphalt molecules as well as the heterogeneity in molecular

weight caused by the addition of rubber. As shear rate was

increased, it would likely destroy the network and thereby

reduces viscosity sharply.

In the last decade, researchers have observed that the SHRP rut-

ting parameter G*/sind is not very effective in predicting the

rutting performance of binders, especially in the case of modi-

fied binders.25,26 For such case a new parameter zero-shear vis-

cosity, go was suggested by many researchers as a possible

measure for the rutting resistance of modified asphalt bind-

ers.27,28 go and _cc were calculated for all binders using the eq. 7

and the values were shown in Table VII. go increased with the

increase in sulfur and crumb rubber content which supports the

previous results from dynamic shear rheology. The increment in

go was more pronounced in binders with high sulfur content

(40 and 50%). The onset of shear thinning ( _cc) decreased with

the increase in sulfur and crumb in the binder. The steady shear

data analysis showed that both sulfur and crumb rubber modifi-

cation added non-Newtonian behavior to the modified asphalt

binder. Also, the increase in go for rubber-modified sulfur

asphalts suggested improved rutting resistance. So, the steady

shear data analysis supports our previous findings through

dynamic shear measurements.

Rolling Thin-Film Oven Test

Figure 14(a,b) showed the effect of short-term aging on selective

crumb rubber-modified sulfur/asphalt binders. Aging increased

Figure 13. Steady shear viscosity of 40% sulfur/asphalt binders at 50�C.

Table VII. Carreau Model Parameters for Crumb Rubber-Modified Sulfur/Asphalt Binders at 50�C

Crumb rubber
content (%)

go (Pa-s) _cc s21
� �

20% S 30% S 40% S 50% S 20% S 30% S 40% S 50% S

0 2672 7324 12,053 22,054 2.512 2.100 1.527 1.262

1 3548 7679 18,526 33,489 0.441 0.020 0.015 0.012

2 4455 8551 25,640 45,685 0.067 0.010 0.007 0.006

4 5354 14,236 52,497 78,452 0.033 0.007 0.005 0.004

6 6129 36,600 95,175 202,411 0.022 0.006 0.004 0.003

Figure 12. Modification index for (a) 40% sulfur-modified binders for

1–6% rubber content and (b) 4% crumb rubber content for 20–50%

sulfur binders.
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SHRP rutting parameter G*/sind as well as complex viscosity,

g* for the whole temperature range covered in this study. Table

VIII listed the values of G*/sind at 76�C and activation energy

Ea extracted from Figure 14(a,b). According to SHRP the values

of G*/sind should be �1 kPa before RTFO and �2.2 kPa after

RTFO. So, all binders met short-term aging criteria for Super-

pave binder’s requirement (see Table VIII). In addition, aging

increased the activation energy of the selected binders. The

increase in activation energies for the selected RTFO samples

was in the range 6–25% over unaged samples.

The improvement in rheological properties after aging was

attributed to three major factors. First, aging has changed the

chemical compositions of asphalt. A modification of both the

quantity and quality of asphaltenes and resins is likely to occur.

The increase in asphaltenes and resins contents was a conse-

quence of the effect that aging has on the elastic properties of

asphalt. Second, polymerization of sulfur and its crosslinking

with asphalt composition, which was accelerated by high tem-

perature (163�C) and air oxidation. Also, crosslinking and

entanglement of crumb rubber with asphalt and sulfur could

happen through aging.

CONCLUSIONS

Utilization of waste sulfur and rubber in asphalt modification

was investigated. The influence of crumb rubber on the rheol-

ogy of sulfur-modified asphalt binders were investigated by

FTIR, rheological and thermal characterization techniques. The

following conclusions were drawn on the basis of this

investigation:

1. FTIR results showed increase in CAS bond due to sulfur

incorporation and S@O bond increased due to crumb rub-

ber addition to sulfur asphalt binder.

2. The addition of crumb rubber had increased the elastic

properties of the sulfur-modified asphalt binders as mani-

fested by the increase in G’ and the modification indexes. A

linear relationship was obtained for the low-frequency

(x 5 1 rad s21) dynamic shear data. It was shown that

crumb rubber increases both viscous and elastic properties

linearly. This improvement was higher for higher concentra-

tion of sulfur and crumb rubber.

3. SHRP rutting parameter (G*/sind) as well as zero shear vis-

cosity increased with the increase in crumb rubber percen-

tages for all sulfur extended asphalt binders, which

suggested that crumb rubber modification would likely

increase rutting resistance at high temperature.

4. A modification index (IM) was defined to quantify the

improvement of viscoelastic properties of crumb rubber-

modified sulfur extended asphalt binders. It was shown that

crumb rubber improved the high-temperature viscoelastic

properties.

5. Steady shear rheology indicated that crumb rubber modifi-

cation of sulfur extended asphalt binders increased the

steady shear viscosity. Addition of crumb rubber to sulfur

extended asphalt decreased the Newtonian plateau and

increased the shear thinning behavior.

6. Short-term aging through RTFO improved the rheological

properties of the modified binders by crosslinking and

entanglement of sulfur and crumb rubber asphalt

compositions.

The crumb rubber-modified sulfur asphalt showed better prop-

erties compared to the conventional asphalt binder. Utilization

of these two industrial wastes in asphalt modification can

meet the extra demand for asphalt, reduce the price, and

improve asphalt pavement life. Application of this process will

help in solving the waste disposal problem and keep environ-

ment clean.

Figure 14. Effect of aging on (a) G*/sind for selective modified binders

and (b) complex viscosity, g* for selective modified binders.

Table VIII. Effect of Short-Term Aging on the Selective Binders

Sample

G*/sind (kPa) at
T 5 76�C Ea (kJ mol21)

Before
RTFO

After
RTFO

Before
RTFO

After
RTFO

30% S, 2% R 0.75 2.96 76.09 97.25

40% S, 2% R 1.38 4.32 95.90 118.23

50% S, 2% R 2.30 6.53 135.95 144.55
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