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Abstract

Recycling crumb rubber in the asphalt industry is an excellent way to
reduce the wastage of this byproduct. It has been demonstrated that
crumb rubber obtained from used tyres can be used as an addition or
replacement material to enhance the characteristics of asphalt mixtures.
Considering the importance of expanding a technology for a greener
future, producing a crumb rubber warm asphalt mixture (CRWMA) is the
aim of this study. This study focuses on investigating the resilient
modulus and moisture susceptibility of the asphalt mixtures. The AC14
samples were prepared by replacing 2% to 4% of the net weight of
aggregate with crumb rubber, and 3% Sasobit from the total weight of
the optimum binder content was used to modify the base binder. The JKR
specification and Marshall mix design were used to obtain the optimum
binder content of the samples. The effect of crumb rubber proportion in
asphalt mixture was determined by observing the mixture's volumetric
properties, resilient modulus and moisture susceptibility. The results
show that asphalt mixture incorporated with crumb rubber had a greater
resilient modulus and indirect tensile strength, even though it was
produced at 20°C lower than hot mix asphalt, compared to a conventional
asphalt mixture. It indicates that crumb rubber has improved the
elasticity of the samples. In conclusion, a combination of 3% crumb
rubber and 3.0% Sasobit is the optimum composition for producing a
better performance of warm rubberised asphalt mixture compared to a
conventional asphalt mixture.

1. Introduction

Long-term asphalt pavement sustainability requires techniques that extend the materials' on-service life and
reduce life cycle cost. One of the techniques is the use of waste rubber, which is considered a major environmental
pollutant [1]. As an alternative, crumb rubber modified asphalt mixture (CRMA) has been applied in pavement
construction for the past 50 years. Besides, the paving industry and the academic research community are paying
more attention to crumb rubber (CR) when they realised it helped lessen the environmental impact of discarded
tyres [2]. It could be used to enhance road surface condition by improving the skid resistance and hence improving
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road safety. Aside from that, the CRMA is expected to have a longer lifespan due to the reduced rate of accumulated
permanent deformation [3].

Generally, dry and wet processes are both used to add CR into asphalt mixtures. As such, the finer CR is mixed
with binder at high temperatures to form a modified binder in the wet process [4], [5]. Crumb rubber and
aggregates were mixed before being added to the binder in the dry process. Comparing both methods, the wet
process involves a long duration (60 - 180 minutes), is harmful to the environment and expensive due to the high
temperature incorporation process of CR in binders [6]. Besides, the dry process that incorporating CR into
asphalt is based on the idea of replacing a small portion of the aggregate with rubber to improve the elastic
properties of the mixture. Rubber can withstand wheel loads and return to its original shape after loads are
released, which can help improve the performance and durability of asphalt mixture [6]; enhance pavement’s
resistance to rutting, oxidation ageing, fatigue and low-temperature cracking [5], [8], [9]. Moreover, this method
does not require special storage and transportation as the wet process, also incorporates 2 to 4 times more than
the wet process [3]. Generally, 1% to 5% of rubber by the total weight of aggregate is used for the dry process,
while for the wet process, the range is between 10% to 30% of rubber from the total weight of the binder.

Another rationale for using CR as a modification in asphalt is the interplay between the particles of rubber
and the asphalt binder. This interaction is the main cause of the enhancement in performance and longevity
achieved through the use of CR, both in wet and dry production methods [10]. Although previous studies have
revealed that the cost of CRMA mixture is significantly higher than that of conventional asphalt mixture. Some
estimates indicate that it can be 20% to 30% more expensive, and there was a study estimating twice as expensive
[2]. The cost increase is believed to be due to factors such as the asphalt plant, the modification of the asphalt
binder, and the use of higher manufacturing temperatures.

Alternately, many studies have described the combination of Warm mix asphalt (WMA) and CR as sustainable
or even necessary [2], [3]. WMA is one of the solutions for achieving sustainable construction that could cut carbon
footprint and pollution. In comparison to HMA, WMA provides numerous advantages, including lower costs,
improved performance, and a healthier atmosphere [10]. However, as it is produced at low temperature is more
prone to adhesion failure at the binder-aggregate interface. This is due to the presence of trapped moisture as a
result of insufficient drying of aggregate [2]. Hence, moisture is one of the most important factors influencing the
functionality of the WMA.

Therefore, this research focuses on producing the WMA for rubberised asphalt via examining the performance
of Crumb Rubber Warm Mix Asphalt’s (CRWMA) resilience modulus and moisture damage. The resilient modulus
is chosen as it can evaluate the ability of mixtures to bounce back upon releasing the applied stresses. While
moisture damage is a common pavement failure that occurs in Malaysia and has always been the most significant
factor influencing the use and performance of asphalt pavements [2]. While producing the mixture, a dry process
was conducted to get more volume of CR to be recycled, an easier process compared to the wet process, and does
not require a modification of base asphalt binder with rubber, which can be a complex and time-consuming
process.

2. Materials and Methods

Aggregate, asphalt, and CR are the materials used for HMA and rubberised asphalt mixture samples preparation
in compliance with the requirements. The asphalt mixture AC14 was prepared, and Table 1 shows the
classification of the aggregates and CR. The crumb rubber size is passing the sieve size 1.18 mm to the pan.
Preparation of the specimens was according to the ASTM D 1559 and JKR specification [11].

Table 1 Gradation of the aggregate and crumb rubber

Sieve Size Aggregate passing, CR Passing
(mm) (%) [Standard range] (%)
20 100
14 95
10 81
5 56
3.35 47
1.18 26 100
0.425 18 5.3
0.15 10 1.9
0.075 6 0.3
Pan 0 -
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The Marshall mix design was used as it can provide a good indication of the performance of the asphalt
mixture under a variety of loading and environmental conditions. In addition, it is simple, relatively quick to
perform and relatively inexpensive. The asphalt binder grade 60/70 was utilised as the base binder. While
preparing CRWMA, CR was sieved and mixed with the aggregates using a dry process. For CRWMA, the modified
binder was prepared by incorporating Sasobit in the base binder. The base binder was stirred with 3% Sasobit for
30 minutes at a temperature of 150 °C and a blending speed of 2000 rpm. Then, the modified asphalt binder was
characterised using penetration, softening point and viscosity test by referring to the ASTM D5 [12], ASTM D36
[13] and ASTM D4402 [14], respectively. To determine the optimum bitumen content (OBC) based on the JKR
specification for HMA, five different asphalt binder contents were prepared. The binder content is 4% to 6%
interval of 0.5% for HMA and 6% to 8% interval of 0.5% for CRWMA. During sample preparation, aggregate, filler
and asphalt binder were mixed for 2 minutes at a temperature of 165°C for HMA and 145°C for CRWMA. For
compaction, the temperature is 155°C and 135°C for HMA and CRWMA, respectively. Fig. 1 shows the material,
sample preparation and testing in the laboratory.

® ()
Fig. 1 Materials, sample preparation and testing: (a) Crumb rubber particles; (b) Sasobit additive; (c) AC sample’s

aggregate; (d) AC sample’s weighing procedure; (e) AC sample’s water absorption procedure; (f) AC sample’s
soaking procedure; (g) AC sample’s sealing procedure; and (h) Indirect tensile strength test procedure

2.1 Indirect Tensile Resilient Modulus

The resilient modulus (Mr) of the asphalt mixtures was used to characterise the potential resistance of the mixture
to fatigue and rutting damage. To determine the Mr of the mixtures, an Indirect Tensile Resilient Modulus test was
conducted [15]. The test was conducted at temperatures of 25°C and 40°C. The sample was cured at a controlled
temperature, and the temperature was raised until it reached the test temperature. As a recommendation, the
sample should be returned to the temperature-controlled cabinet for an additional 10 minutes following the initial
test. The sample is rotated by 90° for another test to be performed.

2.2 Modified Lottman Test

The Indirect Tensile Strength (ITS) of the asphalt mixtures were determined based on the Modified Lottman test
(AASHTO T283) [16]. Moisture susceptibility was indicated by the Tensile Strength Ratio (TSR), which is
expressed as the average tensile strength of the wet samples divided by the average tensile strength of the dry
samples. It shows a reduction in the integrity of a mixture due to moisture damage. In accordance, while preparing
samples, aggregate and the asphalt were mixed, after that the loose asphalt mixture was placed ina pan and cooled
for 2 + 0.5 hours at room temperature. Then, it was placed in a 60 * 3°C oven for 16 + 1 hour to cure and for a
further 2 hours + 10 minutes at a compaction temperature of + 3°C before compaction. Most importantly, for this
test, 100 mm-diameter asphalt mixture samples containing 7 + 0.5% air void and each type of asphalt were
prepared to allow water immersion into the samples. Two subsets of three asphalt mixture samples were
produced for two different testing conditions: dry and wet. Once the above process was completed, the asphalt
mixture samples were compiled as dry conditioned samples. As moisture-conditioned asphalt mixture samples
must be partially saturated, within 70% to 80%, the asphalt mixture samples were submerged in water and
vacuumed for 5 to 10 minutes at 13 to 67 kPa absolute pressures (10 - 26 in.Hg partial pressure). The samples
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were left submerged and removed after 5 - 10 minutes. Next, the samples are placed in a warm water bath at 60
+ 1°C for 24 + 1 hour. Prior to testing, both dry and wet condition samples were placed in a heavy-duty plastic bag
and soaked in a water bath at a temperature of 25 * 0.5°C for 2 hours + 10 minutes. The samples were soaked with
their surface below the water level by at least 25 mm. Then, a test was conducted for dry and wet samples to
determine the ITS. A minimum TSR of 80% is the failure criterion based on the standard.

3. Results and Discussion

The HMA was produced at a high temperature, while rubberised asphalt mixtures were produced at 20°C lower
than that of the HMA. The average value for penetration of the asphalt binder modified with 3% Sasobitis 52 mm,
softening point is 76.3 °C, and viscosity is 0.579 Pa.s, as shown in Table 2, which reduced approximately 17.5%
for penetration and increased 77% for softening point. It indicates that base binders are stiffening due to
incorporating Sasobit and improving high-temperature resistance for asphalt mixtures. Besides, the viscosity of
the modified binder is decreasing, which is attributed to a better workability of the asphalt binder. In a part, Table
3 shows the OBC analysis according to the JKR standard. In accordance, the OBC for the asphalt mixtures is 7.8%.
This OBC complied with the standard and specification that the alternate trial OBC could be 6% to 8%. The value
of OBC is higher than the conventional HMA without crumb rubber, as stated in the JKR standard, such as AC14,
for a wearing course that is within the range of 4 - 6% of the total mixture. This may be attributed to the interaction
between the binder and rubber, where the CR could absorb the lighter oil components from the binder, causing a
reduction in the viscosity and ability of the binder to coat the aggregate particles [17].

Table 2 Properties of the unmodified and modified binder

Tests Unmodified binder Modified binder
Penetration (mm) 63 52
Softening point (°C) 43 76.3
Viscosity@135°C (Pa.s) 0.772 0.579

Table 3 Marshall parameters of the sample for optimum binder content

Marshall Parameter Specification Parameter values at the OBC
Stability (kN) >6000 12600

Flow (mm) 2.0-5.0 4.2

Stiffness (N/mm) >2000 3100

VIM (%) 45-6.5 6.2

VFB (%) 70-80 71

3.1 Resilient Modulus

Theoretically, higher resilient modulus (Mg) of the asphalt mixtures at high temperatures was attributed to the
ability of the mixture to resist rutting, while lower resilient modulus values at low rubberised asphalt mixtures
were attributed to their ability to resist fatigue damage. Resilient modulus of the control mixture and rubberised
asphalt mixtures at 25°C and 40°C are depicted in Fig. 2. As clearly shown in the figure, the resilient modulus of
the mixtures is notably influenced by variations in test temperature and proportion of CR in a mixture. In general,
when the test temperature increases, the MR of the samples significantly decreases. As expected, Mr of the HMA
and rubberised asphalt mixtures are higher at 25°C but lower at 40°C because the material characteristics of the
asphalt mixture are sensitive to temperature changes.

In accordance, at the test temperature 25°C, the resilient modulus of the rubberised asphalt mixtures is lower
than that of the control asphalt mixture. This decrease is significant for asphalt mixtures with proportions of 2%
and 4% CR. Although the asphalt mixtures incorporating 3% crumb rubber also show a decreasing trend, the
difference is insignificant compared to the control asphalt mixture. In particular, the asphalt mixture
incorporating 2% CR has recorded the lowest value, making it the least effective of all the modifications. The
resilient modulus is 3864.67 MPa for asphalt mixtures with a proportion of 3% CR and 3199.67 MPa for asphalt
mixtures with a proportion of 2% CR. Although a lower resilient modulus indicates reduced stiffness, it also
suggests that incorporating CR can enhance flexibility, improving the mixture’s ability to resist cracking and
increasing durability under specific conditions [13].

At the test temperature 40°C, Mr of the asphalt mixtures reduced approximately 65% compared to the
resilient modulus of the asphalt mixtures measured at a temperature of 25°C. The resilient modulus shows a
decreasing trend only for asphalt mixtures with a proportion of 2% CR, while the asphalt mixtures with a
proportion of 3% and 4% CR exhibit fluctuating increases. Higher resilient modulus indicates the asphalt mixtures
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are relatively stiff and rigid, suggesting improved resistance to deformation under traffic loads. The asphalt
mixtures with a proportion of 3% crumb rubber had the highest value, which is 1401.38 MPa, that increased by
approximately 0.37% compared to the control asphalt mixture. Meanwhile, the resilient modulus of the asphalt
mixture with a proportion of 2% CR is the lowest, at 1342.33 MPa. Based on these values, it is important to
highlight that mixing and compacting temperatures for preparing rubberised asphalt mixture were reduced by as
much as 20°C lower than that for control asphalt mixtures. It could be a response to an improvement in rubber-
bitumen interaction and also the elastic contacts within the asphalt mixture [18]. It should be noted that through
the dry process, CR particles function as an elastic aggregate. Besides, the elastic contact within the mixture would
have a higher ability to absorb energy under the imposed stress and aid to retard the deformation rate.
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Asphalt mixture with different crumb rubber replacement (%)

Fig. 2 Comparison of the control and CRWMA at 25°C (left bar) and 40°C (right bar)

3.2 Indirect Tensile Strength

The indirect tensile strength (ITS) of the unconditioned and conditioned modified asphalt mixtures was measured.
The ITS for dry asphalt mixtures are depicted in Fig. 3. As shown in the figure, the ITS for dry samples displayed
an up-and-down pattern. Adding 2% and 3% CR to the asphalt mixtures slightly increased the asphalt mixture’s
tensile strength compared to the control asphalt mixture. Although adding crumb rubber to higher than 4% in
asphalt mixture should be avoided, as it is clearly seen that its ITS was slightly reduced by approximately 4.7%.
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Fig. 3 The percentage of ITS of the control and CRWMA mixture (dry Sample)

Fig. 4 shows the ITS of wet asphalt mixtures. It is clearly depicting a fluctuating pattern and is similar to the
ITS for dry samples, except that the percentage of ITS increases for asphalt mixtures with a proportion of 3% CR
and decreases for asphalt mixtures with a proportion of 4% CR compared to the control asphalt mixture, which is
more significant. In accordance, the ITS of the asphalt mixtures with a proportion of 3% CR was measured to be
the highest among the samples. The value is approximately 16% higher than the control asphalt mixture,
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indicating the samples are more resistant to moisture damage. Nevertheless, incorporating 4% CR in the asphalt
mixture reduced its ITS value to less than 5.1% compared to the control asphalt mixture, indicating the sample is
less resistant to moisture failure. Certainly, incorporating less than 4% in the mixtures would improve the
properties of the asphalt mixture toward reducing the moisture susceptibility. It could be an improvement on the
adhesion between aggregate and binder, as proven by the other research [3], [18].
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Fig. 4 The percentage of ITS of the control and CRWMA mixture (wet sample)

3.3 Indirect Tensile Strength Ratio

Fig. 5 shows the ITSR value for both wet and dry asphalt mixtures. As clearly seen from the figure, every sample
exceeds 80%. Higher ITS suggests that rubberised asphalt mixtures can have much greater flexibility and energy
absorption capacity [19]. In particular, the ITSR of the asphalt mixtures with a proportion of 2% and 3% CR is
much greater than the control asphalt mixture, which is around 12% and 21%; however, the asphalt mixtures
with a proportion of 4% CR exhibit a minor drop. The asphalt mixtures with a proportion of 3% CR exhibited the
greatest ITSR value, suggesting that the addition of this material improved the samples' resistance to moisture
degradation. This improvement means the mixtures are more durable and resilient since they can withstand large
loads and stress without breaking down. These results point to positive outcomes for fatigue characteristic
prediction. In contrast, the asphalt mixtures with a proportion of 4% CR are more susceptible to water compared
to others, which decreases approximately 15% compared to the ITSR of the control samples and in line with the
results of the ITS, as expected.
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Fig. 5 The ITSR of the control and CRWMA mixture
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3.4 Statistical Analysis

3.4.1 Analysis Comparison of The Resilient Modulus Between The Rubberised Mixture
and The Control

Table 4 shows the statistical analysis of the resilient modulus (Mr) of the asphalt mixtures. It shows the Mr is
notably influenced by variations in test temperature and proportion of crumb rubber. It is based on the P-value
below 0.05 and the F-value exceeding the critical F-value. The resilient modulus is higher at 25°C but lower at
40°C because the properties of the asphalt mixture change with temperature. However, there is no statistically
significant difference between the proportion of crumb rubber, as indicated by the P-value greater than 0.05 and
F-value smaller than the critical F-value. In contrast, there is a statistically significant difference between test
temperatures, which is at testing temperature 25°C, Mr value is the highest. This indicates that lower test
temperatures enhance Mr because the asphalt binder becomes more elastic and stiffer, while higher temperatures
cause the binder to soften and become more viscous, reducing stiffness.

In particular, at a temperature of 25°C, the resilient modulus of the sample with crumb rubber is lower than
that of the control sample. This decrease is significant for asphalt mixtures with proportions of 2% and 4% CR.
Although the asphalt mixtures with a proportion of 3% CR also show a decreasing trend, the difference is
insignificant compared to the control. This indicates that asphalt mixtures incorporating 3% CR are the optimum
crumb rubber content, as it achieves a resilient modulus comparable to the control while incorporating. This may
be due to the fact that rubberised asphalt mixtures can have varying air void content compared to control mixtures,
which affects the resilient modulus [17]. Although a lower resilient modulus indicates reduced stiffness, it also
suggests that incorporating crumb rubber can enhance flexibility, improving the mixture’s ability to resist
cracking and increasing durability under specific conditions [19]. At 40°C, the resilient modulus shows a
decreasing trend only in asphalt mixtures with a proportion of 2% CR, while the asphalt mixtures with a
proportion of 3% and 4% CR samples exhibit fluctuating increases. Although the increase is not significant, the
higher resilient modulus in these samples indicates that the asphalt mixture is relatively stiff and rigid, suggesting
improved resistance to deformation under traffic loads.

Table 4 Significant analysis of the resilient modulus between the control asphalt mixture and CRWMA

Test temperature (°C) Relation F F-crit P-value Conclusion
25 control & WMA 2% CR 35.695 7.709 0.004 significant

control & WMA 3% CR 2.315 7.709 0.203 insignificant
control & WMA 4% CR 11.757 7.709 0.027 significant

40 control & WMA 2% CR 1.539 7.709 0.283 insignificant

control & WMA 3% CR 0.031 7.709 0.868 insignificant

control & WMA 4% CR 0.001 7.709 0.98 insignificant

3.4.2 Analysis Comparison of The Resilient Modulus Within Different Percentages of
Incorporated Crumb Rubber

Table 5 shows the ANOVA comparison between test temperatures and the percentage of crumb rubber
incorporated. The asphalt mixtures with a proportion of 3% CR performed best with the highest average resilient
modulus. However, there is no statistically significant difference between crumb rubber incorporation, as
indicated by a P-value greater than 0.05 and an F-value smaller than the critical F-value. In contrast, there is a
statistically significant difference between test temperatures, with samples at test temperature 25°C resulting in
the highest resilient modulus. This indicates that lower test temperatures enhance resilient modulus because the
asphalt binder becomes stiffer and more elastic, while higher temperatures cause the binder to soften and become
more viscous, reducing stiffness. Therefore, the sample with 3% CR tested at 25°C demonstrates the best
performance in terms of resilient modulus.

Table 5 ANOVA between test temperatures and percentage of CR incorporating

Source of Variation =SS df MS F P-value F crit
Rows 104736.8 2 52368.41 0.78153 0.561315 19
Columns 7280217 1 7280217 108.6476 0.009079 18.51282
Error 134015.2 2 67007.6

Total 7518969 5
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3.4.3 Analysis Comparison of The Indirect Tensile Strength Between The Rubberised
Mixture and The Control

The results of the unconditioned (dry) and conditioned (wet) for indirect tensile strength (ITS) are displayed in
Table 6. The ITS of the asphalt mixtures with a proportion of 2% and 3% CR is significantly greater than the control
sample, while the sample with 4% CR exhibits a slight decrease. The energy absorptivity and flexibility of the
asphalt mixtures can be considerably increased by rubberised warm mixtures, according to higher ITS [19]. It was
identified that the mixtures are more durable and long-lasting since theycan withstand large loads and
stress without breaking down. These results point to favourable outcomes for fatigue characteristics prediction
of rubberised asphalt mixtures with WMA addition.

Table 6 Significant analysis between the ITS of control and CRWMA samples

Sample conditioned Relation F F-crit P-value Conclusion
U diti control & WMA 2% CR 12.565 7.709 0.023 significant
ncondition
d les) control & WMA 3% CR 25941 7.709 0.007 significant
ry samples
y samp control & WMA 4% CR 1.463 7.709 0.293 insignificant
Conditoned control & WMA 2% CR 17.672 7.709 0.014 significant
control & WMA 3% CR 9.304 7.709 0.038 significant

t 1
(wet samples) control & WMA 4% CR 5.832 7.709 0.073 insignificant

3.4.4 Analysis Comparison of The Indirect Tensile Strength Within The Different
Percentages of Incorporated Crumb Rubber

Table 7 shows the ANOVA comparison between the sample conditioned and the percentage of crumb rubber
incorporation. The dry conditioned sample performed best with the highest average resilient modulus. However,
there is no statistically significant difference between the samples, as indicated by a P-value greater than 0.05 and
an F-value smaller than the critical F-value. In contrast, asphalt mixtures with a proportion of 3% CR show a
statistically significant difference in their ITS value compared to others. This indicates that the asphalt mixtures
with a proportion of 3% CR optimally enhance the asphalt mixture's performance in terms of flexibility and
resistance to tensile stress.

Table 6 ANOVA between sample conditioned and percentage of CR incorporation

Source of Variation SS df MS F P-value F crit
Rows 62475.75 2 31237.88 24.90078 0.038609 19
Columns 18112.62 1 18112.62 14.43819 0.062806 18.51282
Error 2508.987 2 1254.494

Total 83097.36 5

4. Conclusions

The impact of incorporating crumb rubber on the tensile strength of asphalt concrete mixtures was assessed in
this study. The optimum crumb rubber as an aggregate replacement can be determined by observing the results
from these performance tests. Based on the results obtained, CRWMA shows good results compared to HMA. Both
mixing and compacting temperatures can be reduced, and it did not lower the resilient modulus of the modified
samples. Besides, the ITS and ITSR showed that crumb rubber significantly improves the tensile strength of the
asphalt mixtures incorporating less than 4% CR. Indirectly, crumb rubber would provide a good effect on the
performance of the asphalt mixture in resisting moisture and thus moisture damage. The addition of a WMA
additive would reduce the production temperature of the CRMA mixture without a significant reduction of the MR
and improve the resistance to moisture damage. It is proven that even though both mixing and compacting
temperatures were reduced as much as 20°C, the MR of the CRWMA samples is not significantly different. However,
the proportion of crumb rubber should be limited to about 3% when 3% Sasobit is applied to modify the asphalt
binder. Other than that, these CRWMA would reduce emissions and energy consumption during production.
Further studies can be made to optimise the crumb rubber composition or vary the temperature for mixing and
compaction for a better sustainable road construction.
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