Civil Engineering and Architecture 11(5A): 3051-3062, 2023
DOI: 10.13189/cea.2023.110819

http://www.hrpub.org

Rheological Characteristics of Asphalt with a Crumb
Rubber and Solid Natural Rubber Combination

Hendrik Jimmyanto?, Joni Arliansyah?”, Edi Kadarsa?

"Engineering Science Doctoral Program, Faculty of Engineering, Sriwijaya University, Indonesia
2Department of Civil Engineering, Faculty of Engineering, Sriwijaya University, Indonesia

Received April 1, 2023, Revised July 3, 2023, Accepted August 15, 2023

Cite This Paper in the Following Citation Styles

(a): [1] Hendrik Jimmyanto, Joni Arliansyah, Edi Kadarsa , "Rheological Characteristics of Asphalt with a Crumb
Rubber and Solid Natural Rubber Combination,” Civil Engineering and Architecture, Vol. 11, No. 5A, pp. 3051 - 3062,

2023. DOI: 10.13189/cea.2023.110819.

(b): Hendrik Jimmyanto, Joni Arliansyah, Edi Kadarsa (2023). Rheological Characteristics of Asphalt with a Crumb
Rubber and Solid Natural Rubber Combination. Civil Engineering and Architecture, 11(5A), 3051 - 3062. DOI:

10.13189/cea.2023.1108109.

Copyright©2023 by authors, all rights reserved. Authors agree that this article remains permanently open access under
the terms of the Creative Commons Attribution License 4.0 International License

Abstract Approximately 95% of the world's roadways
are made of flexible pavements traditionally bound with
bitumen. Modern roads must use the least amount of energy
and raw materials for sustainable environmental
development. Asphalt polymer technology can solve this
issue using bio-binders and rubber waste, such as old tires,
to enhance road infrastructure. Because crumb rubber can
improve the mechanical and functional performance of
mixtures, its use in asphalt paving has gained popularity. In
addition, other renewable rubbers, such as liquid natural
rubber (called latex) and solid natural rubber, can be used.
Natural rubber is an elastomer used to repair concrete and
asphalt. The mechanical characteristics of rubber asphalt,
created by blending solid natural rubber, asphalt, and
crumb rubber in a specific ratio, were examined in this
study. Rheological testing with a dynamic shear rheometer
was used to study the mechanistic behavior of rubber
asphalt. The rubber combination utilized had an asphalt
composition of 7% and 10% by weight and a crumb rubber
to solid natural rubber weight ratio of 65:35. The results
indicated that the asphalt stiffness modulus increased from
157.08% to 189.55% when combining crumb and solid
natural rubber. Moreover, Superpave specifications state
that using a mixture of solid natural and crumb rubber can
increase rutting resistance and fatigue resistance at high
temperatures.

Keywords Crumb Rubber, Solid Natural Rubber,
Rubber Asphalt, Rheological Testing

1. Introduction

Globally, rapid urbanization and rising transportation
needs necessitate better road surfaces with lower
maintenance requirements. The development of road
transport infrastructure is a top priority in Indonesia
because highways provide services for the movement of
approximately 80-90% of people and the flow of
commodities. This can be seen from the government's
spending on maintaining or building new roadways. The
result is increased demand for natural aggregates and
asphalt [1].

Bitumen is a classic binder for road materials, and
flexible pavements using bitumen constitute approximately
95% of the world's highways. Although asphalt binders are
used only in small amounts, they are crucial for performing
asphalt mixtures [2,3]. Asphalt is an extremely intricate,
viscoelastic, rheological, and noncrystalline substance that
is mostly soluble in carbon disulfide (CS;) and has adhesive
and waterproofing properties. It is black or dark brown in
color. Asphalt binders can be categorized as viscoelastic
substances with temperature- and time-dependent
properties. In other words, they behave like Newtonian
fluids at high temperatures; however, at intermediate
temperatures, they change into viscoelastic liquids, and at
low temperatures, they behave like brittle viscoelastic
materials that can crack under moderate loads [2,4].
Modern road construction must use the least amount of
energy and raw materials to achieve sustainable
environmental development. The scarcity of nonrenewable
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natural resources encourages the efficient use of resources
and substitutes, such as by-products and waste products [5].
Using bio-binders and rubber waste, such as old tires, to
support road infrastructure upgrades, asphalt polymer
technology can be employed to overcome this problem.

Owing to the constant growth of motor vehicles
worldwide, especially in industrialized and developing
countries, millions of tires are dumped annually. Since the
late 1960s, the asphalt industry has used crumb rubber (CR)
to reduce the amount of rubber in landfills [6]. In many
regions of the world, CR in asphalt paving has been gaining
popularity because of its ability to enhance the mechanical
and functional performance of mixtures and offer a
practical means of disposing of used tires [7].

References [5, 6, 8-12] have worked to understand the
various aspects of CR modification of asphalt binders,
including (1) binder blending parameters and their relation
to asphalt-rubber (AR) binder characteristics; (2) binder
performance in resisting pavement distress, such as rutting,
fatigue, and thermal cracking; (3) aging and other in-
service related performance of AR binders; (4) adhesion to
aggregates.

The irregular forms and rough surfaces of the CR
particles produced during ambient grinding had greater
specific surface areas. Its wide specific surface area gives
it a rough and porous surface morphology that can absorb
oil and resin from the asphalt binder. However, the loose
texture and porous surface of the CR increase the aging
probability when exposed to heat and oxygen. When the
CR particles are submerged in an asphalt binder, they swell
instantly. These pores are then filled with light components
to form dense entities. Consequently, the hot recycling
sector may benefit from modified asphalt CR [13, 14]. This
is also supported by the research of Poovaneshvaran et al.
[6], who evaluated natural rubber latex with recycled CR
from tire waste for asphalt mixtures (with a 60% dry
percentage of each). The modified asphalt binder was less
responsive to temperature variations based on the dynamic
shear rheometer (DSR) findings and activation energy.
Moreover, the binding strength of the asphalt mixed with
CR was superior to that of latex natural rubber. Hassan et
al. [7], examined the engineering characteristics of dry-
process CR-modified dense-graded asphalt mixtures using
fine (< 1.18 mm), coarse (1.18 - 3.35 mm), and a
combination of fine and coarse (50/50) CR particle sizes.
The fine CR enhanced most of the attributes of asphalt
mixtures compared to other combinations, possibly
because bitumen and rubber particles partially interact
while also serving as elastic aggregates of the mixture.

In addition to CR, other renewable rubber varieties exist,
including liquid natural rubber (sometimes known as latex)
and solid natural rubber. Natural rubber is a natural
elastomer that can repair asphalt and concrete [15]. In 2018,
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Indonesia announced using natural rubber in asphalt
mixtures. This stimulated domestic rubber consumption for
road infrastructure projects, supported rubber prices, and
enhanced the welfare of rubber farmers [16]. The type of
rubber used in road infrastructure projects in Indonesia is
latex, which has been researched by prior researchers [16-
19] with positive outcomes, including the ability to
improve the properties of asphalt elasticity and resistance
to high temperatures.

However, prior researchers have used solid natural
rubber to make asphalt polymers by slicing them into
pieces of a specific size and mixing them with asphalt [16,
17]. The outcomes of this investigation, namely, an
increase in the value of Marshall stability, are also the same
when latex is used. Abdulrahman et al. [20] researched the
application of solid natural rubber produced by clumping
liquid natural rubber in 2021. The rubber-modified asphalt
in hot and warm mixed asphalt exhibited moisture damage,
tensile qualities, and carbon emissions. Tensile test
findings revealed that the 140C mixing temperature
offered greater crack resistance than the 180<C mixing
temperature.

According to a literature review on rubber asphalt, there
has not been much discussion on using solid natural rubber
in asphalt; research on this topic has primarily focused on
its physical features. Consequently, this work suggests
researching asphalt rheology using a DSR to determine the
viscoelastic characteristics and rutting resistance factor of
asphalt binders and assess their capacity to withstand
permanent deformation at high temperatures [11, 21]. The
mechanical behavior of rubber asphalt, which is created by
mixing solid natural rubber, asphalt, and CR at a specific
level, was tested in this study. Rheological testing with a
DSR was used to observe the mechanism of rubber asphalt.

2. Materials and Methods

2.1. Materials

The asphalt Bangun Sarana with a penetration rate of
60/70, was supplied by the Indonesian distributor, PT. The
results of the 60/70 asphalt penetration tests are presented
in Table 1. Figure 1 shows solid natural rubber from the
Bogor Indonesian Rubber Institute as pieces of various
gradations. Figure 2 shows CR tire waste obtained from the
tire recycling sector in Malang, Indonesia. The results of
testing the CR and solid natural rubber using sieve analysis
are shown in Table 2, where the gradation of the CR is finer
than that of the solid natural rubber. The XRF test results
for determining the chemical content of the solid natural
rubber and crumb samples are listed in Table 3.
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Table 1. Basic testing of bitumen materials
Parameter Unit Result Test Method
Penetration at SNI 2456:2011 /

25 <C 0.1 mm 604 ASTM D 5-05
. . SNI 2434:2011/
Softening Point < 54 ASTM D-36
. . SNI 2441:2011/
Specific Gravity - 1.04 ASTM D 70-03
SNI 2433:2011/
Flash Point T 319 ASTM D 92-
02B
S SNI 2438:2015 /
Solubility in % >99 AASHTO T44-
Trichloroethylene 03

Table 2. The sieve analysis result of solid natural rubber and crumb

rubber
Sieve Size % Cumulative Passed

(mm) Solid natural rubber Crumb Rubber
19 100.00 100.00
125 100.00 100.00
9.5 100.00 100.00
4,75 100.00 100.00
2.36 45.93 100.00
1.18 14.27 100.00
0.6 3.95 76.55
0.3 0.40 21.81
0.15 0.15 11.14

0.075 0.00 1.12
Pan 0.00 0.00

Table 3. Chemical composition of solid natural rubber and crumb rubber

Chemical Composition Soliriggzl:ral Crumb rubber
SiO, 0.90% 5.70%
SO; 16% 17%
K.0 0.45% 0.48%
Ca0 11.80% 7.88%
TiO, 0.23% 0.30%
Fe,O3 3.10% 1.07%
CuO 0.19% 0.20%
Zn0O 54.40% 51%
MoO; 11% 15.00%
Yb,0, 0.65% 0.71%

Figure 1.  Solid natural rubber powder

Figure 3. Process of mixing asphalt and rubber
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2.2. Methods
Table 4. Proposed rubber asphalt sample
sample Code Weight Composition of rubber asphalt Condition Method
Base Asphalt Rubber

1 sample original AASHTO T315
As-Pen 100% 0% 1 sample TFOT SNI-06-2440-1991
1 sample PAV ASTM D 6521:2012

1 sample original AASHTO T315
7% KACR 93 % 7% 1 sample TFOT SNI-06-2440-1991
1 sample PAV ASTM D 6521:2012

1 sample original AASHTO T315
10% KACR 90 % 10 % 1 sample TFOT SNI-06-2440-1991
1 sample PAV ASTM D 6521:2012

The asphalt and rubber were combined using a simple
mixing method, as shown in Figure 3, which takes over 30
min using a mixer that spins at 800 rpm. According to
earlier studies [6, 10, 18, 22], the recommended
temperature for mixing rubber and asphalt is 175 <C. Prior
to heating the asphalt to 175 <C on a gas stove, solid natural
rubber (KA) and CR powders were first filtered through a
sieve with 0.6 mm meshes. When the mixer was switched
on, a mixture of KACR was added to the container.
According to previous studies, asphalt contains between
7% and 10% rubber weight. A 35:65 (KA: CR) ratio of the
total weight of the rubber was used to compare the
composition of KA with CR. The compositions of the
rubber asphalt samples, their conditions, and test
procedures are summarized in Table 4. Figure 4 shows the
results of mixing KACR with asphalt. Visually, no
difference is observed between the 7% and 10% KACR
samples.

Figure 4. Outcomes of combining 7% and 10% KACR asphalt rubber
samples

There were three sample conditions in this rheological
test according to ASHTO T315: original condition
(unaged), thin film over test (TFOT), and pressurized aging
vessel (PAV). These three conditions can simulate the
aging process in rubber asphalt samples [23-25]. The
rheological testing temperature ranged from 52 to 82 <C for
the original condition and 19 to 31 <C for TFOT and PAV
conditions. A DSR tool, adapted from the Anton Paar MCR

92, was used for rubber asphalt rheology testing. It has a
25-mm diameter parallel plate geometry spindle tool with
a 1-mm gap for TFOT and original condition checks and an
8-mm diameter spindle tool with a 2-mm gap for PAV
condition checks.

3. Results and Discussion

The results of the KACR-modified asphalt penetration
tests at 25 <C are given in Table 5. Compared to the base
asphalt, the modified asphalt has a lower penetration, with
the 7% KACR asphalt having the lowest penetration. The
amount of bitumen penetrating the surface is affected by
asphaltene, a solid component of bitumen, and maltenes,
which are dissolved components. By allowing the rubber to
absorb maltene, KACR reduces the number of maltene
molecules in the asphalt and increases its hardness. The
asphalt particles became elastic and exhibited
characteristics comparable to those of rubber when the
rubber particles absorbed a large amount of asphalt,
increasing the penetration value of 10% KACR to exceed
that of 7% KACR.

Table 5 presents the results of the softening point tests
on the modified asphalt. Using KACR can increase the
softening point of asphalt to 62.2 <C, compared to asphalt
without KACR, which only reaches a softening point of
54 <C. The softening point increases due to the rubber
particles, making the asphalt structure vulnerable to high
temperatures.

DSR test was used to determine the mechanical
parameters and explain the viscoelastic characteristics of
asphalt. The complex modulus (G*), phase angles (d), and
shear forces can all be modeled using this test. The stiffness
of the asphalt increases with the complex modulus.
Similarly, the larger the phase angle, the less elastic the
material. The equation Shit = 2(1 +) G*, where = 0.5, can
be used to calculate the stiffness modulus of asphalt [23].
A temperature sweep approach was used for each test at a
frequency of 10 rad/s.
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Table 5. Result of testing penetration and softening point

. . Result
Testing Unit Method
AS-Pen 7% 10%
Penetration at 25 <C 0.1 mm SNI 2456:2011 / ASTM D 5-05 60.4 35.6 40.0
Softening Point < SNI 2434:2011 / ASTM D-36 54.0 58.5 62.2
100000
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Figure 5. Black diagram of samples
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Figure 6. Stiffness modulus vs. temperature

The relationship between the asphalt stiffness modulus
(Shit) and phase angle in the original condition is shown in
Figure 5 as a black diagram representing the findings of the
DSR test and demonstrating that the asphalt has not aged.
KACR can improve the Shit value and decrease the phase
angle as the KACR content increases. The Sbit values and
phase angles of the control sample (As-Pen) range from
1.66 to 18.85 kPa and 86.61°to 89.12< respectively. The
Shit values for the 7% KACR sample range from 2.52 to
48.46 kPa, while the phase angles range from 74.26<to

84.66< The Shit values of the 10% KACR sample range
from 1.85 to 54.58 kPa.

Based on these findings, using 7% and 10% KACR
increases the Shit value by 157.08% and 189.55%,
respectively. These findings agree with those of Al-Sabaeei
et al. [10] and Poovaneshvaran et al. [6], who found that
improved chemical interactions between rubber and asphalt
increased the Sbit value. The increase in Shit observed in
the sample suggests that adding KACR increased the
viscoelastic performance of bitumen compared to the
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control sample. Moreover, it can make rubber bituminous
harder, which makes it stiffer and improves rutting
performance.

The effect of the temperature on the Shit value of each
sample under the original conditions is shown in Figure 6.
The As-Pen sample could only withstand temperatures of
70 <C, while asphalt with KACR added to it can resist
temperatures of 76 <C for 7% KACR and 82 <C for 10%
KACR. The Shit value of asphalt decreases in direct
proportion to temperature exposure. However, the Shit
value increased with increasing temperature and KACR
content, indicating that KACR in asphalt may improve its
resistance to permanent deformation, which is consistent
with the findings of Khan et al. [26].

Figure 7 shows a graph of the asphalt phase angle as a
function of temperature; the asphalt phase angle increases
as the temperature increases. The As-Pen has a greater
phase angle than KACR, with the 10% KACR sample
exhibiting the lowest phase angle. This suggests that
KACR in asphalt can reduce the phase angle even with
temperature changes. The asphalt becomes more viscous at
high temperatures. However, adding KACR can help
asphalt retain its elasticity and durability at extreme
temperatures. Our findings agree with those of Al-Sabaeei
et al. [10] and Chen et al. [11].

In contrast to the TFOT condition, where the 7% KACR
(TFOT) sample had a lower rutting parameter value
compared to the As-Pen sample, Figs. 8 and 9 illustrate that
using crumb and solid natural rubber can increase the
rutting parameter with increasing temperature because the
7% KACR sample is more prone to rapid aging. Moreover,

95
90
85
80
75
70

Phase Angle (degree)

65

60
40 50 60
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KACR in asphalt initially increases the value of the rutting
parameter. The 10% KACR sample exhibited the highest
value, indicating that it is more resistant to long-term
deformation. The findings of this study are consistent with
those of Al-Sabaeei et al. [10], Poovaneshvaran et al. [6],
and Gong et al. [30], which demonstrated that CR can
worsen the tendency of asphalt to form ruts. According to
Superpave, the rutting parameter must be greater than 1.0
and 2.20 kPa for the original and TFOT conditions,
respectively. The temperature limitations for the As-Pen
sample are 65.2 T (Original) and 64 <C (TFOT), 74.5<C
(Criginal) and 63.6 <C (TFQOT) for the 7% KACR sample,
and 77.3 <C (Original) and 66.5 <T (TFOT) for the 10%
KACR sample.

In addition to the rutting parameters, Superpave
determines the fatigue parameters based on the value of G*.
sin 8. Under the PAV conditions, the fatigue parameter
simulates the long-term aging of the asphalt. The outcomes
of the PAV rutting parameters for different asphalt samples
are shown in Figure 10. The graph of the As-Pen sample is
higher than those of the 7% and 10% KACR samples,
indicating that it is extremely prone to fatigue. When the
fatigue parameter is less than that of the As-Pen sample,
adding crumb and solid natural rubber can improve fatigue
resistance. The KACR sample chart below the As-Pen
sample illustrates this phenomenon. The temperature
limitations for the As-Pen sample, 7% KACR sample, and
10% KACR sample are 24.7 <C, 20.4 <C, and 19.3 <,
respectively, based on Superpave's maximum temperature
limit of 5000 kPa for the fatigue parameter.

As-Pen (Original)
7% KACR (Original)
10% KACR (Original)

70 80 90

Temperature (Celcius)

Figure 7. Phase angle vs. temperature
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A black diagram of the TFOT condition, which relates
the Shit and phase angle, is shown in Figure 11. The control
sample, As-Pen, has Shit values ranging from 6.552 to
37.776 kPa and a phase angle ranging from 84.13<to
87.36< In contrast, the 7% KACR-modified asphalt has a
Shit value ranging from 6.228 to 27.477 kPa and a phase
angle ranging from 79.08<to 82.87< The 10% KACR
sample has a smaller phase angle than the other samples
and a higher Shit value range from 4.332 to 38.244 kPa.
This illustrates how the short-term aging of asphalt may be
improved using crumb and solid natural rubber. The loss of
the oil component in the asphalt causes it to age by
increasing hardness, losing elastic characteristics, and
becoming less viscous. The viscoelastic characteristics of
asphalt should be recovered under the effects of crumb r
and solid natural rubber to avoid aging [14]. The findings
of this study are consistent with those of Al-Sabaeei et al.

Rheological Characteristics of Asphalt with a Crumb Rubber and Solid Natural Rubber Combination

[10], who found that using CR can improve viscoelastic
characteristics and increase stiffness while retaining rutting.
The As-Pen and 10% KACR sample graphs practically
coincide, as shown in Figure 12, indicating that the two
samples may have similar properties. With phase angles
ranging from 43.08<to 52.52< the As-Pen samples exhibit
Shit values between 8.55 and 29.84 MPa. In contrast, the
10% KACR sample shows Sbit values ranging from 3.90
to 21.61 MPa and a phase angle ranging from 46.34°to
57.11< The Shit value for the 7% KACR sample was lower
than that of the other samples, which had a phase angle
between 42.61<and 54.45<and varied from 4.82 to 26.26
MPa. This shows that asphalt undergoes oxidation under
PAV conditions, losing its viscous-elastic characteristics,
as indicated by the small phase angle value. The graph in
Figure 12 illustrates the role of KACR in improving the
asphalt phase angle and preventing small phase angles.

80 85 90

Phase Angle (degree)

1.0E+05
=
= 1.0E+04
=
e As-Pen (TFOT)
7% KACR (TFOT)
—8— 10% KACR (TFOT)
1.0E+03
70 75
Figure 11. Black diagram for TFOT condition
1.0E+08
£ 1.0E+07
7
—8— As-Pen (PAV)
7% KACR (PAYV)
—eo— 10% KACR (PAV)
1.0E+06
40 45

50 55 60

Phase Angle (degree)

Figure 12. Black diagram for PAV condition
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No. KACR (%) Temperature (°C) Penetration at 25 °C Softening Point (°C) Shit (kPa)
1 0 52 60.4 54 18.825
2 0 52 59.4 54.2 18.825
3 7 52 37 58 47.967
4 7 52 34.2 59 47.967
5 10 52 41.2 62 54.003
6 10 52 38.8 62.5 54.003
7 0 58 60.4 54 7.806
8 0 58 59.4 54.2 7.806
9 7 58 37 58 21.42
10 7 58 34.2 59 21.42
11 10 58 41.2 62 25.788
12 10 58 38.8 62.5 25.788
13 64 60.4 54 3471
14 64 59.4 54.2 3471
15 7 64 37 58 10.008
16 7 64 34.2 59 10.008
17 10 64 41.2 62 12.621
18 10 64 38.8 62.5 12.621
19 0 70 60.4 54 1.656
20 0 70 59.4 54.2 1.656
21 7 70 37 58 4.905
22 7 70 34.2 59 4.905
23 10 70 41.2 62 6.369
24 10 70 38.8 62.5 6.369
25 0 76 60.4 54 0
26 0 76 59.4 54.2 0
27 7 76 37 58 2.526
28 7 76 34.2 59 2.526
29 10 76 41.2 62 3.351
30 10 76 38.8 62.5 3.351
31 82 60.4 54 0
32 82 59.4 54.2 0
33 7 82 37 58 0
34 7 82 34.2 59 0
35 10 82 41.2 62 1.851
36 10 82 38.8 62.5 1.851

Table 7. Results of predictive model validation
No. Variable Equation Model R? F Sig.
Model 1 X2 Y =92.690 — 1.199 X2 0.622 56.058 0.000
Model 2 X1, X2 Y =85.761 — 1.199 X2 + 1.223 X1 0.731 44777 0.001
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Figure 13. Cole-Cole graphics on modified asphalt

Figure 13 shows the relationship between the elastic
modulus (G') and viscous modulus (G’) of the modified
asphalt using a Cole-Cole graph. The findings of the
dynamic shear rheometer test, namely the complex
modulus and phase angle, can be used to represent the data.
The trend data follows a straight line with an R? value
above 90%. The As-Pen sample exhibited a steeper slope
on the Cole-Cole graph than the other samples, indicating
its viscosity. The 10% KACR sample has a slope that is less
steep than those of the other samples, suggesting that it
possesses characteristics that are more similar to viscous-
elastic [28, 29]. These findings are also consistent with
those of Poovaneshvaran et al. [6], who showed that the
characteristics of asphalt might become viscous and elastic
with rubber.

Laboratory test findings that were subsequently
conducted for linear regression analysis were used to
develop a prediction model for the stiffness modulus of the
asphalt rubber. The Van der Poel nomogram (1954) is the
basis of the current model for calculating the stiffness
modulus of asphalt, although it only applies to oil asphalt
and not modified asphalt [23]. The input data used to
develop the prediction model for the modified rubber
asphalt modulus stiffness are shown in Table 6. The
dependent variable is Y (Shit), while the independent
variables are X1 (% KACR), X2 (temperature), X3
(penetration), and X4 (Softening Point). SPSS was used to
perform the model analysis based on the classical
assumption test [24].

Table 7 presents the findings of the regression analysis,
which are the outputs of the SPSS program. The final
outcomes of this investigation were two prediction models
with various independent variables. Table 7 demonstrates
that Model 2 has a higher R? value than Model 1, indicating

that Model 2 is more closely related to the laboratory
results. Significant findings were obtained when p < 0.05,
as in the ANOVA test using the F-test, proving that the
independent variable significantly affected the dependent
variable.

4. Conclusions

The rheologies of asphalt mixtures containing KACR
were studied in detail. Rheological testing is required to
determine the mechanistic properties of the manufactured
rubber asphalt. The results of the experiments using a
dynamic shear rheometer revealed the following:

a. Combining crumb and solid natural rubber increased
the asphalt stiffness modulus to 157.08% and
189.55% for 7% and 10% KACR, respectively.

b. The Cole-Cole graph shows that the asphalt phase
angle can be decreased by mixing crumb and solid
natural rubber until it resembles the viscous-elastic
properties.

c. According to Superpave specifications, KACR blend
can improve rutting and fatigue resistance in high-
temperature situations.

d. The phase angle and stiffness modulus values
demonstrated that combining KACR can reduce
aging. If asphalt undergoes aging, it becomes
susceptible to temperature changes over a certain
period.

e. The regression analysis results show that the rubber
asphalt prediction model can be developed using the
equation Y = 85.761 — 1.199 X2 + 1.223 X1, with an
R? value of 0.731.
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