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Abstract The road system is the primary area for
managing global assets. Around 95% of the world's roads
are built with flexible pavements, and bitumen is the
traditional binder for road materials. As a result, several
road improvement strategies have been developed such as
binder modification. In order to extend the useful lifetimes
of previously used road pavement materials under
increased traffic loads and frequency, these solutions
generally rely on improving their engineering attributes.
Over the past few decades, numerous studies on
polymer-modified bitumen (PMBs) with much greater
benefits have been conducted in relation to the
functionality and service life of a road. Due to its heating
and binding properties, natural rubber, one of the most
widely used polymers, has been used to modify asphalt
binders to increase the useful life of pavements.
Pre-vulcanized latex with percentages of 7% and 9% was
the type of natural rubber utilized in this investigation.
Under unaged and aged conditions, tests were conducted in
the laboratory using a dynamic shear rheometer with a
temperature sweep. In accordance with the results of the
Black Diagram for each situation, pre-vulcanized latex can
be used to strengthen the asphalt binder’s resistance to
aging. This is demonstrated by an increase in stiffness
modulus value and a decrease in phase angle. The results of
the dynamic shear rheometer test showed that the addition
of pre-vulcanized latex was able to increase the Complex
Modulus (G*) value, decrease the phase angle, and

increase resistance to rutting parameters. Pre-vulcanized
latex can increase asphalt binder behavior under high
temperatures, which could improve the resulting asphalt
mixtures in areas with extreme climatic conditions,
according to the behavior found.

Keywords Asphalt  Binder  Modification,
Pre-Vulcanized Latex, Polymer, Rheological Properties

1. Introduction

Roadways are the most typical means of moving people
and products for particular objectives. Roadways enable
door-to-door access, which explains why. Historically,
pavements were divided into three main categories based
on their constituent materials: concrete or stiff pavements,
asphalt or flexible pavements, and composite pavements
[1]. The primary sector for managing global assets is the
road network. Asphalt binder is the conventional material
for roadways, and around 95% of the world's roadways are
made of flexible pavements. To support the transportation
of people and commodities as well as network connections
to other existing transportation modes, demand for road
pavement materials has greatly increased [2].
Approximately 85% of asphalt's total consumption is used
in the construction of road pavements, which is the most
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common application [3]. Flexible pavements constructed
on roads undergo a loss in quality for a number of reasons,
including the age of the present roadway system, the
quality of the asphalt admixtures and design methods, and
inadequate control measures during construction. As a
result, numerous enhancement approaches for building
roads have been designed. These methods largely depend
on enhancing the engineering qualities of already used road
pavement materials in order to prolong their useful lives
under higher traffic loads and frequency [2, 4, 5]. Since
base asphalt cannot accommodate the rise in traffic volume
and weather effects, bitumen modification is currently
important. These effects have led to several issues,
including rutting, bleeding, cracking, and permanent
deformation [2, 6-8]. Numerous studies on
polymer-modified binders (PMBs) with significantly more
advantages have been carried out over the past few decades
with regard to the performance and service life of a road.
The performance and qualities of an asphalt binder are
enhanced by combining it with other polymers and
additives to create polymer-modified binders. Under high
temperatures and high shear circumstances, this
enhancement is often carried out by simple mechanical
dispersion between the polymer and conventional asphalt
binder [2, 3].

Oil-based polymers can be substituted with biopolymers
because they are produced from sustainable natural
resources. It may reduce life cycle costs, usage of
non-renewable resources, and reduce greenhouse gas
emissions due to the partial replacement of oil-based
polymers, increasing the sustainability of road pavements.
They might also assist some underprivileged farmers in
emerging nations by raising the demand for their
agricultural products [9].

An example of a renewable and sustainable resource is
natural rubber. Tapping the rubber tree makes it simple to
obtain natural rubber. To create PMB, natural rubber can
be used as a sort of elastomer. It aids in making asphalt
binders more rigid and elastic while also lowering their
susceptibility to temperature variations [6, 8, 10]. It is one
of the most widely available polymers, and because of its
heating and binding properties, it has been used to modify
bitumen to lengthen the service life of pavements. Natural
rubber can be divided into several different types of
products: liquid natural rubber, often known as natural
rubber latex (NRL), and solid natural rubber. NRL was first
used to improve asphalt binder performance in asphalt
surface courses more than three decades ago, which is
when the idea of using NRL in bitumen modification first
emerged. Given that it contains rubber and can be readily
combined with bitumen, the use of NRL is thought to be a
suitable technique to enhance the qualities of bitumen [11,
12].

According to previous research, using liquid NRL
makes it easier to combine it with asphalt, accelerating the
homogenous process. In order to react with other materials,
particularly asphalt, NRL additionally consists of a

reactive carbon chain. The majority of molecular
interactions between NRL and asphalt particles occur
through physical diffusion, which may fuse and form
bonds. The maltenes particles in the heated asphalt are
dispersed and absorbed by the NRL network structure,
resulting in a diffusion process [3,5,19].

The government's top priority right now is to implement
rubberized asphalt technology in the construction of roads,
particularly in the major nations that produce natural
rubber, such as Thailand, Indonesia, and Malaysia. The
goal of the policy is to assist national infrastructure projects,
boost domestic natural rubber consumption, support the
price of natural rubber and safeguard smallholders from
financial crises. The sap of the Hevea Brasiliensis plant,
which is used for producing liquid and solid natural rubber
products, is the source of natural rubber [13, 14]. There
have been various prior researchers that have attempted to
study the rubber modification of asphalt binder, namely
using NRL in a hotmix asphalt [2, 8, 13, 15-19]. NRL can
have various advantages, as seen by Ansari, A.H., et al [3].
Since it is a cheap and environmentally beneficial
biopolymer, its key advantage is less reliance on
petroleum-based modifiers.

The formation of crosslinks between the molecules of
the conventional asphalt binder and NRL is another benefit
of utilizing NRL as an asphalt binder modification. As a
result of this NRL polymer reacting with the oil and
maltene matrix in the asphalt binder structure, crosslinks
are formed, which can improve the asphalt binder
structure's elastic response and binding abilities [2]. Due to
this, the modified asphalt may be resistant to high
temperatures. Additionally, the softening point and
adherence to aggregate have increased [13].

According to Prastanto, H., et al [13], the addition of
5-7% natural rubber in the form of solid rubber compound
and NRL (cationic or pre-vulcanized) could enhance the
physical characteristics of asphalt hot rubber mixture as
shown by rising Marshall parameter from 986 kg to 1052
kg. The rheological investigation, according to Al-Sabaeei,
A.M., et al [15], demonstrated that latex rubber, up to a
concentration of 4%, might increase complex modulus and
rutting resistance in asphalt binder when compared to
ordinary asphalt. Asphalt's mechanistic parameter known
as the complex shear modulus (G*) is thought to better
capture the properties of asphalt binder as a viscoelastic
material. The Dynamic Shear Rheometer (DSR) is the
testing apparatus utilized to measure this parameter.
Adding 7% NRL to conventional asphalt binders is an
optimum for use in conventional asphalt pavement
construction, particularly in tropical climates in accordance
with its major impacts on modified asphalt binders under
conditions of intermediate-to-high temperature, according
to research by Wititanapanit, J., et al [16]. These findings
indicate that the use of NRL to an asphalt binder may
improve the rheological properties of asphalt by decreasing
the phase angle and raising the shear modulus complex,
which results in a change of properties from viscous to
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viscoelastic.

The Cole-Cole curve, a graph illustrating the
relationship between the elastic modulus and the viscous
modulus, can also be generated in order to determine the
viscoelastic properties of asphalt binder modification. By
examining the value of R?, which must be more than 95%
[30], this Cole-Cole graph can demonstrate data validation
from test results for different temperature variations.
Poovaneshvaran, et al. [8] performed the Cole-Cole graph
with an R? value of more than 95 percent for the asphalt
binder modified by natural rubber latex.

Based on literature reviews, the majority of researchers
have been using non-vulcanized type of latex in their
studies. Therefore, in this study, pre-vulcanized latex made
by the Indonesia Rubber Institute Bogor will be used.
Pre-vulcanized latex has the benefit of being more elastic
and flexible than conventional latex, as well as having a
very high resistance to organic solvents [19]. Prastanto, H.,
et al [13]; Ramadhan, A., et al [5], and Irfan, et al [19],
conducted research on the usage of pre-vulcanized latex,
limited their studies to conventional testing and did not
collect any information on asphalt rheology testing. As a
result, the response of asphalt to
stress-strain-time-temperature is what determines its
rheological behavior. The characterization of asphalt's
rheological behavior is the primary focus of measurements
of its physical properties. The viscoelastic qualities
required to connect basic physical asphalt binder properties
to pavement performance, however, cannot be fully
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described by conventional methods of characterizing the
physical and rheological properties of asphalt (penetration
and softening point) [20, 21]. Based on the provided
background information, DSR will be used in this study to
measure the complex shear modulus and phase angle and to
monitor the behavior of polymer modified asphalt binders.
Superpave specifications were used in this study to
evaluate the performance of modified asphalt binders.
These specifications evaluate asphalt binder performance
dependent on environmental factors such as temperature
variations.

2. Materials and Methods

2.1. Materials

A Conventional asphalt binder base with a penetration
rate of 60/70 is used for the control sample in this study.
The asphalt binder was supplied by PT. Aspal Bangun
Sarana in Indonesia. The type of latex used is
pre-vulcanized latex from the Bogor Indonesian Rubber
Institute. A 60/70 penetration grade bitumen was used as
the conventional asphalt binder (referred to as As-Pen in
the manuscript). The laboratory tests for the physical
properties of As-Pen are presented in Table 1.
Pre-vulcanized latex characteristics are presented in Table
2; testing was conducted using acceptable criteria in the
laboratory of the Bogor Indonesian Rubber Institute.

Table 1. Basic testing of asphalt binder materials

Test Type Unit Result Tets Method
Penetration at 25 C 0.1 mm 60.4 SNI 2456:2011 / ASTM D 5-05
Softening Point <T 54.0 SNI 2434:2011 / ASTM D-36
Specific Gravity 1.038 SNI 2441:2011 / ASTM D 70-03
Flash Point < 319.0 SNI 2433:2011 / ASTM D 92-02B
Solubility in Trichloroethylene % >99 SNI 2438:2015 / AASHTO T44-03
Table 2. Testing the characteristics of pre-vulcanized latex
Test Type Unit Result Tets Method
Total solid content % 55.73 ASTM D 1076
Mechanical stability time Second > 1800 ASTM D 1076
pH 11.48 ASTM D 1076
Chloroform number 4 ASTM D6370-99
Acetone extract % 9.23 ASTM D 297
Polymer content % 87.28 ASTM D6370-99
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2.2. Sample Preparation

Figure 1. Pre-vulcanized latex

4]

Figure 2. The mixing process of pre-vulcanized asphalt and latex with
an 800-rpm mixer

9% LP

Figure 3. The result of mixing pre-vulcanized asphalt and latex

Pre-vulcanized latex, a byproduct of natural rubber with
a pH of 11.48 and a total solid content of 55.73%, is shown
in Figure 1. During the mixing process, the pre-vulcanized
latex was added for 30 minutes using a stirrer at 800
rotations per minute, the setup is shown in Figure 2. An
analog thermometer is used to measure the temperature
once every five minutes in order to maintain a constant
temperature. According to past studies by [13, 15, 16, 22,
23], the temperature used when mixing asphalt binder with
rubber is 165<C. In this paper, pre-vulcanized latex levels
of 7% and 9% by replacing asphalt binder weight are used
as Wititanapanit, et al [16] demonstrated that modified
asphalt binder containing natural rubber of up to 6% of
asphalt binder weight demonstrates stable performance for
high temperatures, while the use of up to 9% can have
optimum storage stability. As-Pen, 7% LP, and 9% LP are

designations used in this study for three different types of
mixed composition samples, control sample, 7% LP
content, and 9% LP content, respectively in Table 3. The
final product samples of 7% and 9% LP after mixing, are
shown in Figure 3.

Three samples of modified asphalt binder need to be
prepared for rheological testing, including one in the
original condition (unaged binder), one for the Thin Film
Over Test (TFOT), and one for the Pressurized Aging
Vessel (PAV). As-Pen samples, which do not age and are
prepared without any additional processing, are examples
of samples in their original condition. Sample preparation
under TFOT conditions is detailed in SNI-06-2440-1991,
where the As-Pen sample is placed in a steel cup with a 14
cm diameter and then placed in an oven container that
rotates at a speed of 5 to 6 rotations per minute for 5 hours.
TFOT samples are utilized in the sample preparation under
PAV conditions, which is described in ASTM D
6521:2012. After that, the sample is placed for 20 hours in
a chamber with 2.10 MPa air pressure. When 20 hours have
passed, take the sample, heat it in an oven with a
temperature of 168<C for 15 minutes, and then put it in a
vacuum oven with a pressure reduction of 15 kPa for 30
minutes

2.3. Test Methods

Laboratory testing was used to measure the rheological
properties of base and polymer modified asphalt binders.
Asphalt penetration and softening point tests are used to
evaluate the material's physical characteristics, which are
only performed on control samples. In SNI 2456:2011 /
ASTM D 5-05 penetration testing, an asphalt sample is
loaded with 100 g over a period of 5 s at a temperature of
25<C. The softening point test, meantime, uses a ring and
ball apparatus with water inside it in accordance with SNI
2434:2011 / ASTM D-36. When the ball falls up to 25 mm
and passes through the ring, the softening point limit is
reached. Table 1 shows the results of penetration tests and
softening point for typical asphalt binders. The results are
60.4 (0.1 mm) for penetration and 54.0C for softening
point.

Performing the DSR temperature sweep in accordance
with AASHTO T315 to evaluate asphalt rheology. For
analyzing polymer modified asphalt binder or PMBs
rheology, the DSR tool, which was modified from the
Anton Paar MCR 92, is utilized. Three aging
conditions—Original (unaged binder), Thin Film Over
Test (TFOT), and Pressurized Aging Vessel (PAV) were
used for DSR testing on asphalt binder (PAV). The rutting
requirement is not applicable to the asphalt binder in its
initial stage because it does not age to that measure. The
TFOT conditions simulate the aging circumstances that
develop from the spreading and compaction activities in
the field to the mixing process at the asphalt mixing plant.
Long-term aging is indicated by PAV condition [21, 24].
Table 3 summarizes the testing methodology and pattern
used in this research study.
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Sample Code Bitumen Pre-vulcanized latex Condition Method
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% LP 93 % 7% 1 sample TFOT SNI-06-2440-1991
1 sample PAV ASTM D 6521:2012
1 sample original AASHTO T315
9% LP 91 % 9% 1 sample TFOT SNI-06-2440-1991
1 sample PAV ASTM D 6521:2012

3. Result and Discussion

The penetration test results are shown in Table 4, which
indicates that while adding 9% LP can increase asphalt
penetration from 60 to 68, adding 7% LP can decrease
from 60 to 45. An excessive amount of pre-vulcanized
latex polymer was used in the 9% LP sample, which caused
asphalt particles, especially asphaltenes, to absorb a large
amount of polymer. This caused the asphalt structure,
which was originally hard, to swell as a result of the asphalt
binder diffusion process with the polymer. As some
asphaltenes absorbed the polymer content and dispersed
similarly over the asphalt binder structure, strengthening
the structure, the penetration of the 7% LP sample
decreased. This demonstrates how applying 7% LP to an
asphalt mixture can make it harder and more resistant to
intermediate  temperatures. The results of the
pre-vulcanized latex-modified asphalt softening point test
are shown in Table 4. These results show an increase in the
softening point with rising LP contents, indicating that LP
use can enhance the susceptibility to permanent
deformation. The use of LP can improve the rutting
performance because of the higher softening point.

Table 4. Penetration and softening point testing on modified asphalt

Result
Sample Unit
As-Pen 7%LP 9%LP
Penetration at
25 T 0.1 mm 60.4 45.3 68.1
Softening Point < 54.0 56.5 65.5

From each test temperature, the DSR test yields results
for the phase angle (8) and complex modulus (G*). The
sample was tested using DSR 20 times at each temperature
before failing. The stiffness modulus (Shit) value is
calculated using the formula Sbit = 2(1 +pu)G* with poisson
ratio p = 0.5. A Black Diagram (Sbit vs 3), an isochronal
stiffness modulus plot (Sbit vs. Temperature), and an
isochronal phase angle plot (& vs. Temperature) are plotted

in order to display the results of the Dynamic Shear
Rheometer testing [7], in the following sections.

3.1. The Effect of Pre-vulcanized Latex on Asphalt
Rheology

The purpose of rheological testing is to identify the
properties of asphalt that are influenced by temperature
changes. In order to analyze the fundamental behavior of
asphalt that has been changed with pre-vulcanized latex,
Figure 4 graphically represents the Black Diagram, which
shows the relationship between the stiffness modulus of
asphalt (Sbit) and the phase angle (5) of the As-Pen, 7% LP,
and 9& LP mixtures.

The As-Pen curve is shown in Figure 4 on the right,
indicating a high phase angle value, as opposed to the left
for the 7%LP and 9%LP graphs, indicating a low phase
angle. Materials that are entirely elastic have a phase angle
value near to zero, whereas viscous asphalt has a phase
angle close to 90 degrees [25]. According to Figure 4,
when the phase angle approaches 83 degrees, the 7%LP
sample's phase angle tends to be lower than the 9%LP
sample's. The 9%LP sample, however, has a smaller phase
angle than the 7%LP sample when the phase angle is
higher than 83 degrees. In contrast to the 7% LP sample,
which lacks an optimal phase angle point, the 9% LP
sample indicates a continuous phase angle reduction at low
values of the complex modulus. This is a result of the
pre-vulcanized latex polymer and asphalt binder reacting
uniformly on the asphalt particles that may form robust
bonds in the 7% LP sample. When compared to the As-Pen
sample and the 9% LP sample, the strong bond in the 7%
LP sample was able to achieve a higher Shit value. In
contrast, the asphalt particles in the 9% LP sample swelled,
which caused excessive polymer absorption, making the
asphalt softer and lowering the Shit value. Pre-vulcanized
latex can stiffen asphalt and make it more resistant to
rutting at high temperatures, as shown by an increase in the
Shit value, with the maximum Shit = 48.45 kPa being
found in the 7% LP sample. This behavior aligns with
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Poovaneshvaran, et al study's [8] utilizing natural rubber
latex showed that adding rubber to asphalt might
significantly improve resilience to high temperatures.

An isochronal stiffness graph, shown in Figure 5,
illustrates the correlation between Shit and temperature.
The DSR test with a constant angular frequency of 10 rad/s
obtained the asphalt binder behavior shown in Figure 5.
According to the isochronal graph in Figure 5, this trend
exhibits a reaction to changes in temperatures. The Shit
value of the 7%LP sample is higher than that of the other
samples. Pre-vulcanized latex can be used to increase the
temperature resistance of asphalt and raise Shit on asphalt.
According to Figure 5, the 7%LP sample and 9%LP
sample can both achieve temperatures of 76°C while the
control sample (As-pen) can only attain a temperature
variation of up to 70°C. High temperatures will make
asphalt more viscous than it would be at a normal
temperature, which will significantly improve rutting.
Based on Figure 4 and Figure 5, Pre-vulcanized latex is
applied to asphalt, which has been shown to improve
performance at high temperatures as shown by a reduction
in the phase angle toward viscous elastic characteristics.
The rubber used in asphalt can make it stiffer, which in turn
can make it more resistant to permanent deformation. The

1.E+05

1.E+04

Sbit (Pa)

1.E+03

findings of this study are consistent with those of
Al-Sabaeei, et al research's [15], which likewise employed
natural rubber latex in improving asphalt binder
performance.

The correlation between the phase angle results and
temperature is shown in Figure 6. In order to see how the
asphalt binder responds to temperature changes, the
isochronal phase angle graph serves the same purpose as
the isochronal stiffness modulus. Figure 6 demonstrates
that the asphalt's phase angle increases in direct proportion
to the asphalt's temperature. The asphalt binder may
become more fluid and nearly viscous due to the high
asphalt binder temperature. According to Figure 6,
pre-vulcanized latex may decrease the asphalt binder phase
angle, as seen by the 7% LP and 9% LP samples' positions
being below the control sample. For usage, 7% LP is more
temperature-stable than 9% LP, where the phase angle
starts to decrease at 76°C. These findings are also in line
with those of research by Al-Sabaeei et al. [15], in which it
was discovered that using natural rubber latex may
decrease the phase angle, which suggested an increase in
the asphalt's elasticity and viscoelastic characteristics at
high temperatures [9, 27, 28].
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Figure 4. Black diagram for non-aged, non-modified and modified asphalt binders



Civil Engineering and Architecture 11(6): 3355-3369, 2023

3361

N

—8— As—Pen (Original)

——T7% LP (Original)

9% LP (Original)

85 20 95

Phase Angle (degree)

Isochronal plots of stiffness modulus for non-aged, non-modified and modified asphalt binders

60 80

Temperature (Celcius)

1.E+05
1.E+04
~—
]
o
-
Iy
-
]
n
1.E+03
1.E+02
70 75 80
Figure 5.
100000
100600
~
©
s
+
b
e
[7)]
1000
=== As—Pen (Original)
b= 7% LP (Original)
9% LP (Original)
100
ue 50
Figure 6.

The rutting parameter (G*/sind) in the Superpave
specification is used to describe how resistant asphalt is to
permanent deformation. The Superpave standard states that
rutting is prevented by limiting G*/sind at the designated
test temperature to a maximum of 1.0 kPa for original
conditions. At high temperatures of 52<C to 76<C in 6<C
increments, Figure 7 displays the rutting characteristics for
the control and modified asphalt samples.

It is clear that all types of asphalt binders exhibit the
same tendency, which is a reduction in G*/sind values with
rising temperature. This demonstrates that the asphalt
binder tends to become more viscous and lose its
anti-rutting characteristics as temperature rises. A higher

Isochronal plots of phase angle for non-aged, non-modified and modified asphalt binders

G*/sind value generally means that the asphalt binder is
more resistant to permanent deformation. For greater
temperature performance, larger G* and smaller phase
angles are desirable [8].

Figure 7 illustrates that even at temperatures as high as
76°C, the inclusion of pre-vulcanized latex increases the
value of the rutting parameters. This demonstrates how the
addition of rubber components improves the modified
asphalt's temperature sensitivity and elastic performance.
Figure 7 indicates that even when exposed to greater
temperatures, the asphalt binder will be more resistant to
long-term deformation. The trend of these results leads to
the conclusion that the G*/sind value increases with
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pre-vulcanized latex content. At 65.2 °C, the sample
control (As-Pen) meets the minimal criterion of 1.0 kPa.
The minimal criteria were met by the 7% LP and 9% LP
samples at 71.3<C and 70.2<C, respectively. The studies of
Al-Sabaeei, et al. [15] and Poovaneshvaran, et al. [8] also
observed an increase in rutting, with temperatures reaching
76°C and 86°C, respectively. These findings are consistent
with their findings.

3.2. Effect of Aging Conditions on Asphalt Rheology

Asphalt binder aging conditions can be determined using
simulations namely thin film oven test (TFOT) and
pressure aging vessel (PAV) conditions. The PAV
condition is used as a long-term simulation condition,
whereas the TFOT condition is a short-term aging
simulation [26, 27]. Figure 8 shows the Shit and phase
angle under TFOT conditions.

The As-Pen sample has a Shit range of 6.55 kPa to 37.69
kPa with a phase angle ranging from 84.1 to 87.4 degrees.
The 7% LP and 9% LP figures on the left show that for the
asphalt samples made using pre-vulcanized latex, the Sbit
value was higher than that of the As-Pen sample while the
phase angle value decreased. This suggests that even
during short-term aging conditions, the application of
pre-vulcanized latex can improve the performance of
asphalt binders.

Due to the presence of pre-vulcanized latex, which
dissolves in the asphalt particles and gives the asphalt more
elastic characteristics, the asphalt becomes brittle with age
because of the decrease in asphalt solvent particles, which
causes the Sbit value to rise. The usage of natural rubber
latex was capable of improving the elastic response despite
aging, according to Wen, et al [9] findings. The polymer
system's elastic structure provides it with a more elastic
reaction, which also means it can reduce the asphalt binder
phase angle.

The results of asphalt rheology testing under PAV
conditions with temperature changes between 19<C and
31<C are shown in Figure 9. The trend observed for the
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As-Pen sample is higher than that for the 7% LP and 9% LP
samples, meaning that the As-Pen sample has a greater
than 5.0 MPa suggesting that the asphalt is extremely stiff
[25]. The figure shows the Shit value and phase angle for
each sample. The As-Pen sample's phase angle varied from
42.9 to 52.5 degrees, the 7%LP sample's phase angle
ranged from 44.3 to 53.5 degrees, and the 9%LP sample's
phase angle ranged from 42.8 to 54.8 degrees.
Pre-vulcanized latex's impact on PAV conditions is
concluded based on the increase of the phase angle and the
decrease in the stiffness of the asphalt binder, as seen by
the declining Shit value. According to the analysis's
findings, 9% LP, as opposed to 7% LP, is more effective in
retaining the characteristics of asphalt in PAV conditions.
This situation nevertheless occurs within the limits of
visco-elastic behavior, which includes the ability to sustain
deformation under temperature- and time-sensitive stresses
and increase asphalt's cracking resistance [9, 29].

Figure 10 shows the graph of the rutting parameters
under the TFOT settings. The graph below the
pre-vulcanized latex sample indicates that the value of the
rutting parameter for the control sample, As-Pen, is lower
than that of the 7%LP and 9%LP samples. The rutting
parameter value is higher in the 9% LP sample than it is in
the 7% LP sample. This indicates how adding elastomeric
components like pre-vulcanized latex improves the
modified bitumen's temperature sensitivity and elastic
properties.

This indicates that even if the modified bitumen is
subjected to greater temperatures, it will be more resistant
to irreversible deformation. This result is in line with
Poovaneshvaran, et al study's [8], which showed that the
usage of rubber might raise the value of the rutting
parameter. Using a rutting parameter value of greater than
2.20 kPa under TFOT settings, in accordance with
Superpave requirements for rutting management. At 64<C,
the As-Pen sample met the minimal criterion of 2.20 kPa.
The minimal criteria were met by the 7% LP and 9% LP
samples, respectively, at 66.5<C and 66.9<C.

——g— As—Pen (Original)
=@ 7% LP (Original)

9% LP (Original)
-+ = 1.0 kPa

70 75 80 85 20

Temperature (Celcius)

Figure 7.

Rutting parameter variation with temperature for non-aged asphalt binders
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Figure 8. Black diagram for TFOT, non-modified and modified asphalt binders
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Figure 9. Black diagram for PAV, non-modified and modified asphalt binder
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Figure 10. Rutting parameter variation with temperature for TFOT asphalt binders

For the control sample and the modified asphalt sample,  fatigue parameter that has a maximum value of 5000 kPa is
Figure 11 displays the fatigue parameter (G*.sind). A included in the Superpave specifications in addition to the
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rutting parameter [25]. Samples under PAV conditions are
used to measure this parameter fatigue. From 31<Ct0 19T
with a reduction of 3<C, until the sample failed, the DSR
test under PAV conditions was conducted.

Figure 11 demonstrates how the addition of
pre-vulcanized latex on asphalt tends to lower the value of
the fatigue parameter as the temperature increases.
Comparatively to the 9% LP sample, the As-Pen sample,
and the 7% LP sample failed before 19<C, indicating that
the 9% LP sample is more resistant to fatigue at low
temperatures. Figure 10 shows that the As-Pen sample, 7%
LP sample, and 9% LP sample at temperatures of 24.7<C,
22.4<C, and 21.2<C are the temperature limits based on the
Superpave criteria, where the fatigue parameter value is
measured at more than 5000 kPa.

The cole-cole curve for the 7% LP and 9% LP As-Pen
samples at their original conditions is shown in Figure 12.
The Cole-Cole curve illustrates the relationship between
the asphalt binder's viscous modulus (G") and its
viscoelastic modulus (G'). For each temperature, cole-cole
curves are often produced to validate the experimental
findings [30]. It is clear from the information that G' and
G"s outcomes combine to produce a single linear curve. If
and only if a single curve that is independent of
temperature is formed by the cole-cole curve data, it is
considered valid and acceptable.

All single curves obtained had R? values of more than
95%, indicating the validity of the test data [8]. The
visco-elastic characteristics of each sample are also shown

8000
7000
6000
5000 = = = = = =\

4ooo

3000
=g As—Pen (PAV)
—t— 7% LP (PAV)

9% LP (PAV)
- = = 5000 kPa

2000

Fatigue Parameter (G*.sin§)

1000

15 20

in Figure 12, where the As-Pen sample shows a larger or
steeper slope than the asphalt sample that contains
pre-vulcanized latex. The slope of the line is less steep or
sloping for the 7% LP and 9% LP samples than it is for the
As-Pen sample. In other words, the pre-vulcanized latex
combination has the ability to change asphalt from viscous
to viscous-elastic. This discovery is consistent with
Poovaneshvaran, et al research's [8].

The summary comparison with the findings of previous
researchers is shown in Table 5. Only two studies,
Poovaneshvaran, et al. (2020) [8] and Jitsangiam, et al.
(2021) [2], where the type of asphalt binder used was the
same but the rubber content used was different, came close
within the references used. The summary table indicates
that using pre-vulcanized latex as an asphalt binder
polymer can enhance its physical properties by decreasing
the penetration value of asphalt and increasing the
softening point. Pre-vulcanized latex had a tendency to
reduce the phase angle value, as shown by a comparison
with the findings of Jitsangiam, et al. (2021) [2], from
88.80 to 82.75 degrees, according to the results of asphalt
binder rheological testing with DSR. The use of
pre-vulcanized latex as a binder asphalt polymer has been
proven to provide benefits in terms of rheological
properties, specifically an increase in Shit and a decrease in
phase angle, based on comparison results of earlier
researchers. It also depends on the study methodology used,
including the method employed for preparing the sample
and the type of equipment used for testing.

25

30

35

Temperature (Celcius)

Figure 11. Fatigue parameters variation with temperature for PAV asphalt binders
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Table 5. Summary comparison with the findings of previous researchers
. Hasil Penelitian
Tvoe of Rubber Penetration _ -
No. Researcher yp Grade Penetration Softening Stiffness Phase
rubber Content Asphalt at25 C Point (°C) Modulus of Angle
(0.1 mm) Bitumen (Shit) (Degree)
Poovaneshvaran Natural rubber 5% by
1 ' weight 60/70 60 52 2000 Pa at 70°C 78.00
et al (2020) [8] latex )
binder
. . 7% by
p | Jitsangiam etal | Natural rubber | opy 60/70 50 55 9.96 Paat 70°C | 88.80
(2021) [2] latex -
binder
7% by
3 | Currentresearch | Fre-vulcanized | replacing 60/70 453 565 | 3040Paat70°C | 8275
latex weight
binder

3.3. Development of the Stiffness Modulus Model for
Asphalt Rubber

The Ullidtz Equation allows for the determination of the
asphalt stiffness modulus model from Nottingham (1978).
Van der Poel (1954) created the computation into a
nomogram to make it easier to understand [21].
Temperature, softening point, penetration, and loading
time are the parameters in the asphalt stiffness modulus
model. However, if the used asphalt has been modified
with certain materials, the stiffness modulus cannot be
calculated using this equation model. In the study's
findings, a model for the stiffness modulus of
pre-vulcanized latex rubber asphalt was developed using
regression analysis, with the dependent variable and a
number of independent variables (%LP, penetration,
softening point, and temperature). The classical
assumption test is used in the regression analysis approach
with SPSS software [24]. The 30 data in Table 6 were used

in developing the stiffness modulus model for asphalt
rubber.

Three models of stiffness modulus equations with
various independent variables were discovered by
performing linear regression analysis with SPSS software.
The results of the classic assumption test are shown in
Table 7, with Model 3 having a higher R? value than the
other models and Model 1 having the lowest R? value.
Figure 13 displays a model with findings. According to the
findings of the ANOVA test in Table 6, the independent
variable significantly affects the dependent variable when
the F test value is more than the F table value (df1 = 4 and
df2 = 25) with a 5% confidence level. The model
developed from the analysis's findings can be applied in the
future, particularly when estimating the stiffness modulus
of pre-vulcanized latex used as an asphalt binder without
first conducting laboratory tests. Regarding model 3, it is
nearly accurate when compared to test results that depend
on X1, X3, and X4 as independent variables.
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Table 6. Analysis of the data using linear regression

No. (I;/I:) Penetration at 25°C (0.1 mm) Softening Point (°C) Temp. (°C) (il;lat)
- X1 X2 X3 X4 Y
1 0 60.4 54.0 52 18.83
2 0 59.6 54.0 52 18.83
3 7 46.3 56.0 52 47.97
4 7 47.0 57.0 52 47.97
5 9 66.9 65.5 52 31.90
6 9 70.0 65.5 52 31.90
7 0 60.4 54.0 58 7.81
8 0 59.6 54.0 58 7.81
9 7 46.3 56.0 58 21.43
10 7 47.0 57.0 58 21.43
11 9 66.9 65.5 58 13.62
12 9 70.0 65.5 58 13.62
13 0 60.4 54.0 64 3.47
14 0 59.6 54.0 64 3.47
15 7 46.3 56.0 64 10.00
16 7 47.0 57.0 64 10.00
17 9 66.9 65.5 64 6.22
18 9 70.0 65.5 64 6.22
19 0 60.4 54.0 70 1.66
20 0 59.6 54.0 70 1.66
21 7 46.3 56.0 70 491
22 7 47.0 57.0 70 491
23 9 66.9 65.5 70 3.02
24 9 70.0 65.5 70 3.02
25 0 60.4 54.0 76 0.00
26 0 59.6 54.0 76 0.00
27 7 46.3 56.0 76 2.53
28 7 47.0 57.0 76 2.53
29 9 66.9 65.5 76 1.58
30 9 70.0 65.5 76 1.58
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Figure 13. Comparison of model results with laboratory results
Table 7. Test results of linear regression analysis
Model R? F Sig.
Model 1
0.651 52.189 0.000
Y =90.744 — 1.236 X4
Model 2
0.709 32.939 0.000
Y =86.400 — 1.236 X4 + 0.814 X1
Model 3
0.770 29.072 0.000
Y =145.095 - 1.236 X4 + 1.960 X1 — 1.105 X3

4. Conclusions

Asphalt binder can deteriorate over time due to the
effects of temperature and loading, which can also result in
roadway damage and consequentially user dissatisfaction.
Polymers of many types have been used in technological
breakthroughs for modified asphalt binders. This study
modified a conventional PEN 60/70 asphalt binder by
partially replacing it with pre-vulcanized latex at values of
7% and 9% by weight of asphalt. The following findings
are drawn after extensive analysis and laboratory testing:
1. Pre-vulcanized latex can be used to increase the

resistance of the asphalt binder to aging, as shown by
an increase in stiffness modulus value and a decrease
in phase angle, demonstrated by the findings of the
Black Diagram for each aging condition.

2. After combining asphalt binder with pre-vulcanized
latex, stiffness modulus asphalt (Sbit) increases.
According to the Black Diagram's findings, 7% LP is
stiffer in the modulus than 9% LP.

3. The addition of pre-vulcanized latex was able to
enhance the Complex Modulus (G*) value, decrease
the phase angle, and increase resistance to rutting
parameters, according to the findings of the dynamic
shear rheometer test. The use of pre-vulcanized latex
can improve resistance to high temperatures.

4.  Asphalt binder's phase angle can be decreased by the
replacement of pre-vulcanized latex, which makes the
asphalt binder more elastic. According to the
Cole-Cole chart, 7% LP is more elastic than 9% LP.

5. Alinear regression analysis was used to develop three
models for the stiffness modulus of asphalt rubber,
with the model with the highest R? being Y = 145,095
- 1,236 X4 + 1,960 X1 - 1,105 X3.

6. Further research that can be done is to use modified
asphalt binder in mixtures with aggregates to see the
performance of asphalt mixtures, especially in
Marshall parameters.
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