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This study aims at comparing the permanent deformation of Stone Mastic Asphalt (SMA) rubberized asphalt mixtures produced
by the wet process. In this study, rubberized binders were prepared using two different blending methods, namely, continuous
blend and terminal blend. To study the creep behaviour of control and rubberized asphalt mixtures, the dynamic creep test was
performed using Universal Materials Testing Apparatus (UMATTA) at different temperatures and stress levels. Zhou three-stage
creep model was utilized to evaluate the deformation characteristics of the mixtures. In all test conditions, the highest resistance
to permanent deformation is showed by the rubberized mixtures produced with continuous blend binders. This study also reveals
that the permanent deformation of rubberizedmixtures cannot be predicted based on the characteristics of the rubberized binders.

1. Introduction

Theuse of crumb rubber in themodification of the binder has
continued to evolve since its introduction in the early 1960s.
The utilization of crumb rubber in asphaltic pavement has
been proven to enhance the pavement performance and at
the same time provided a solution to the waste tyre scenario
faced around the globe.

The interaction between bitumen and rubber particles
causes a change in the composite system of bitumen-rubber
from two simultaneous processes: partial digestion of the
rubber into the bitumen and the adsorption of the aromatic
oils available in the bitumen with the polymeric chains of the
rubber [1]. The absorption of aromatic oils from the bitumen
into the rubber’s polymer chains causes the rubber to swell
and soften producing a gel-like material with higher viscosity
and elasticity [2–4].

The development of an effective interaction between bitu-
men and rubber is mainly an experimental iterative process.
Previous studies determined that the properties of rubberized
binders are highly governed by the selection of rubber

crumb parameters (rubber types, rubber size, and rubber
contents) and blending parameters (blending temperature,
blending duration, and blending rate) [5, 6]. Modification of
these parameters will affect the rubberized binder properties
and imposes on the performance of the rubberized asphalt
mixtures. Thus, an optimum combination of parameters,
especially the blending parameters, is important to produce
high performance rubberized binder.

The preparation of rubberized binder can be divided into
two broad categories: continuous blend and terminal blend
method. Continuous blend is a conventional method where
rubberized binder is prepared at a temperature between
160∘C and 180∘C for duration of 30–60 minutes. The benefits
offered by the continuous blend include improved viscos-
ity, elasticity, and permanent deformation [7–10]. However,
rubberized binders prepared using the continuous blend
also have limitations, including phase separation during
storage since the rubber particles are not fully digested into
the bitumen. On the other hand, in the terminal blend
method, crumb rubber is blended with bitumen at high shear
stress (up to 8000 rpm) and maintained at high processing
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temperature (200–260∘C) for a long mixing duration (>2
hours). The extreme blending parameters cause the crumb
rubber depolymerisation and dispersion into the bitumen,
thus producing more homogenous rubberized binder com-
pared to the continuous blend. Previous studies found that
the terminal blend method improves compatibility (storage
stability) of the rubberized binder [11]. The compatibility
during storage can be maintained with low temperature
and does not require constant agitation to keep discrete
crumb rubber particles uniformly distributed in the hot
bitumen. Hence, the terminal binder production cost can be
minimized.

Figure 1 shows a schematic diagram explaining the rela-
tionship between the accumulated permanent deformations
and the loading cycles in the dynamic creep tests using
the Universal Materials Testing Apparatus (UMATTA). The
figure shows that the accumulated permanent strain curve is
divided into three main stages: primary, secondary, and ter-
tiary. The derived curves are used to compare the resistance
of different asphaltmixtures against permanent deformations
and rutting distress. For this purpose, it is necessary to use
a prediction model that not only fits the curve, but is also
able to be used to identify the locations of the boundary
points connecting the primary to the secondary stages and
the secondary to the tertiary stages. Moreover, the prediction
model should realistically characterize the different asphalt
mixtures.

The Zhou model has been used by current studies to
evaluate the permanent deformation of asphalt mixtures [12–
15]. The model can be used to develop mathematical func-
tions to characterize the three-stage permanent deformation
behaviour of asphaltmixtures and can also be used to identify
the transition point between stages. Moreover, the Zhou
model is comparable to the field performance. The Zhou
models are presented as below:

Primary stage is as follows:

𝜀
𝑝
= 𝑎𝑁
𝑏

, 𝑁 < 𝑁PS. (1)

Secondary stage is as follows:

𝜀
𝑝
= 𝜀PS + 𝑐 (𝑁 − 𝑁PS) ,

𝜀PS = 𝑎𝑁
𝑏

PS,

𝑁PS ≤ 𝑁 ≤ 𝑁ST.

(2)

Tertiary stage is as follows:

𝜀
𝑝
= 𝜀ST + 𝑑 (𝑒

𝑓(𝑁−𝑁ST)
− 1) ,

𝜀ST = 𝜀PS + 𝑐 (𝑁ST − 𝑁PS) ,

𝑁 ≥ 𝑁ST.

(3)

2. Objectives and Experimental Procedure

Different blending methods definitely will produce rub-
berized binder with different rheology properties and thus
results in different asphalt mixture’s performance including
the rutting resistance. Therefore, this study was conducted
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Figure 1: Cumulative permanent strain versus number of loading
cycles [25].

to evaluate the permanent deformation of SMA mixtures
containing rubberized binder prepared through continuous
and terminal blend method. The permanent deformation
was carried out using dynamic creep test performed by the
Universal Materials Testing Apparatus (UMATTA). The test
was conducted at different temperatures and stress levels.
Consequently, dynamic creep curve for rubberized binder
mixtures was compared and analysed to that of control
mixtures. Finally, Zhou three-stage models were derived and
confirmed the test results. Besides, characteristics of rubber-
ized binder were evaluated based on penetration test, ring
and ball softening point test, and viscosity test (Brookfield
viscometer). The characteristics of rubberized binders were
then compared to permanent deformation parameters of
SMA mixtures. For each test conducted in this study, four
duplicate specimens were prepared and tested.The results are
shown as the average of four replicates.

2.1. Aggregate. Crushed granite aggregate was blended to
meet the Malaysian Public Works Department SMA 20
gradation [16]. Aggregate was supplied from Kajang Rock
Quarry inMalaysia. Table 1 shows the properties of aggregates
utilized in this research. Aggregate particle size distribution is
presented in Figure 2.

2.2. Bitumen. Bitumen grade 80/100 penetration collected
from the vacuum distillation residue obtained from crude
oil is widely used in Malaysian road construction. In this
study, bitumen 80/100was obtained fromAsphalt Technology
Sdn. Bhd. located at Port Klang, Malaysia. Table 2 shows
specifications of the bitumen 80/100 penetration employed in
this study.

2.3. Rubber Crumb. Rubber crumb obtained through the
ambient process was used to produce rubberized binders
for this research. Rubber crumb sized 0.4mm (40mesh)
supplied by Rubplast Sdn. Bhd. was used for entire research.
Specification of the crumb rubber is presented in Table 3.

2.4. Sample Preparation

2.4.1. Preparation of Rubberized Binder. Rubberized binders
were produced using continuous blend and terminal blend
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Table 1: Properties of crushed granite aggregate used in this study.

Property Unit Test method Value
Coarse aggregate

Los Angeles abrasion % ASTM: C131 19.45
Flakiness index % BS EN 933-3 2.72
Elongation index % BS 812-105.2 11.26
Aggregate crushing value % BS 812-110 19.10
Bulk specific gravity — ASTM: C127 2.60
Absorption % ASTM: C127 0.72

Fine aggregate
Bulk specific gravity — ASTM: C128 2.63
Absorption % ASTM: C128 0.4
Soundness loss % ASTM: C88 4.1

Table 2: Specification of bitumen 80/100 penetration used in this study.

Property Unit Test method Value
Min. Max.

Penetration at 25∘C 0.1mm ASTM D5 80 100
Softening point (ring & ball) ∘C ASTM D36 45 52
Flash point (Cleveland open cup) ∘C ASTM D92 225 —
Relative density at 25∘C g/cm3 ASTM D71 1.00 1.05
Ductility at 25∘C cm ASTM D113 100 —
Loss on heating, wt. %. ASTM D6 — 0.5
Solubility in trichloroethylene, wt., min. % ASTM D2042 99 —
Drop in penetration after heating, max. % ASTM D5 — 20
Application temperatures, mixing ∘C — 140 165
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Figure 2: SMA 20 aggregate gradation.

method. Crumb rubbers sized 0.4mm were utilized for
both blending methods. Bitumen 80/100 penetration was
used as base bitumen to produce the rubberized binders.
The rubberized binders prepared by continuous blend were
blended using Eurostar propeller mixer at speed of 200 rpm
and mixing temperature was maintained at 180∘C for 1 hour.
It was produced with 12% of rubber content by weight of
bitumen 80/100 penetration. The amount of rubber was
selected based on author previous study [17]. On the other

hand, the terminal blend binder was produced with 20%
rubber content by weight of bitumen 80/100 penetration.
To achieve terminal blend binder, mixing was performed
at high temperature (210∘C) for 2 hours using Silverson
L4R high shear mixer at speed 10,000 rpm. Table 4 presents
the designations and the features of each binder. Besides,
characteristics of binders are presented in Table 5.

2.4.2. Preparation of Asphalt Mixture Specimen. In this
study, aggregate gradation SMA 20 in accordance with the
Malaysian PublicWorksDepartment was used in preparation
of all asphalt mixtures [18]. Aggregate particle size distri-
bution is presented in Figure 2. SMA mixtures have been
prepared with 1100 g of aggregates including 2% of Portland
cement. According to Standard Specification for RoadWorks
of Malaysia Public Works Department (JKR/SPJ/2008-S4)
[18], mineral filler should be added as part of the combined
aggregate gradation. Limestone dust, hydrated lime, or ordi-
nary Portland cement shall be used as filler. If cement is used,
the amount should not exceed 2% by weight of the combined
aggregates.

Preparation of the specimen was started by heating the
aggregate and cement in the oven for one hour at 160∘C.
Aggregate was then transferred to the pan and heated at
higher temperatures of 180∘C. Besides, rubberized binder
was heated at 180∘C before mixing with aggregate particles
to achieve the proper viscosity. In order to manufacture a
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Table 3: Specification of crumb rubber used in this study.

Property Unit Test method Value
Acetone extract % ISO 1407 10 ± 3
Ash content % ISO 8 ± 3
Carbon black % ISO 1408 30 ± 5
Rubber hydrocarbon % RHC 52 ± 5
Passing % ASTM D5644 >90
Heat loss % ASTM D1509 <1
Metal content % ASTM D56 <1
Fiber content % ASTM D5603 <3

Table 4: Binder features.

Base bitumen (80/100
penetration)
Binder
designation

Rubber content
(%)

Blending
process

Blending
apparatus

Blending speed
(rpm)

Blending
duration (hour)

Blending
temperature

(∘C)

Control (80/100
penetration bitumen) 0 N/A N/A N/A N/A N/A

TB (terminal blend
binder) 20 Terminal blend High shear

mixer 10,000 2 210

CB (continuous blend
binder) 12 Continuous

blend Propeller mixer 200 1 180
N/ANot applicable.

Table 5: Characterization of the binders.

Test Standard Control TB CB
Softening point (∘C) ASTM D36/D36M 44.25 53.88 51.00
Penetration 25∘C, 100 g, 5 s (0.01mm) ASTM D5-97 95.00 65.67 67.50
Apparent viscositya (mPa⋅s), 135∘C ASTM D 2196-99 375.25 1277.00 807.80
Apparent viscositya (mPa⋅s), 175∘C ASTM D 2196-99 43.75 287.75 260.20
aBrookfield viscometer, spindle number 27, 20 rpm.

homogeneous binder, the rubberized binder was agitated
vigorously before it was added to the aggregate. In this study,
asphalt mixture was compacted by applying 50 blows for both
sides with the Marshall compactor. In general, the specimens
have a range of diameter and height between 101-102mm
and 65–68mm, respectively. All specimens were prepared
at Optimum Binder Content (OBC), and the results are
presented in Table 6. The Optimum Binder Content (OBC)
was determined in accordance with Marshall mix design.
For the determination of OBC, four graphs, namely, stability,
flow, voids in the mix (VIM), and voids in mineral aggregate
(VMA), were plotted versus the percentage of binder for each
asphaltmixture.OBCswere calculated based on the SMAmix
requirements [18]: stability (min. 6200N), flow (2–4mm),
VIM (3–5%), and VMA (min. 17%). The same designations
were selected in asphaltmixture specimens prepared from the
respective binders.

2.4.3. Penetration Test. The penetration test was carried out
according to ASTM D5 [19]. Sufficient bitumen was heated
and poured in the penetration cup and conditioned at 25∘C
for 24 hours prior to testing. The test was conducted at

a specified temperature of 25∘C; a water bath was used to
maintain the test temperature. A 1mm diameter needle was
loaded with a weight of 100 g and allowed to penetrate freely
for 5 s into a bitumen sample.

2.4.4. Softening Point Test. The softening point (ring and
ball) test was conducted in accordance with ASTMD36 [20].
A ring holder assembly filled with binder was placed in a
water bath along with two steel balls which were allowed to
condition to a starting temperature of 5 ± 1∘C for 15 minutes.
After the conditioning period, the steel balls were placed on
top of the binder in the ring. The test was conducted by
heating the two horizontal discs of binder immersed in a
water bath at a controlled rate (5∘C/min).The softening point
value was recorded as the temperature at which the binder
softens enough to allow each steel ball to fall and touch the
plate.

2.4.5. Apparent Viscosity by Rotational (Brookfield Type)
Viscometer. The rotational (Brookfield type) viscometer was
used to measure the apparent viscosity of the binder in
accordance with ASTMD2196-10 [21]. In this test, a sufficient
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Table 6: Summary of asphalt mixture.

Asphalt mixture
designation Binder Rubber content (%) BSGa VMAb (%) VIMc (%) OBCd (%)

Control (asphalt mixture
prepared with 80/100
penetration bitumen)

80/100 pen. 0 2.31 18.55 5.43 5.78

CB (asphalt mixture
prepared with continuous
blend binder)

Continuous blend 12 2.30 19.65 5.21 6.50

TB (asphalt mixture
prepared with terminal
blend binder)

Terminal blend 20 2.27 20.75 5.76 6.86

aBulk specific gravity of compacted mixture.
bVoid in mineral aggregate.
cVoid in mix.
dOptimum Binder Content.

amount of binder was heated in an oven so that it was
sufficiently fluid to pour into the sample chamber.The sample
chamber containing 8–10mL binder was then positioned in
the thermos container. In this study, the test was conducted
at 175∘C at a fixed speed of 20 rpm.

2.5. Dynamic Creep Test. In this work the mechanical per-
formance of the studied asphalt mixtures was evaluated
through the dynamic creep test. The test was performed
using Universal Materials Testing Apparatus (UMATTA).
Asphalt mixtures were trimmed at top and bottom side
with a diamond saw to the final thickness of 50mm. Both
sides of each asphalt mixture were coated with a thin layer
of silicone grease containing graphite flakes in order to
obtain smooth faces. Asphalt mixture with a geometrical
size of 50mm thickness and 100mm in diameter (50mm
× 100mm) will be placed in the temperature controlled
cabinet for 2 hours to ensure that equilibrium temperature
is reached. Asphalt mixture was then placed between the
platens and aligned concentrically with the loading axis of the
testingmachine.TheLinearVariableDifferential Transducers
(LVDTs) are then attached to the platens to measure the
vertical deformation during the test.The testswere conducted
at three different temperatures, namely, 40∘C, 50∘C, and 60∘C,
to simulate high pavement temperature towhich themixtures
are subjected when applied in Malaysian road. In addition,
two stress levels of 200 kPa and 400 kPa were selected. The
applied stress consisting of a haversine wave shape has a
duration of 0.5 s followed by a rest period of 1.5 s which
was executed to each mixture. The strain gauge load cell
in UMATTA measures the deformation when the asphalt
mixture deforms appropriately at the applied stress level.
The test was terminated after 1800 load cycles or until the
accumulated strain reaches 70,000𝜇s.

The accumulated strain was calculated by using the
following equation:

𝜀 =

ℎ

𝐻
0

, (4)
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Figure 3: Characterization tests of the binders.

where 𝜀 is the accumulated strain, ℎ is the axial deformation,
mm, and𝐻

0
is the initial specimen height, mm.

3. Analysis and Evaluation of Results

3.1. Characterization of Binders. The binders were char-
acterized by apparent viscosity test, penetration test, and
softening point (ring and ball test). The results of the binder
characterization can be seen in Table 5 and Figure 3. As
expected, both rubberized binders prepared by terminal
blend and continuous blend showed higher softening point,
apparent viscosity, and lower penetration value compared
to control (bitumen 80/100 penetration). This confirmed
previous studies that incorporating rubber crumb to base
bitumen results in higher viscosity and elasticity [6, 11, 22].
It is important to note that the rubberized binder produced
by the terminal blend (TB) showed higher softening point
and apparent viscosity followed by a continuous blend binder
(CB) and control. Moreover, penetration value for TB is the
lowest, followed by CB and control. These results can be
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explained by the amount of rubber crumb, where TB was
prepared with higher rubber content compared to CB (TB:
20%, CB: 12%). From the above findings, the study concluded
that the most viscous binder was achieved by TB.

3.2. Characteristics of Permanent Deformation. This section
discusses permanent deformation performance of control
mixture (unmodified) and rubberizedmixtures (TB andCB).
Different stages of the creep curve (primary, secondary, and
tertiary stage)may develop after applying a load to the asphalt
mixture.The power law, a linear function, and an exponential
model were used to characterize the primary, secondary, and
tertiary stage, respectively.

3.2.1. Permanent Strain. Total permanent strain of control
and rubberized mixtures was calculated and compared with
each other. The results are shown in Figures 4(a)–4(f). As
can be seen in these figures, the control mixture presents
the highest permanent strain and, therefore, the lowest resis-
tance to permanent deformation, while the rutting resistance
of rubberized mixtures improved remarkably compared to
control mixtures. Above results can be explained by the roles
of crumb rubber which increases the viscosity and stiffness
of the binder that contributes in the formation of a thicker
coating of binder mastics around the coarse aggregates. This
reduces aggregate shear sliding at the interface as well as
the flow of asphalt mixture and thus contributes to higher
resistance to permanent deformation.

In all cases, the obtained results indicate that mixtures
prepared with a continuous blend binder present the best
rutting resistance followed by the terminal blend and con-
trol (rutting resistance CB > TB > control). The terminal
blend mixture was prepared with a high viscous binder;
nevertheless, it shows less rutting resistance compared to
the continuous blend mixtures. This can be explained by
the processing conditions used in the terminal blend binder.
The high mixing temperature (210∘C) and high shear stress
(10,000 rpm) together with the long mixing duration (2
hours) used in the preparation of the terminal blend binder
lead to depolymerisation/devulcanisation of the rubber net-
work. Depolymerisation starts releasing rubber components
back to the liquid phase causing a decrease in the stiffness,
and a further increase in the mixing temperature and mixing
duration leads to the failure stage in which the rubberized
binder loses its elastic properties [23, 24].

3.3. Temperature and Stress Level. Figures 5(a) and 5(b)
show that incorporating a rubberized binder to mixtures
decreases the temperature susceptibility. At all test temper-
atures, rubberized asphalt mixtures present the lowest cumu-
lative permanent strain. This indicates that the dependency
of permanent deformation on temperature in rubberized
asphalt mixtures is considerably lower than that of control
mixture. For example, the final amount of accumulated
strain at 40∘C and 200 kPa stress for control asphalt mixture
is 21901.063 𝜇s, while TB and CB asphalt mixtures obtain
15324.824𝜇s and 14337.222 𝜇s, respectively, at the same test
condition, approximately 1.5 times lower in comparison with
control asphalt mixture.

As expected, total permanent strain for all asphalt mix-
tures increases at higher temperature. For instance, at 400 kPa
stress level when temperature increases from 40∘C to 50∘C,
the strain value rises 2.20, 1.61, and 1.38 times for control
asphalt mixture, TB, and CB, respectively. It is good to note
that at both temperatures (40∘C and 50∘C) all asphalt mix-
tures reach the secondary stage. Moreover, further increase
in temperature from 50∘C to 60∘C causes higher cumulative
permanent strain. As can be seen in Figures 5(a) and 5(b),
all asphalt mixtures enter its tertiary stage as temperature
increases to 60∘C. The results show that the control asphalt
mixture enters the tertiary stage earlier followed by TB and
CB. Furthermore, at high temperature (60∘C), all asphalt
mixtures reach to 70,000 𝜇s after applying a number of load
cycles in which the LVDTs go out of range. A similar trend
was observed at 200 kPa stress level, where permanent strain
increases at higher temperature.

The test results also determine that the strain values
increase by an increment in stress levels (from 200 kPa to
400 kPa) for all test temperatures. For instance, the increase
in stress level from 200 kPa to 400 kPa at 50∘C results in
control mixture entering the tertiary stage. Moreover, at
60∘C, the increase in stress level from 200 kPa to 400 kPa
indicates that all the mixtures reach the tertiary stage faster.
Furthermore, the number of cycles where LVDTs go out of
range is shorter at 400 kPa compared to the 200 kPa stress
level. For instance, at 200 kPa and 60∘C temperature, the
number of cycles where the LVDTs go out of range is 973 and
1249 cycles for control andTB, respectively. A further increase
in stress level from 200 kPa to 400 kPa at 60∘C temperature
shows that the number of cycles that makes the LVDTs go out
of range reduces by around one-third to one-fourth, that is,
313, 339, and 482 cycles for control, TB, and CB, respectively.

Interesting findings were observed by TB and CB at low
temperature for both stress levels (200 kPa and 400 kPa).
As illustrated in Figures 5(a) and 5(b), TB and CB show
similar performance at 40∘C temperature. For instance, at
200 kPa and 40∘C temperature, TB reaches maximum strain
of 15324.824𝜇s, while CB obtains 14337.22 𝜇s which results
in small difference, 6.4% only. Moreover, at 200 kPa stress
level, rubberized asphalt mixtures tested at high tempera-
ture outperform the control asphalt mixture tested at low
temperature. It can be seen in Figure 5(a) that the CB and
TB tested at 50∘C and 200 kPa stress level show similar
cumulative permanent strain with a control asphalt mixture
tested at 40∘C and 200 kPa stress level. Again, these findings
show that rubberized asphalt mixtures are less susceptible to
temperature compared to unmodified mixture.

3.4. Zhou’s Three-Stage Model. In this study, mathematical
models termed Zhou’s three-stage model was used to further
evaluate the permanent deformation of asphalt mixtures.
Zhou’smodel proposed differentmathematicalmodel for pri-
mary, secondary, and tertiary stages with a simple algorithm
for estimating the end point of each stage. Moreover, other
permanent deformation parameters such as slope of linear
part, end point at the first stage, and flow number (FN) also
can be determined. Regression analysis by Microsoft Excel
was utilized for modelling each stage in order to find the
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Figure 4: (a) Cumulative permanent strain versus load cycle for control and rubberized asphalt mixtures tested at 200 kPa at 40∘C. (b)
Cumulative permanent strain versus load cycle for control and rubberized asphalt mixtures tested at 200 kPa at 50∘C. (c) Cumulative
permanent strain versus load cycle for control and rubberized asphalt mixtures tested at 200 kPa at 60∘C. (d) Cumulative permanent strain
versus load cycle for control and rubberized asphalt mixtures tested at 400 kPa at 40∘C. (e) Cumulative permanent strain versus load cycle
for control and rubberized asphalt mixtures tested at 400 kPa at 50∘C. (f) Cumulative permanent strain versus load cycle for control and
rubberized asphalt mixtures tested at 400 kPa at 60∘C.
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Figure 5: (a) Creep curve for control and rubberized asphalt mixtures at different temperatures tested at 200 kPa. (b) Creep curve for control
and rubberized asphalt mixtures at different temperatures tested at 400 kPa.

parameters as well as end points between each stage. The
mathematical models, the end points, and other parameters
for each stage are presented in Tables 7 and 8.

3.4.1. Effects of Temperature and Stress Levels. Zhou’s models
confirm the importance of the temperature and stress level
on the permanent deformation of the asphalt mixtures. As
seen in Tables 7 and 8, none of the mixture went through the
tertiary stage at low temperature (40∘C and 50∘C). However,
with an increase of 10∘C, from 50∘C to 60∘C, it seems that all
the stages are presented. Zhou’s models also determined that
an increase in stress levels leads to an increase in permanent
deformation, as shown by the control asphalt mixture tested
at 50∘C temperature for stress levels of 200 kPa and 400 kPa.
The attained result shows that the control asphalt mixture
tested at 50∘C and 200 kPa stress level enters the secondary
stage at 479 cycles and did not reach its tertiary stage until
the end of the test. A further increase in stress level (from
200 kPa to 400 kPa) demonstrates that the control asphalt
mixture enters the secondary stage at lower cycle (169 cycles)
and reaches its tertiary stage at 829 load cycles.

3.4.2. Predicted Strain versus Measured Strain. The math-
ematical model at each stage predicts precisely the strain
value for the control and rubberized asphalt mixtures. For
instance, in case of the control asphalt mixture at 200 kPa and
temperature of 60∘C, themodels predict the strains 21429.6𝜇s
and 50260.5 𝜇s for the end point primary and end point
secondary stages, respectively, which are comparable values
to the measured strain, that is, 21786.8 𝜇s and 51394.7 𝜇s for
similar end points. In general, for all asphalt mixtures, the
predicted strain values calculated from the model are similar

to the measured strain values obtained from the dynamic
creep test, as can be seen in Tables 7 and 8.

3.4.3. End Point at First Stage of AsphaltMixture. Figures 6(a)
and 6(b) present the end point at first stage of creep curve
for 200 kPa and 400 kPa stress levels. The end point for the
first stage is known as the transition point from the first stage
to the second stage for all mixtures. It indicates the initial
axial strain of the mixtures, which reflects the permanent
deformation in the densification stage. The higher the end
point for the first stage, the larger the initial permanent
deformation.

Figure 6(a) shows the end point at the first stage of
the creep curve carried out at 200 kPa stress level. As seen
from the figure, different patterns are observed for each test
condition. Therefore, it is difficult to conclude the effect of
rubber and blending type on the rutting resistance based
on the end point for the first stage. These observations
suggest that initial permanent deformation cannot be used
to evaluate the rutting resistance of rubberized mixtures.

The results determine that the stress level of 200 kPa is
not enough to show the densification behaviour of rubberized
mixtures. This finding is comparable to a study conducted by
Khodaii and Mehrara [12]. In their research, they found that
low stress level (100 kPa) is not sufficiently high enough for
evaluation of permanent deformation behaviour of Styrene-
Butadiene-Styrene (SBS) modified asphalt mixtures. They
alsomentioned that, by applying 100 kPa for a certain number
of loading cycles, SBS modified asphalt mixtures approach
elastic state and result in creep curve that does not comply
with the Zhou model trend. On the contrary, Baghaee
Moghaddam et al. [25] applied high stress level (300 kPa
and 400 kPa) to Polyethylene Terephthalate (PET) modified
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Figure 6: (a) End point at first stage for control and rubberized asphalt mixtures at different temperatures tested at 200 kPa. (b) End point at
first stage for control and rubberized asphalt mixtures at different temperatures tested at 400 kPa.
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asphalt mixtures and found that effect of PET modifications
was more apparent at high stress level (400 kPa).

Moreover, the end point at first stage shows the length of
first stage before entering its second stage. Effects of binder
blend to the length of the first stage can be seen in Figure 6(b).
From this figure, at 400 kPa stress level, it can be illustrated
that CB asphalt mixture presents the longest primary stage
followed by TB and control asphalt mixtures at all test
temperatures. It is important to note that the effect of binder
blends can bemore highlighted at low temperature (40∘C and
50∘C), while, at high temperature (60∘C), the end point at the
first stage is almost similar for all asphalt mixtures.

3.4.4. Flow Number (FN). Figure 7 shows the FN value at
60∘C temperature for both stress levels 200 kPa and 400 kPa.
FN is also recognized as end point at secondary stage. As
can be seen in Figure 7, FN increases considerably when
utilizing rubberized binder in the asphalt mixture.This figure

illustrates that rubberized asphalt mixtures show a longer
stage (total primary and secondary stages) compared to the
control asphalt mixture before entering the tertiary stage.
For instance, CB and TB show 1.9 and 1.09 times longer
compared to the control asphalt mixture. Again, the FN value
shows that the stress levels affect the resistance to permanent
deformation as all mixtures enter the tertiary stage faster at
400 kPa compared to 200 kPa.

3.4.5. Slope of Secondary Stage. Figures 8(a) and 8(b) show
the slope of the secondary stage. For constant stress loading
conditions, the strain rate is approximately constant during
the secondary stage. Therefore, slope at secondary stage
is a significant factor that shows the developing rate of
deformation.

At both temperatures (40∘C and 50∘C) for both stress
levels (200 kPa and 400 kPa), Figures 8(a) and 8(b) illustrate
that the slope of the control asphalt mixture is the highest,
while TB and CB asphalt mixtures show comparable slope
value. However, at high temperature (60∘C) at both 200 kPa
and 400 kPa stress levels, the effect of the rubberized asphalt
mixtures ismore apparent with the highest slope being shown
by the control asphalt mixture, followed by TB and CB.
This indicates that the effects of binder blends are more
apparent at high temperature. For instance, at 50∘C and
200 kPa stress level, the slope obtained for both rubberized
asphalt mixtures is similar, that is, 5.733 and 5.886 for CB
and TB, respectively (increased 2.60%). However, an increase
of 10∘C from 50∘C to 60∘C at the same stress level leads
to a significant difference, that is, 20.296 and 31.592 for
CB and TB, respectively (increased 35.76%). At all cases,
the rubberized asphalt mixtures show lower slope compared
to the control asphalt mixtures. For example, at 60∘C and
200 kPa stress level, the slope obtained for CB, TB, and
the control is 20.296, 31.592, and 50.938, respectively, which
indicates that the slope gradients for CB and TB are 2.5 and
1.5 times lower compared to the control.
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Figure 9: Characteristics of binders versus parameters of perma-
nent deformation of asphalt mixtures.

3.5. Characterization of Binders versus Asphalt Mixtures.
Characteristics of binder (viscosity, penetration, and soften-
ing point values) can be used as indicators of the permanent
deformation resistance of asphalt mixtures. Previous studies
indicated that viscous binder leads to the stiffening of the
asphalt mixtures at higher temperature, thus improving the
resistance to permanent deformation [9].

Figure 9 shows characteristics of binders compared to
permanent deformation parameters of asphalt mixtures.
Characteristics of binders are compared with a slope of
secondary stage, flow number (FN), and end point at the first
stage of asphalt mixtures. For example, the points of viscosity
versus FN in Figure 9 was obtained by plotting the viscosity
of binders (control binder, continuous blend binder, and
terminal blend binder) with FN of asphalt mixtures (control
asphalt mixture, continuous asphalt mixture, and terminal
asphalt mixture, resp.).

Figure 9 shows that the correlation between the binder
characteristics and the permanent deformation parameters
of asphalt mixtures does not exist. It is shown by the low
𝑅
2 value (0.3–0.6). Similar findings observed by Blazejowski

and Dolzycki (2014) and Dreessen et al. (2009) are that
binder properties are not a reliable indicator of the rutting
potential of the binders, especially the modified binders [26,
27]. As shown in this study, Brookfield viscometer shows
that terminal blend binder (TB) provides extra viscosity than
continuous blend binder (CB) as showed in Figure 3. Thus,
the authors predict that TB asphalt mixtures should be more
resistant to permanent deformation compared to CB asphalt
mixtures. However, test results depict opposite findings; TB
asphalt mixtures show lower resistance compared to CB
asphalt mixtures as shown in Figures 4(a)–4(f) and Figures
5(a) and 5(b). In other words, TB asphalt mixtures were
prepared using higher viscosity binder compared to CB
asphalt mixtures; nevertheless it results in lower resistance
to permanent deformation. The mixing parameters used in
the preparation of terminal blend binder might be the main
reason. High mixing speed (10,000 rpm) at a high mixing
temperature (210∘C) for long mixing duration (2 hours)
causes depolymerisation/devulcanisation of the rubber net-
work thus producing a mixture with overly stress sensitivity
(low rutting resistance).

Blazejowski and Dolzycki (2014) relates low relationship
of binder properties to rutting with selection of aggregate
gradation [26]. Comparison study between SMA mixtures,
high modulus asphalt concrete, and typical asphalt concrete
determined worse correlation between binder properties and
rutting resistance of SMAmixtures [26]. The influence of the
SMA’s aggregate gradation that contributes to better stone-
to-stone skeleton might be the reason why the binders have
lower impact on SMA’s rutting resistance. In other words, low
performance binder is still able to offer high rutting resistance
of SMA asphalt mixtures.

4. Conclusions

Obtained results show that, at a higher stress level and tem-
perature, permanent deformation resistance of both control
and rubberized asphalt mixtures decreased. However, both
rubberized asphalt mixtures (TB and CB) are less susceptible
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to temperature compared to control asphalt mixture. For
instance, TB and CB asphalt mixtures tested at high temper-
ature (50∘C) outperform the control asphalt mixture tested at
low temperature (40∘C).

Predicted strain values from the Zhou model are similar
to measured strain values obtained from the dynamic creep
test. It indicates that the creep curve observes the Zhou
model trend. Moreover, Zhou’s model confirmed that the
types of binder blends, rubberized binder, stress levels, and
temperatures are significantly influencing the permanent
deformation.

Methods to analyse the permanent deformation by
dynamic creep curve, total permanent strain, end point at
first stage, flow number (FN), and slope of secondary stage
are consistent. However, 200 kPa stress level is not sufficiently
high enough for evaluation of densification behaviour (first
stage) of rubberized asphalt mixtures.

The rubberized binder prepared with terminal blend
shows higher viscosity than the continuous blend binder;
however the results of the permanent deformation evaluation
seem to conclude that the rubberized asphalt mixtures
prepared with continuous blend binder present the best
performance. It indicates that the correlation between the
rubberized binder characteristics and the permanent defor-
mation parameters of asphalt mixtures does not exist.
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