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Abstract: Permanent deformation or rutting is a major mode of failure in Hot Mix Asphalt (HMA)
pavements. The binder used in the asphalt mixture plays an important role in the rutting resistance
performance of the mixture. Currently, the Superpave rutting parameter and a more advanced
test called multiple stress creep and recovery (MSCR) are the most widely used tests for rutting
characterisation of asphalt binders. However, they both have their own merits and demerits. This
study was undertaken to introduce a combined Elastic-Plastic (CEP) parameter as an additional
binder rheological rutting parameters. The study also aimed at investigating the applicability and
potential of this parameter to supplement the existing binder rheological parameters to characterise
the properties of asphalt binder related to HMA rutting performance. Additionally, the correlations of
the binder rheological parameters with the asphalt mix rutting parameters generated by the dynamic
creep and the dynamic modulus tests were investigated. For the polymer-modified binders, Styrene-
Butadiene-Styrene (SBS) was added to the PG 70-16 binder at two concentration levels (4, and 6% by
the mass of the binder). A dense-graded HMA AC 14 was tested in the Dynamic Modulus (DM) and
Dynamic Creep (DC) tests for evaluating the rutting performance. The CEP parameter was found to
be much more reliable than the traditional G*/sin (δ) and the non-recoverable creep compliance (Jnr)
parameters for evaluating the rutting behaviour of polymer modified asphalt binders, evident from
better correlations of CEP with the asphalt mix performance. Unlike Jnr, the CEP parameter revealed
a wider range of values, which is comparable with asphalt mixture test results.

Keywords: Hot Mix Asphalt (HMA); polymer modification; rheology; permanent deformation;
asphalt binder; Multiple Stress Creep Recovery (MSCR)

1. Introduction

Permanent deformation in the form of rutting is a critical failure in asphalt or flexible
pavements [1]. Aggregates and binder are the primary components of asphalt pavements,
and along with the aggregate gradation, degree of compaction, temperature and loading
rate, the binder plays a crucial role in the rutting resistance and stiffness of asphalt mixtures
used in the pavements [2–4]. Rutting in Hot Mix Asphalt (HMA), which is used as the
surfacing layer in flexible pavements, is caused by the combination of densification and
shear deformation, and the latter causes the severe form of the distress [3].

Various laboratory tests are used to evaluate and analyse the rutting resistance of
asphalt mixtures in laboratory, which may help predict field performance of asphalt con-
crete pavements. These tests include dynamic modulus (DM), static creep (SC), dynamic
creep test (DC), triaxial test and the wheel trackers [5]. The National Cooperative Highway
Research Program (NCHRP) Project 9–12 recommends DM, Flow Time (FT) and Flow
Number (FN) tests, collectively called simple performance test (SPT) for evaluating the
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rutting resistance of asphalt mixtures [6]. Dynamic modulus has been long used for labora-
tory characterisation of HMA mixtures in terms of their stiffness and rutting resistance [7].
Flow number from the dynamic creep test, which considers the shear behaviour of asphalt
mixtures, has also been widely used for laboratory evaluation of rutting resistance [4].

The correct selection of binder plays an important role in the asphalt mixture perfor-
mance against rutting [5]. For the characterisation of the asphalt binder properties related
to permanent deformation or rutting, the high-temperature grade is used by the Superpave
performance grading system. The determination of high-temperature grade is based on the
parameter G*/sin (δ), where (G*) is the complex shear modulus and (δ) is the phase angle,
which are measured in the Dynamic Shear Rheometer (DSR) test. However, this parameter
has shown insufficiency for both unmodified and modified binders, and often shows poor
correlation with field performance [1]. To address this shortcoming, Shenoy (2001) intro-
duced a new parameter: G*/(1 − (1/tan(δ)*sin(δ)), which considers the elastic component
of binder and hence can be beneficial in determining the rutting resistance of both unmodi-
fied and modified binders [8–10]. However, none of the parameters, G*/sin (δ), and G*/(1
− (1/tan(δ)*sin(δ)) is able to simulate the behaviour of binders under high stress conditions
such as those in the field [11]. Therefore, the Federal Highway Administration (FHWA)
developed a new PG binder test called the Multiple Stress Creep and Recovery (MSCR)
test to characterise the asphalt binder properties related to HMA rutting [7]. While several
studies [1,12,13] have shown that the MSCR test has a better correlation with HMA rutting
performance, the parameters G* and δ measured by the DSR still form the basis of the
current specifications. In light of this, G*/sin (δ) leads to overdesign (which indicates that
it underestimates rutting resistance, especially of the polymer modified binders), resulting
in higher material costs [14]. However, it is still possible to obtain excellent correlations
between G*/sin(δ) of a group of similar asphalt binders and asphalt mixes (i.e., comparing
the asphalt binders within same polymer family and the corresponding asphalt mixtures)
within a wide range of temperatures. It is also feasible to predict the rutting resistance of
asphalt mixtures (tested at 50 ◦C) from G*/sin(δ) of a mixed set of unmodified and polymer-
modified binders when tested at a slightly lower temperature, such as 40 ◦C [5]. On the
other hand, despite the MSCR test being a significant step towards the improvement of
laboratory evaluation of asphalt binder field performance, some concerns related to the test
were identified during the literature search. Several research observed that the standard
MSCR results (Jnr3.2 and percent recovery R3.2) did not particularly correlate well with
asphalt mix rutting parameters from the Repeated Load Permanent Deformation (RLPD)
and Hamburg Wheel Tracker Test (HWTT) [15–17]. Furthermore, some research showed
that for Polymer Modified Bitumen (PMB) family, G*/sin(δ) provides better correlation
with corresponding asphalt mixture results than Jnr [5]. Additionally, it can be said that,
although several research did successfully prove that Jnr correlates better with the HMA
rutting performance than G*/sin (δ), a considerable overlapping or near-identical values
can be observed in the Jnr values of the asphalt binders, despite the binders being vastly
different from each other [1,18]. This can often be confusing and hinder true segregation of
asphalt binders from one another.

Therefore, a further evaluation of the traditional and the new binder rheological
parameters (G*/sin(δ) and Jnr) through an empirically derived parameter was attempted
in this study, considering the merits of individual parameters, and thereby investigate
its potential to supplement the existing binder rheological parameters to characterise the
properties of asphalt binder related to HMA rutting performance. This derived parameter
is a combined elastic-plastic (CEP) parameter suggested by the authors in this study, the
details of which can be found in following sections. The use of the CEP parameter takes a
prominent part in the current study.
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2. Research Objectives and Scope of Study

The main objectives of the current study are:

1. The study aims to introduce the CEP parameter as one of the binder rheological rutting
parameters. This study was also undertaken to investigate on the applicability and
potential of this parameter to supplement the existing binder rheological parameters
to characterise the properties of asphalt binder related to HMA rutting performance.

2. To compare and correlate the permanent deformation characteristics of the asphalt
mixtures evaluated in Dynamic Modulus (DM) and Dynamic Creep (DC) tests with
the three binder rheological parameters discussed earlier.

3. Rheological Properties Measured by the Dynamic Shear Rheometer (DSR)

The complex shear modulus of asphalt binder G*, and the phase angle δ are measured
by the DSR device at high temperature to determine the viscoelastic behaviour of the
asphalt binder and therefore, its contribution to the permanent deformation of the asphalt
mix. It is evident from past research that higher G* and lower δ indicate better binder
performance in light of permanent deformation [1]. The MSCR test uses the well-known
creep and recovery concept to characterise the rutting potential of the asphalt binder, where
the binder is subjected to a one-second creep loading. After the removal of the load, the
binder sample is allowed to recover for 9 s. The test initially applies 0.1 kPa (lower stress)
for 10 cycles of creep/recovery, after which a stress of 3.2 kPa is applied for 10 additional
cycles [1]. A typical output of this test is the non-recoverable compliance (Jnr). The high
temperature parameter test and the MSCR test were conducted according to ASTM D7175-
15 and ASTM D7405-15 respectively [19,20]. The authors in this research considered the
results of both the DSR and MSCR to determine a combined elastic-plastic (CEP) parameter
as shown by Equation (1):

CEP parameter =
G∗/ sin(δ)

Jnr
(1)

The parameter combines both the elastic component represented by G*/sin(δ) which
needs to be maximised and the plastic component Jnr which needs to be minimised. This
way, the individual merits of the said parameters discussed in the previous section can be
utilised, and the individual demerits can be compensated. The higher the CEP, the better
the binder permanent deformation resistance.

4. Asphalt Mixture Tests
4.1. Dynamic Modulus (DM) Test

Dynamic modulus (|E*|) is a non-destructive test that involves the application of
uniaxial repeated loading on asphalt mixture cylindrical samples at various temperatures
and frequencies, and the resilient strain of the specimens are measured. The dynamic
modulus test in this study was based on the NCHRP Report 614 test procedure [21]. Four
temperatures of 4.4, 21.1, 37.8 and 54.4 ◦C and five frequencies of 10, 5, 1, 0.5 and 0.1 Hz
were utilised in this study. Three on-specimen Linear Variable Differential Transformers
(LVDTs) with gauge length of 100 mm were used in the DM test setup. To avoid damaging
specimens during the test, they were tested from the highest frequency to the lowest
frequency and the lowest temperature to the highest temperature. The Pellinen and
Witczak [22] time–temperature superposition sigmoidal model was utilised to construct
|E*| master-curves for the binders. Figure 1 shows the dynamic modulus test setup.
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Figure 1. Dynamic modulus test setup.

4.2. Dynamic Creep (DC) Test

Dynamic creep test is one of the simple performance tests (SPT) recommended by
NCHRP report 465 to evaluate permanent deformation resistance of asphalt mixture by
measuring the cumulative permanent strain. Some research showed an approach where
the DC test was conducted right after the DM test on the same specimens at the same
temperatures as the current study [23,24]. A previous research investigated the level
of damage taking place in the DM and DC tests using X-ray CT and to characterise the
heterogeneous characteristics of asphalt mixtures under loading [25]. Based on the results, it
was determined that the damage taking place in the DM test is minimal and homogeneous
while the damage taking place in the DC test is significant and heterogeneous. These
results confirm that the assumption of minimal or insignificant damage taking place in
the dynamic modulus test is valid. Therefore, the same cylindrical samples tested in the
DM test were utilised for the unconfined Dynamic Creep test, where they were subjected
to a repeated axial haversine loading pulse of 0.1 s every 1 s under a deviatoric stress of
207 kPa, as recommended by NCHRP Report 465 [6]. The termination parameters were
chosen as 10,000 loading cycles or 54,000 micro-strain, whichever occurs first. The typical
output of the Dynamic Creep test is Flow Number (FN), which depicts the onset of the
tertiary flow. The test procedure was followed according to AASHTO T 378 standard [26].

5. Materials and Experimental Program
5.1. Asphalt Binders

A total of five type of asphalt binders were utilised in this study. Three grades of the
unmodified asphalt binders were used: PG 64-16, PG 70-16 and PG 76-16. The polymer mod-
ified binders were designated as PMB 4% SBS and PMB 6% SBS. The polymer modification
was conducted utilising the base binder PG 70-16 modified by Styrene-Butadiene-Styrene
(SBS) at 4% and 6% by mass of the pure binder. SBS concentrations of 3–6% is common in
New Zealand, and are used in very heavily trafficked areas. Additionally, several studies
have been conducted with 3–7% of SBS added to the control binder [14,17,27–29]. There-
fore, the SBS concentrations used in this study (4% and 6% by weight) fall within this
range. As reported in the literature, 5% SBS by weight of the bitumen is the optimum
percent of the SBS that is used to modify binder and has the best influence on performance
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properties of mixture [14]. In addition, it was important for the purpose of investigating the
current rheological parameters and their ability to characterise polymer modified binders,
considering a wide range of modification percentages.

The SBS used in this paper is Styrene, 1, 3-butadiene polymer (radial); and its proper-
ties are shown in Table 1.

Table 1. Properties of SBS.

Appearance Molecular Weight Relative Density
(g/cm3) at 25 ◦C Melting Point (◦C)

White; solid >10,000 0.91–0.97 160–200

5.2. Asphalt Mixtures

A dense graded HMA AC 14 with nominal maximum aggregate size (NMAS) of 14
mm and target voids in total mix (VTM) of 4.0 ± 1.0% was tested at temperatures 4.4,
21.1, 37.8, and 54.4 ◦C in the DM test and at 60 ◦C in the DC test. For both cases, the
asphalt mix cylindrical samples were conditioned at respective temperatures according
to the relevant report and standard [21,26]. A total of 10 cylindrical samples (five mixes
with two replicates each) of 150 mm in height and 100 mm in diameter were compacted
and tested. The mixing and compaction temperatures for different binders were chosen
according to Australian and New Zealand standards [30,31]. The asphalt mixtures were
short-term aged for one hour before compaction. The aggregate gradation of the AC 14
mix is shown in Figure 2.
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Figure 2. Gradation curve for AC 14.

The binder rheological test conditions and specifications used in this study are sum-
marised in Table 2. Figure 3 shows specimen preparations and 25-mm parallel plate
geometry for the DSR and MSCR tests of the asphalt binder. Two replicates were consid-
ered for each binder type and testing, and at each temperature and stress level.
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Table 2. Test description and specifications.

Test DSR High-Temperature Test MSCR

Size of specimen 25-mm φ with 1-mm gap,
asphalt binder specimen

25-mm φ with 1-mm gap,
asphalt binder specimen

Mode of loading Oscillation at 1.59 Hz 1 s. loading; 9 s. rest
Temperature 64, 70, 76 ◦C 64, 70, 76 ◦C

Output High temperature grading,
G*/Sin(δ)

Jnr (non-recoverable creep
compliance)

Standard ASTM D7175-15 ASTM D7405-15
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6. Asphalt Binder Rheological Test Results
6.1. Binder Rheology

Table 3 shows the G*/sin (δ) for the unaged and RTFO or short-term aged binders at
different temperatures. It can be observed from the data presented, G*/sin (δ) decreased
with the increase in temperature for all the binders. The high-temperature test results for
the unaged modified binders revealed that 4% SBS achieved a high performance grade
of PG 76, while PMB 6% SBS achieved a grade of PG 88. It can be noted from the results
that the addition of SBS to the control binder PG 70-16 generally increased the stiffness of
the binder. Moreover, G*/sin (δ) values after RTFO-aging were found to be higher than
those before RTFO-aging, as may be expected. The ranking based on G*/sinδ (unaged)
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and G*/sinδ (RTFO-aged) at 64 ◦C were found to be in the order PMB 6% SBS > PG 76-16
> PMB 4% SBS > PG 70-16 > PG 64-16 and PG 76-16 > PMB 6% SBS > PMB 4% SBS > PG
70-16 > PG 64-16, respectively. The ranking reveals inconsistency and conflict, which may
be attributed to the non-linear characteristics of the polymer modified binders and their
different aging properties. This essentially indicates that G*/sinδ solely cannot characterise
polymer modified binders.

Table 3. DSR high-temperature test results of unaged and RTFO-aged binders.

Binder Temperature G*/sinδ (kPa) of Unaged Binders SD

64 ◦C 1.05 0.12
PG 64-16 70 ◦C 0.54 0.04

76 ◦C 0.30 0.04
64 ◦C 2.20 0.07

PG 70-16 70 ◦C 1.09 0.03
76 ◦C 0.57 0.02
64 ◦C 4.46 0.99

PG 76-16 70 ◦C 2.15 0.47
76 ◦C 1.10 0.21
64 ◦C 3.93 0.49

PMB 4% SBS 70 ◦C 2.06 0.19
76 ◦C 1.14 0.03
64 ◦C 7.22 0.59

PMB 6% SBS 70 ◦C 4.73 0.45
76 ◦C 3.40 0.31

Binder Temperature G*/sinδ (kPa) of RTFO-Aged Binders SD

64 ◦C 2.80 0.21
PG 64-16 70 ◦C 1.30 0.12

76 ◦C 0.60 0.11
64 ◦C 5.29 0.37

PG 70-16 70 ◦C 2.50 0.23
76 ◦C 1.25 0.13
64 ◦C 12.10 0.13

PG 76-16 70 ◦C 5.69 0.04
76 ◦C 2.76 0.05
64 ◦C 9.30 0.81

PMB 4% SBS 70 ◦C 4.81 0.21
76 ◦C 2.54 0.04
64 ◦C 11.35 0.30

PMB 6% SBS 70 ◦C 6.24 1.10
76 ◦C 3.75 0.11

Note. SD: Standard Deviation

The MSCR test results of the short-term aged binders at 64, 70 and 76 ◦C, and con-
ducted at 0.1 kPa and 3.2 kPa stress levels respectively are presented in Table 4. It can
be clearly seen that for the polymer modified binders, PMB 6% SBS binder performed
better than PMB 4% SBS at every temperature for both lower and higher stress levels, as
expected. The ranking based on both Jnr at 0.1 kPa and 3.2 kPa at 64 ◦C was found to be in
the order PMB 6% SBS > PMB 4% SBS > PG 76-16 > PG 70-16 > PG 64-16. However, while
it is expected that Jnr is capable of characterising polymer modified binders correctly, it
can be seen that the difference in Jnr values of PMB 4% SBS and 6% SBS at 64 ◦C at 3.2 kPa
and at higher temperatures is marginal. Therefore, to address this, the ratio of G*/sin (δ)
to Jnr, termed as CEP, was calculated for the RTFO-aged binders at different temperatures
and stress levels. The CEP results are also presented in Table 4. The calculations for the
polymer modified binders suggested that the said ratio is greatest for PMB 6% SBS binder,
followed by PMB 4% SBS. Furthermore, a decrease in trend is observed with an increase
in stress level from 0.1 kPa to 3.2 kPa. As can be clearly observed that CEP could capture
the polymer modification, evident from the clear distinction in the CEP values especially
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between PMB 4% and 6% SBS. As discussed earlier, this was not evident with Jnr, which
showed no clear difference between PMB 4% SBS and PMB 6% SBS respectively, which
can be confusing. This indicates that the CEP parameter could serve as an additional
rheological parameter to rank and distinguish unmodified and polymer modified binders.

Table 4. Jnr and CEP parameter results of the asphalt binders.

Jnr (kPa−1) from MSCR Test

Binder Temperature Stress and Corresponding Standard Deviation (SD)

0.1 kPa SD 3.2 kPa SD
64 ◦C 3.37 0.23 4.00 0.42

PG 64-16 70 ◦C 7.32 1.47 8.62 1.68
76 ◦C 15.94 2.13 18.77 2.28
64 ◦C 1.56 0.10 1.99 0.15

PG 70-16 70 ◦C 3.42 0.76 4.33 1.04
76 ◦C 7.18 1.92 9.00 2.47
64 ◦C 0.61 0.14 0.76 0.24

PG 76-16 70 ◦C 1.44 0.47 1.82 0.48
76 ◦C 3.22 0.98 4.18 1.10
64 ◦C 0.33 0.01 0.54 0.17

PMB 4% SBS 70 ◦C 0.64 0.23 1.52 0.27
76 ◦C 1.92 0.55 3.68 0.44
64 ◦C 0.17 0.10 0.40 0.02

PMB 6% SBS 70 ◦C 0.52 0.16 1.03 0.06
76 ◦C 1.34 0.32 2.55 0.13

Combined Elastic-Plastic Parameter (with G*/sin(δ) of RTFO-Aged Binder)

Binder Temperature Stress and corresponding Standard Deviation (SD)

0.1 kPa SD 3.2 kPa SD
64 ◦C 0.83 0.00 0.70 0.02

PG 64-16 70 ◦C 0.18 0.02 0.15 0.01
76 ◦C 0.04 0.00 0.03 0.00
64 ◦C 3.39 0.02 2.66 0.01

PG 70-16 70 ◦C 0.73 0.07 0.58 0.06
76 ◦C 0.17 0.02 0.14 0.02
64 ◦C 19.81 3.62 15.90 3.60

PG 76-16 70 ◦C 3.95 0.86 3.13 0.59
76 ◦C 0.86 0.17 0.66 0.12
64 ◦C 28.48 1.16 17.34 2.71

PMB 4% SBS 70 ◦C 7.51 1.60 3.17 0.34
76 ◦C 1.32 0.25 0.69 0.06
64 ◦C 67.00 15.03 28.13 2.11

PMB 6% SBS 70 ◦C 11.93 1.15 6.05 0.67
76 ◦C 2.80 0.56 1.47 0.11

For the purpose of observing this more vividly, discussion on the percentage change
in the parametric values of different rheological parameters as a sign of improvement due
to polymer modification is presented later in the following section.

While the DSR high temperature grade test is a strain-controlled test that measures
the linear viscoelastic response of the asphalt binder, the MSCR test is a stress-controlled
test that measures both the viscoelastic and visco-plastic behaviours. The coefficients of
variation (% CV) for the DSR high temperature grade test parameter (G*/sin(δ)), MSCR
test parameter (Jnr), and subsequently the CEP parameter performed on two replicates
for each binder are presented in Table 5. As can be clearly seen from the table, the CVs
for G*/sin(δ) of every binder at every temperature, and aging protocol are less than 20%,
while a few of CVs for Jnr and consequently the CEP parameter are greater than 20%. The
differences are attributed to the different modes of loading, resulting in different modes of
deformations [1].
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Table 5. Coefficient of variations (% CV) of different binder rheological parameters.

G*/sinδ (kPa)
[Unaged
Binders]

G*/sinδ (kPa)
[RTFO-Aged

Binders]

Jnr
at 0.1 kPa

Jnr
at 3.2 kPa

CEP
Parameter at

0.1 kPa

CEP
Parameter at

3.2 kPa

Binder Temp CV (%) CV (%) CV (%) CV (%) CV (%) CV (%)

64 ◦C 10.60 6.96 6.60 9.87 0.36 2.91
PG 64-16 70 ◦C 7.44 8.68 17.6 17.16 8.98 8.54

76 ◦C 12.86 15.71 12.2 11.2 3.55 4.55
64 ◦C 3.29 6.75 6.10 7.10 0.67 0.34

PG 70-16 70 ◦C 2.64 8.76 19.3 20.52 10.62 11.87
76 ◦C 3.82 10.00 22.52 23.02 12.68 13.18
64 ◦C 19.19 1.10 20.00 25.85 20.96 26.87

PG 76-16 70 ◦C 18.82 0.62 26.37 22.26 25.77 21.66
76 ◦C 16.47 1.77 24.95 21.76 23.24 20.02
64 ◦C 13.61 8.17 4.16 25.71 4.01 17.73

PMB 4% SBS 70 ◦C 9.92 4.14 29.00 15.71 25.00 11.61
76 ◦C 2.53 1.65 23.88 11.00 22.27 9.35
64 ◦C 7.69 2.73 24.15 5.11 26.79 7.84

PMB 6% SBS 70 ◦C 8.96 15.53 25.61 5.29 10.28 10.29
76 ◦C 8.60 2.89 20.33 4.82 23.15 7.70

6.2. Percentage Change (Improvement Due to Polymer Modification)

A comparison of the percentage increase or decrease (negative which means decrease
in the Jnr) as a sign of improvement due to polymer modification at 70 ◦C is presented in
Figure 4. Based on CEP (with G*/sin(δ) of RTFO-aged binders) at 0.1 kPa, the improvement
in performance between PG 70-16 and PMB 4% SBS, PG 70-16 and 6% SBS, and PMB 4%
SBS and PMB 6% SBS were found to be 928%, 1532% and 59%, respectively. The same at
3.2 kPa were found to be 450%, 949% and 91%, respectively. Generally, these values are
much higher than the corresponding percentage change values based on other parameters,
such as G*/sin (δ) and Jnr. The calculations point out that the percentage change values
as a sign of improvement due to polymer modification are more pronounced when the
high-temperature parameter and non-recoverable creep compliance are combined in one
single term, designated as CEP. Therefore, CEP is recommended for observing the true
distinction of one binder from another. Given the sensitivity of the CEP parameter to
the changes of polymer modifications, this might prove particularly helpful when the
difference in polymer percentages between two binders is small. To be confident about this
conclusion and to empirically support it, the rutting susceptibility of the asphalt mixtures
made with the same binders were evaluated in the SPTs (dynamic modulus and dynamic
creep).

This fact serves as the motivation for exploring the relationship of the CEP parameter
with asphalt mixture rutting parameters (covered in following sections).
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7. Asphalt Mixture Test Results

As mentioned earlier, three unmodified and two polymer modified asphalt binders
were used in this study, and these are PG 64-16, PG 70-16, and PG 76-16, PMB 4% SBS,
and PMB 6% SBS. A dense-graded HMA AC 14 with nominal maximum aggregate size
(NMAS) of 14 mm was utilised for the production of the cylindrical cores, made with each
of the aforementioned binders (two replicates each). The mixes were designated as Mix 1
(PG 64-16), Mix 2 (PG 70-16), Mix 3 (PG 76-16), Mix 4 (PMB 4% SBS) and Mix 5 (PMB 6%
SBS), and were tested at temperatures 4.4, 21.1, 37.8 and 54.4 ◦C in the DM test and at 60
◦C in the DC test. The volumetric data of the mixture are summarized in Table 6.

Table 6. Asphalt mix volumetric data.

Aggregate
Content (%)

Binder
Content (%)

Target VTM
(%)

Maximum
SG (Gmm)

Bulk SG
(Gmb) VMA (%)

94.9 5.1 4 1 2.47 2.36 14.8
Note. VTM: Voids in Total Mix; SG: Specific Gravity; VMA: Voids in Mineral Aggregate.

7.1. Dynamic Modulus (DM) Test Results

As discussed earlier, the data obtained from DM testing were utilised to construct
the master curves for each mixture, which are shown in Figure 5. Higher values of |E*|
correspond to higher stiffness of asphalt mixture, thereby better rut-resistant and vice
versa [6,32,33]. The DM test results revealed that the coefficient of variation (CV %) across
the temperatures and loading frequency ranged from 3–24%.

From Figure 5, it can be perceived that the sample with PMB 6% SBS binder exhibits
higher |E*| values at higher temperatures followed by those made with PMB 4% SBS, PG
76-16, PG 70-16 and PG 64-16, as may be expected.
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7.2. Dynamic Creep Test Results

Amongst the asphalt mixes made with unmodified binders, Mix 3 is expected to
be the highest rut resistant, followed by Mix 2 and Mix 1, due to the use of PG 76-16,
PG 70-16 and PG 64-16, respectively, with all other factors being the same for the three
mixes. Likewise, amongst the asphalt mixes made with polymer modified binders, Mix 5
is expected to be highest rut resistant, followed by Mix 4, due to the use of 6%, and 4% SBS,
respectively. The result of the Dynamic Creep test is presented in Table 7, which shows that
the overall ranking based on the said parameters exhibited a ranking of Mix 5 > Mix 4 >
Mix 3 > Mix 2 > Mix 1. Representative permanent strain curves of the five mixtures tested
in Dynamic Creep test are presented in Figure 6. The results clearly demonstrate that there
is a considerable difference between the Flow Number (FN) values of Mix 4 (PMB 4% SBS)
and Mix 5 (PMB 6% SBS), which should in fact reflect on the binder rheological results.
The ranking indicates that G*/sin (δ) could not capture the polymer modification, and that,
it seems to have underestimated the rut resistance of PMB 4% SBS and PMB 6% SBS for
unaged and short-term aged binders respectively. In light of this, it can be seen that unlike
G*/sin (δ), the ranking of binders based on Jnr and the CEP bears an exact match with the
dynamic creep ranking of the asphalt mixtures based on FN. However, Jnr produced results
that could not clearly distinguish PMB 4% SBS and PMB 6% SBS binders. Therefore, as
discussed earlier, due to the insufficiency of Jnr as to making a true distinction between
the binders, the correlations of the same and CEP with asphalt mixture rutting parameters
were explored in the following section.

Table 7. FN results of the five mixes from Dynamic Creep test.

Mix ID with
BINDER

Average FN from the
Dynamic Creep Test SD CV (%)

Mix 1 (PG 64-16) 104 10.71 10.30
Mix 2 (PG 70-16) 241 34.00 14.10
Mix 3 (PG 76-16) 321 34.28 10.68

Mix 4 (PMB 4% SBS) 1083 33.17 3.06
Mix 5 (PMB 6% SBS) 7332 1550.00 21.12

Note. FN: Flow Number; SD: Standard Deviation; CV: Coefficient of Variation.
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Figure 6. Representative permanent strain curves of the five mixtures tested in Dynamic Creep test.

8. Relationship of Binder Rheological Parameters and Permanent Deformation
Behaviour of the Mixes

Figure 7a,b depicts the relationship of Flow Number (FN) from dynamic creep test
with Jnr and CEP parameter at two stress levels 0.1 kPa and 3.2 kPa. It can be clearly
observed that although Jnr of the asphalt binders revealed an expected trend that matches
with the FN values of the asphalt mixtures, it offers a narrow range of values. As discussed
earlier, based on Jnr results, the graphical representation in this section points out that the
difference in PMB 4% SBS and PMB 6% SBS binders is marginal and is not comparable
with asphalt mixture test results. On the other hand, CEP parameter revealed a wider
range of values, and the distinction between PMB 4% SBS and PMB 6% SBS binders is more
pronounced and comparable with asphalt mixture test results.

Infrastructures 2021, 6, 183 12 of 19 
 

 

Figure 6. Representative permanent strain curves of the five mixtures tested in Dynamic Creep test. 

8. Relationship of Binder Rheological Parameters and Permanent Deformation Behav-

iour of the Mixes 

Figure 7a,b depicts the relationship of Flow Number (FN) from dynamic creep test 

with Jnr and CEP parameter at two stress levels 0.1 kPa and 3.2 kPa. It can be clearly ob-

served that although Jnr of the asphalt binders revealed an expected trend that matches 

with the FN values of the asphalt mixtures, it offers a narrow range of values. As discussed 

earlier, based on Jnr results, the graphical representation in this section points out that the 

difference in PMB 4% SBS and PMB 6% SBS binders is marginal and is not comparable 

with asphalt mixture test results. On the other hand, CEP parameter revealed a wider 

range of values, and the distinction between PMB 4% SBS and PMB 6% SBS binders is 

more pronounced and comparable with asphalt mixture test results. 

 

(a) 

Figure 7. Cont.



Infrastructures 2021, 6, 183 13 of 18Infrastructures 2021, 6, 183 13 of 19 
 

 

(b) 

Figure 7. Relationship of Flow Number (FN) with (a) Jnr and (b) CEP parameter at 64 °C. 

As it has been shown earlier that G*/sin (δ) is insufficient in characterizing the rutting 

susceptibility of the polymer modified binders [1,6,12], and that, Jnr is preferred over 

G*/sin(δ) for rutting characterisation of asphalt binders, this research mainly focuses on 

the investigation of the relationship of Jnr and CEP with asphalt mix rutting parameters. 

The analysis presented in this section covers the correlations of only Jnr and CEP parameter 

with DM test results, and the correlations of all three rheological parameters, i.e., G*/sin(δ), 

Jnr and CEP parameter with FN values from dynamic creep test. 

The graphical correlations between DM (|E*|) of the asphalt mixtures and the binder 

rheological rutting parameters are presented in Figure 8a–d. The binder rheological pa-

rameters utilised are Jnr and CEP at both 0.1 kPa and 3.2 kPa. The rheological parameters 

at 64 °C and dynamic modulus values at 54.4 °C were utilised for the purpose of the cor-

relations. The average values of the respective rutting parameters of each mix were con-

sidered. Figure 8 demonstrates that the correlations of CEP at two stress levels 0.1 kPa and 

3.2 kPa with |E*| at different temperatures and loading frequencies are higher than those 

for Jnr at 0.1 kPa and 3.2 kPa with |E*| at the corresponding temperature and frequencies.  
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As it has been shown earlier that G*/sin (δ) is insufficient in characterizing the rutting
susceptibility of the polymer modified binders [1,6,12], and that, Jnr is preferred over
G*/sin(δ) for rutting characterisation of asphalt binders, this research mainly focuses on
the investigation of the relationship of Jnr and CEP with asphalt mix rutting parameters.
The analysis presented in this section covers the correlations of only Jnr and CEP parameter
with DM test results, and the correlations of all three rheological parameters, i.e., G*/sin(δ),
Jnr and CEP parameter with FN values from dynamic creep test.

The graphical correlations between DM (|E*|) of the asphalt mixtures and the binder
rheological rutting parameters are presented in Figure 8a–d. The binder rheological pa-
rameters utilised are Jnr and CEP at both 0.1 kPa and 3.2 kPa. The rheological parameters
at 64 ◦C and dynamic modulus values at 54.4 ◦C were utilised for the purpose of the
correlations. The average values of the respective rutting parameters of each mix were
considered. Figure 8 demonstrates that the correlations of CEP at two stress levels 0.1
kPa and 3.2 kPa with |E*| at different temperatures and loading frequencies are higher
than those for Jnr at 0.1 kPa and 3.2 kPa with |E*| at the corresponding temperature and
frequencies.
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at 0.1 kPa, (b) Jnr at 3.2 kPa, (c) CEP parameter at 0.1 kPa, and (d) CEP parameter at 3.2 kPa.

As the Dynamic Creep test was performed at 60 ◦C, FN values at 60 ◦C and rheological
parameters at 64 and 70 ◦C were considered for the correlations. Figure 9a–c shows that
the correlations of FN from dynamic creep test with CEP were found higher than that with
individual parameters, i.e., G*/sin (δ) and Jnr. This can be attributed to the fact, that the
combination of the two parameters which represent the elastic and plastic behaviours of the
asphalt binders gives a greater confidence and shows better relationship with the asphalt
mixture rutting characteristics. In this regard, it can be said that the incorporation of more
binders, especially the binders modified with different types of additives should reveal a
more pronounced contrast in the relationship of Jnr and CEP with asphalt mixture rutting
parameters. Results from this study encourage that CEP parameter can be considered
for true characterisation of asphalt binder because of its ability to distinguish the binders
more markedly than any other rheological parameters. This can possibly address and
eliminate the overdesigning issues, thereby reducing the material costs. Overall, the results
demonstrate the applicability of the CEP as a potential supplementary parameter to the
existing Superpave high-temperature (G*/sinδ) and MSCR test parameter (Jnr), in particular
for modified binders.
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Figure 9. Correlations of Flow Number (FN) from the Dynamic Creep test with (a) G*/sin(δ), (b) Jnr,
and (c) CEP parameter.
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9. Conclusions

The following can be concluded based on the results and discussions presented in this
study:

1. The percentage change values in rheological parameters as a sign of improvement
due to the increase in SBS polymer content are more pronounced when the high-
temperature parameter and non-recoverable creep compliance are combined in one
single term, designated as CEP parameter.

2. Jnr parameter is less sensitive compared to the CEP parameter and it was observed
that the Jnr parameter alone could not clearly distinguish between PMB 4% SBS and
PMB 6% SBS binders, and the distinction is not comparable with the asphalt mixture
tests results. On the other hand, CEP parameter revealed a wider range of values,
and the distinction between PMB 4% SBS and PMB 6% SBS binders based on this
parameter is much clearer and comparable with asphalt mixture test results.

3. For the mix gradation and binders utilised in this study, the CEP was found to be
more reliable than the Jnr parameter for evaluating the rutting performance/resistance
of asphalt binders, as better correlations of CEP were found with the asphalt mix
performance evaluated in the DM and DC tests.

4. The incorporation of more modified binders in future studies should reveal a more
pronounced contrast in the relationship of Jnr and CEP with asphalt mixture rutting
parameters.

5. This study is limited to the use of only one dense-graded HMA. Therefore, it is
recommended that more mix gradations (gap/open/semi-open) should be studied to
further supplement the findings reported herein.
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