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ABSTRACT Different microstructures of the same polymer-modified bitumen (PMB) were obtained by subjecting the
bitumen modified with styrene-butadiene-styrene (SBS) copolymer to isothermal annealing at various temperatures. The
effects of the morphology on the rheological properties of SBS-modified bitumen were investigated within the high-
temperature range. The PMB microstructures were quantitatively evaluated using image analysis. A dynamic shear
rheometer was used to measure the rheological parameters of the PMB samples and perform the multiple stress creep and
recovery (MSCR) test. A quantitative basis could be established on which to discuss the relationship between the PMB
morphology and rheology. The image analysis indicated that conditioning by isothermal annealing evidently led to a
difference in the microstructure of the samples. Variation of the thermal history is demonstrated to be a practical way to
vary the morphology of the PMB with the same raw materials and formulation. Compared with the two-phase
morphology, the single-phase microstructure tended to have a narrower linear viscoelastic (LVE) region of the PMB.
Within the LVE region, especially at low frequencies, the homogenous PMB can store more energy when experiencing
loadings and is more elastic. Outside the LVE region, based on the MSCR test results, the homogenous morphology could
assist in reaching a higher percentage of strain recovery after the creep period.
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1 Introduction

The modification of bitumen with synthetic polymers for
paving applications is a globally popular practice. This
modification helps to improve certain engineering proper-
ties of bituminous binders, for example, the rheological
properties [1,2]. An important and critical research topic
regarding polymer-modified bitumen (PMB), to ensure its
high performance, is the relationship between the PMB
microstructure and its rheological properties. This is
further related to another fundamental research question,
that is, the way in which the morphology of PMB
originates under various conditions. These topics have
been studied intensively by researchers throughout the
years [3–11]. It is well accepted that the mixing of polymer

modifiers with bitumen is a complex process that usually
includes the dispersion and swelling of the modifier and
phase evolution of the blend. The physical and chemical
nature and content of the modifier, the crude oil source of
the bitumen, and processing conditions for the mixing are
the main factors that can affect the morphology of modified
bitumen [12–16].

In addition to the microstructure, the rheological
properties of the raw materials (the base bitumen and
pure polymer) also have a great influence on the rheology
of the final PMB. The composition and properties of
bitumen are known to vary significantly from one source of
crude oil to another. The chemical composition, molecular
structure, and rheology of the pure polymers can vary as
well. These variations usually influence the microstructure
of the PMB and rheology of the raw material simulta-
neously. In other words, a change in the raw material (baseArticle history: Received Sep 25, 2019; Accepted Mar 2, 2021
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bitumen or polymer) used for PMB often changes both the
polymer-bitumen compatibility and rheology of the raw
material at the same time, leading to a different PMB with
different morphology and rheology. From a fundamental
point of view, however, it is necessary and of great
importance to separately investigate the influence of the
morphology of PMB and rheology of the raw material on
the final PMB, ideally with one varying factor and all
others fixed for each investigation. This may assist in
increasing our understanding of PMB materials and thus
help to quickly determine the possible industrial solutions
and develop new solutions.
Many previous studies [1–3,5,7,10,14] were devoted to

investigating the rheological properties of PMBs with the
same types of raw materials but varying polymer contents.
Based on the different PMB formulations, these studies
revealed the compositional influence of PMB morphology
on its rheology. Nevertheless, the structural effect of the
morphology of PMB based on the same material
composition was not addressed. To study the structural
effect of the morphology of PMB on its rheology, previous
studies used additives such as sulfur and carbon nanotubes
[17,18]. These additives helped to obtain different PMB
microstructural patterns with the same raw materials and
formulations. The changes in the rheology of the PMB
were then investigated. However, the use of additives, in
this case, increases the system complexity and may lead to
unknown influencing factors in the research question.
Therefore, avoiding the use of additives to obtain PMB
with various microstructures is preferable. Without
additives, a possible approach for obtaining PMB with
different microstructures based on the same material
composition would be to control the material processing.
Soenen et al. [19–22] concluded that the thermal history
can have a considerable influence on the morphology of
PMB samples and thus can affect the measurement results
of rheological properties, especially when the applied
loading frequency is low. A similar effect was also
observed for other types of modified bitumen, for example,
wax-modified bitumen, because of the formation of its
microcrystalline network structure [23]. This might have
provided a potential way to vary the morphology of PMB
with the same raw materials and formulation, that is, to
vary the thermal history.
To verify this new angle for examining the morphology-

rheology relationship of PMB and to gain new insights
from it, in the present study, a bituminous binder modified
with styrene-butadiene-styrene (SBS) copolymer was
subjected to isothermal annealing at various temperature
levels. The aim thereof was to obtain different micro-
structures of the same PMB. The obtained microstructures
were then observed with a fluorescence microscope and
evaluated by image analysis using the two-dimensional
fast Fourier transform (2D-FFT) method. In terms of the
rheology, the focus was placed on the high-temperature
range where the PMB rheology tends to be more sensitive

to the morphology. A dynamic shear rheometer (DSR) was
used to measure the linear viscoelastic (LVE) region limits,
complex modulus (G*), phase angle (δ) at high tempera-
tures, and low shear viscosity (LSV) of the PMB samples
with different microstructures. In addition, multiple stress
creep and recovery (MSCR) tests were conducted to
analyze and compare the samples. Within the high-
temperature range, the influence of the microstructure on
the rheology of PMB is discussed based on the tests and an
analysis of the results.

2 Materials and method

2.1 Materials

A 70/100 penetration grade (paving grade) base bitumen
was used to prepare the PMB that was analyzed in this
study. The saturates, aromatics, resins, and asphaltenes
(SARA) fractions of this base bitumen were measured by
thin-layer chromatography with flame ionization detection
(TLC-FID). The needle penetration (in 0.1 mm, i.e., dmm)
was tested at 25°C with a 100 g load for a period of 5 s. The
softening point was tested using the ring and ball method,
and the penetration index was calculated according to a
published method [24]. The test results are presented in
Fig. 1.
For the preparation of PMB, a low-shear mixer was used

to blend a linear-type SBS copolymer with 70/100 base
bitumen at approximately 500 r/min. The properties of the
SBS copolymer are presented in Fig. 1. The polymer
content of the PMB was 5% by weight of the blend. The
mixing temperature was 180°C, and the mixing duration
was 3 h. After the preparation, the basic PMB properties
were assessed, including needle penetration (in 0.1 mm,
i.e., dmm) at 25°C, the ring and ball softening point, and
the penetration index. This PMB was also tested for its
storage stability by conducting the tube test (hot storage at
180°C for 72 h), and the results indicated that it is
sufficiently stable for the purpose of storage. The
measurement results are presented in Fig. 1.

2.2 Method

2.2.1 Isothermal annealing of PMB

Figure 2 presents an overview of the experimental
procedures used in this study. To control the morphology,
the prepared PMB was conditioned by isothermal anneal-
ing for 1 h after each sampling (before the start of each
test). The two annealing temperatures that were selected,
160°C and 120°C, were expected to result in two different
PMB microstructures for further tests, named ITA160 and
ITA120, respectively, according to the annealing tempera-
ture. The selection of the temperatures and duration of the

Jiqing ZHU & Xiaohu LU. Influence of morphology on high-temperature property of polymer-modified bitumen 807



annealing processes in this study aims to achieve a balance
between obtaining microstructures that differ significantly
and avoiding extensive aging of the samples. It is worth
mentioning that both temperatures are within the range of
annealing temperatures allowed by the standard test
method ASTM D7175 for measuring the rheological
properties of bituminous binders (below 163°C).
Samples for microscopic observation were prepared by

using the “thin film method” [16,21]. This method is
suitable for evaluating the miscibility of a polymer-
bitumen combination and provides a representative
morphology of the blend at the temperature of interest.
PMB drops were collected at 200°C to ensure a miscible
state at the beginning of the annealing process. The drops
were spread on glass slides with coverslips to prepare the
thin-film samples. These thin films were then reheated to
their respective annealing temperatures and maintained at
those temperatures for 1 h. The slides were quickly cooled
to room temperature for further observation.
DSR measurements were conducted by using a plate-

plate geometry of 25 mm in diameter with a 1 mm gap for
all the tests in this study. To prepare the samples for DSR
measurements, 0.532 g (�0.010 g) of PMBwas weighed at
room temperature and melted at 200°C in a silicone mold.
This is the same temperature at which the samples for
microscopic observation were collected to ensure the same
miscible state at the beginning of the annealing process.
After that, the melted DSR samples were maintained in the
molds at their respective annealing temperatures for 1 h.
During this process, the samples in the molds were covered
with a clean penetration test container to minimize the
effects of thermal oxidation. Finally, the annealed samples
were placed in a refrigerator at 5°C for fast cooling and
demolding, after which the samples were immediately
subjected to DSR testing.

2.2.2 Microscopy observation and image analysis

A Carl Zeiss Axioskop 40 FL fluorescence microscope was
used to observe the microstructure of the PMB samples

Fig. 1 Properties of the base bitumen and SBS copolymer used, and PMB prepared in this study.

Fig. 2 Overview of the experimental procedures.
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from the prepared microscopic slides. The 2D-FFT method
[15] was employed to analyze the captured images. Under
the fluorescence microscope, the SBS-rich phase appears
much lighter than the bitumen-rich phase. Thus, micro-
structural information of the PMB can be extracted from a
microscopy image by characterizing the pattern of the
phase distribution. With image analysis using 2D-FFT, the
PMB morphology can be evaluated with the aid of
quantitative parameters such as the characteristic spatial
frequency and characteristic wavelength.
The principle of the 2D-FFT method [25,26] can be

described as follows: let f(r1,r2) represent the PMB phase
distribution in a microscopy image, where (r1,r2) is the
positional coordinate in the real 2D space. The power
spectra P(k1,k2) of the microscopy image in the spatial
frequency domain are expressed as

Pðk1,k2Þ ¼ jFðk1,k2Þj2, (1)

where F(k1,k2) is the Fourier transform (FT) of f(r1,r2). For
a microscopy image of N � N pixels, the discrete Fourier
transform (DFT) gives

F k1,k2ð Þ ¼ 1

N

XN – 1

r1¼0

XN – 1

r2¼0

f r1,r2ð Þe – j2πN k1r1þk2r2ð Þ: (2)

FFT algorithms can be used to quickly solve the DFT. A
2D-FFT algorithm with ImageJ [27] was adopted in the
present study to analyze the PMBmicroscopy images, with
the spatial frequency k defined as

k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k21 þ k22

q
: (3)

To characterize the PMB morphology, the light intensity
of the power spectrum was normalized, and its radial
distribution was plotted against the spatial frequency k. In
the case in which a peak appears in the distribution, the
spatial frequency corresponding to the peak is defined as
the characteristic spatial frequency km of the PMB
microstructure. Furthermore, the characteristic wavelength
� (angular wavelength) of the microstructure is calculated
as

� ¼ 2π
km

: (4)

This wavelength represents the spatial length of 2π
periods of the characteristic microstructure.

2.2.3 Rheological characterization

A Bohlin DSR II rheometer was used to conduct the DSR
measurements in this study, with a total water immersion
system to control the temperature. The first step was to
determine the limits of the LVE region of ITA160 and
ITA120. Strain sweeps were carried out at 64°C and 10
rad/s until the measured G* decreased significantly. The

test temperature and frequency levels were the lowest
temperature and highest frequency of the subsequent G*

and δ measurements, which are usually the limiting
conditions for the selection of strain level in practice
[28]. Thus, it could provide a basis for ensuring the DSR
measurements within the LVE region. The G* and δ values
of ITA160 and ITA120 were further measured in
accordance with the standard test method ASTM D7175
at 64°C, 70°C, 76°C, and 82°C, and at 10, 1, and 0.1 rad/s
at each temperature level. It is worth noting that each DSR
measurement was obtained by averaging the data for 10
loading cycles. Two repetitions were performed at 10 rad/s
(each temperature level) to ensure that the repeatability of
the testing instrument and procedure was acceptable
according to the standard.
Additionally, the LSV values of ITA160 and ITA120

were measured at 60°C, 70°C, and 80°C. These measure-
ments were carried out by conducting frequency sweep
tests from 0.1 rad/s to approximately 100 rad/s with an
input strain level of 0.005 (0.5%). The obtained complex
viscosity (η�) results were then fitted with the Cross model
and extrapolated at a relatively low frequency, which is
defined as the LSV value [29–31]. Furthermore, MSCR
tests were conducted on both ITA160 and ITA120 at 76°C,
70°C, and 64°C, in line with the standard test method
ASTM D7405 (version 10a). The standard MSCR test
consists of ten repetitive creep-recovery cycles, and two
repetitions were performed at 70°C for both ITA160 and
ITA120 to verify the measurement repeatability and ensure
acceptable results according to the standard.

3 Results and discussion

3.1 PMB morphology

The images of the microstructures captured by fluores-
cence microscopy are shown in Fig. 3 on the left. The
images reveal that ITA160 presents a homogenous
microstructure (Fig. 3(a)) whereas ITA120 displays a
binary pattern of droplets (rich in SBS) in the matrix (rich
in bitumen) as shown in Fig. 3(b). Lu et al. [32] reported
additional details on the morphological analysis. This
result implies that variation of the annealing temperature
indeed changed the thermodynamic stability of the PMB
from the stable ITA160 to the unstable ITA120, probably
because of the existence of an upper critical solution
temperature (UCST) for the system [21,33].
The 2D-FFT power spectra of the captured images are

shown in Fig. 3 on the right (color 3D plots for improved
visual clarity), with the original greyscale results in the
middle. In Fig. 3(a), the power spectrum of ITA160
contains a very well resolved peak, indicating the fast
decay of light intensity with increasing spatial frequency.
In comparison, ITA120 displays a rather poorly resolved
broad bump, as shown in Fig. 3(b). This shows the
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possibility of a periodic structural pattern existing in
ITA120.
The radial distribution of the normalized light intensity

in the power spectrum is plotted against the spatial
frequency k, as shown in Fig. 4. The distribution curve
of ITA160 decays with increasing spatial frequency.
However, ITA120 exhibits a broad peak on its curve. For
ITA160, the decay curve reveals the lack of a periodic

pattern in its microstructure. However, the dominant
spatial frequency for ITA120 indicates the existence of
significant periodicity.
To quantify this, the characteristic wavelength, �, was

computed using Eq. (4) from the microscopic images of
each PMB microstructure. For ITA160, no peak is
presented on its curve, and km can be considered infinite.
According to Eq. (4), the � value of ITA160 was 0 mm. For
ITA120, however, the peak on its curve leads to a
characteristic wavelength of 2.356 mm. This confirms
that the conditioning by isothermal annealing at 160°C and
120°C evidently resulted in a difference in the PMB
microstructure. Further testing of these PMB samples of
different microstructures with the same material composi-
tion may reveal the influence of morphology on PMB
properties.

3.2 Linear viscoelastic region

The determination of the limits of the LVE region of
ITA160 and ITA120 is necessary for two purposes in this
study: 1) to ensure that subsequent G* and δmeasurements
are within the LVE region, and 2) to study the influence of
the PMB microstructure on the range of its LVE region.

Fig. 3 Images of the PMB morphology (left) and 2D-FFT power spectra (right): (a) ITA160; (b) ITA120.

Fig. 4 Radial distribution of normalized light intensity in the 2D-
FFT power spectra.
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Based on the strain sweep results shown in Fig. 5, the strain
limits were determined at the points where the decrease in
G* reached 5% of the initial value G0

* (the other 95%
remains) according to [34,35]. The results in Fig. 5 indicate
that G0

* of both ITA160 and ITA120 was slightly higher
than 5000 Pa. This reveals that the morphological
difference between samples in the LVE region did not
significantly affect the G* value at 64°C and 10 rad/s.
However, the limits of the LVE region were affected.
Figure 6 illustrates the determination of the limits of the

LVE region for ITA160 and ITA120 by interpolation. The
ITA160 curve represents the average result of two
duplicate measurements, whereas the ITA120 curve is
based on a single determination (similar uncertainty as

ITA160). This indicates that ITA160 reached its limit at a
lower strain level than ITA120. The strain limits were
0.778 and 0.983 for the two samples, respectively.
According to previous studies by Airey et al. [36,37],
SBS-modified bitumen tends to present a reduced strain
limit at high temperatures when the elastomeric polymer
forms a dominant matrix. This could explain the narrowing
of the LVE region of ITA160 with a homogenous
microstructure. The determined strain limits for the two
samples were within the proposed range of 0.500 to 2.00
for SBS-modified bitumen at high temperatures [38]. This
reduction in the strain limit can be an indication of a higher
degree of polymer-bitumen interaction in ITA160 than in
ITA120.

Fig. 5 Strain sweep at 64°C and 10 rad/s: (a) ITA160; (b) ITA120.

Fig. 6 Determination of the limits of the linear viscoelastic region (error bars represent maximum and minimum values).
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3.3 Complex modulus, phase angle and derivative para-
meters

In this section, the discussion on the rheological properties
of PMB focuses on the low complex modulus range, that
is, G* at approximately 5 kPa and lower. This is because
previous studies [21,22] showed that PMB rheology tends
to be more sensitive to morphology in this range. Tables 1
and 2 present the DSR measurement results of the complex
modulusG* and phase angle δ at different test temperatures
and angular frequencies, as well as their derivative
parameters (including G*/sinδ, elastic modulus G', and
G*/(1 – (1/(tanδ∙sinδ)))).
The performance grade (PG) high-temperature para-

meter G*/sinδ was derived from the loss compliance J″ to
limit the non-recoverable strain [39]. However, this
parameter was found to be inadequate for describing and

predicting the resistance of PMB to permanent deforma-
tion [40]. As a refinement, Shenoy [41–43] suggested the
parameter G*/(1 – (1/(tanδ∙sinδ))), which was claimed to
be more sensitive to elastic behavior than G*/sinδ and
could thus more accurately represent PMB responses.
However, the form of Shenoy’s parameter does not allow
its use for δ values below 52°, because it would lead to
unrealistic negative results. For this study, nevertheless, it
is a suitable parameter to be analyzed, as this study focuses
on the low complex modulus range in which the δ values
are greater than 52°.
As in Table 1, both ITA160 and ITA120 had a complex

modulus G* value of approximately 5100 Pa at 64°C and
10 rad/s. This is approximately the same level as the
G0

*value determined by the strain sweep in Fig. 5,
confirming the good reproducibility of the results. At 10
rad/s, the DSR measurement results indicate that ITA160

Table 1 Test results of complex modulus G* and phase angle δ

angular frequency (rad/s) test temperature (°C) complex modulus G* (Pa) phase angle δ (°)

ITA160 ITA120 ITA160 ITA120

10 64 5.10 � 103 5.12 � 103 73.7 73.8

70 2.46 � 103 2.64 � 103 74.7 75.4

76 1.35 � 103 1.47 � 103 75.2 76.7

82 7.25 � 102 8.42 � 102 74.6 77.7

1 64 7.60 � 102 6.27 � 102 74.8 77.0

70 4.21 � 102 3.17 � 102 76.6 75.2

76 3.04 � 102 1.67 � 102 63.8 77.5

82 1.64 � 102 1.16 � 102 66.8 86.0

0.1 64 1.06 � 102 8.66 � 101 71.0 76.6

70 7.97 � 101 4.22 � 101 77.3 72.1

76 3.20 � 101 2.37 � 101 73.7 81.1

82 1.64 � 101 1.20 � 101 76.1 81.4

Table 2 Test results of derivative parameters based on complex modulus G* and phase angle δ

angular
frequency
(rad/s)

test temperature (°C) G*/sinδ (Pa) elastic modulus G' (Pa) G*/(1 – (1/(tanδ∙sinδ))) (Pa)

ITA160 ITA120 ITA160 ITA120 ITA160 ITA120

10 64 5.31 � 103 5.33 � 103 1.43 � 103 1.43 � 103 7.33 � 103 7.34 � 103

70 2.55 � 103 2.73 � 103 6.49 � 102 6.67 � 102 3.43 � 103 3.61 � 103

76 1.40 � 103 1.51 � 103 3.45 � 102 3.38 � 102 1.86 � 103 1.94 � 103

82 7.52 � 102 8.62 � 102 1.92 � 102 1.79 � 102 1.01 � 103 1.08 � 103

1 64 7.87 � 102 6.44 � 102 1.99 � 102 1.41 � 102 1.06 � 103 8.22 � 102

70 4.33 � 102 3.28 � 102 9.75 � 101 8.11 � 101 5.58 � 102 4.36 � 102

76 3.38 � 102 1.71 � 102 1.34 � 102 3.62 � 101 6.73 � 102 2.16 � 102

82 1.78 � 102 1.16 � 102 6.45 � 101 7.96 � 100 3.07 � 102 1.25 � 102

0.1 64 1.12 � 102 8.90 � 101 3.45 � 101 2.01 � 101 1.67 � 102 1.15 � 102

70 8.17 � 101 4.43 � 101 1.75 � 101 1.29 � 101 1.04 � 102 6.39 � 101

76 3.34 � 101 2.40 � 101 8.97 � 100 3.67 � 100 4.60 � 101 2.82 � 101

82 1.69 � 101 1.21 � 101 3.95 � 100 1.80 � 100 2.20 � 101 1.42 � 101
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and ITA120 only differ to a limited extent. According to
the test results in Table 2, both samples fulfilled the 1.00�
103 Pa PG criterion of G*/sinδ for the original binder at
76°C (ASTM D6373). Likewise, with Shenoy’s parameter
G*/(1 – (1/(tanδ∙sinδ))), the samples both passed 1.00 �
103 Pa even at 82°C.
As the angular frequency decreases, however, G*

decreases to below 1000 Pa, and the difference between
ITA160 and ITA120 becomes significant, particularly in
terms of δ and G'. The phase angle of ITA160 decreased to
63.8° at 76°C and 1 rad/s, whereas that of ITA120 was
77.5°. At 64°C and 1 rad/s, the G*/(1 – (1/(tanδ∙sinδ)))
value of ITA160 exceeded 1.00 � 103 Pa, but that of
ITA120 was below this value. Soenen et al. [19,20]
observed similar effects, that is, the influence of the
thermal history on the rheological measurements is more
significant at lower frequencies.
This transition of significance between frequencies can

be related to the difference in morphology between the two
PMB samples. In comparison with the two-phase mor-
phology of ITA120, the uniform one-phase microstructure
of ITA160 may not make a significant difference at 10 rad/s
(ITA120 was slightly stiffer and more viscous). However,
at lower angular frequencies, the stiffness and elasticity of
ITA160 became greater than that of ITA120. The lower
frequencies also resulted in an increase in the stored
(decrease in the dissipated) energy for ITA160 during the
shear cycles [44–46]. This means that, assuming that the
traffic is slow moving at high temperatures, SBS-modified
bitumen with superior polymer-bitumen miscibility (i.e.,
more likely to present a homogenous morphology) would
provide higher resistance to traffic loading in terms of
permanent deformation. Appropriate handling of PMB
during the construction process, in contrast to poor
handling that leads to massive phase separation and
evolution, would have a similar influence, and thus could
contribute to improving the resistance of the binder to
permanent deformation under certain extreme conditions.

3.4 Low shear viscosity

Zero shear viscosity (ZSV) of bituminous binders has been
studied for a long time as a potential indicator of
permanent deformation. It aims to remove the possible
influences of the dependency of the viscoelastic response
on the loading frequency, especially for pseudoplastic
PMB with delayed elasticity [29,30]. Several test methods
can be used to determine the ZSV value, including creep
tests and frequency sweep tests. The latter method was
used in this study, and the Cross model [47] was employed
to extrapolate the results to lower frequencies. However,
for certain PMB variants (and unmodified bitumen at lower
temperatures), extrapolation can lead to unreliable results.
This is because the extrapolated curve may not present a
plateau at very low frequencies but can be curvilinear in
many cases. Thus, the common practice for studying PMB

is to determine the LSV at a relatively low frequency
instead [48–50], for example at 0.001 Hz (approximately
0.006 rad/s), which was used in previous studies [30,31].
The four-parameter Cross model [51] can be written as

η�ðωÞ – η�1
η�0 – η

�1
¼ 1

1þ ðKωÞm : (5)

In Eq. (5), η�ðωÞ is the complex viscosity, η�1 is the
limiting viscosity at very high frequencies (the other
Newtonian region), η�0 is the ZSV, ω is the angular
frequency, and K and m are model constants. Assuming
η*ðωÞ >> η�1 for the investigated frequency range [52],
the four-parameter Cross model can be simplified as

η� ωð Þ ¼ η�0
1þ ðKωÞm : (6)

Based on Eq. (6), the obtained complex viscosity results
from the frequency sweep were fitted and extrapolated to
0.001 rad/s, as shown in Fig. 7. The extrapolated complex
viscosity at 0.006 rad/s was taken as the LSV value and is
listed in Table 3. The results indicate that the two samples
cross each other at all three studied temperatures. At higher
frequencies, the difference between the samples was
limited (ITA120 had slightly higher values). However, as
the frequency decreased, the complex viscosity of ITA160
continued to increase, whereas that of ITA120 stabilized.
Thus, more significant differences were observed at the
lower frequencies. Similar phenomena were also observed
by Soenen et al. [19,20]. This trend agrees well with the
complex modulus results discussed in the previous section
and, in a similar way, can be related to the difference in
morphology between the two PMB samples.
The results in Table 3 indicate that the LSV values at

0.006 rad/s of ITA160 are higher than those of ITA120.
However, it is worth noting that the absolute difference
between the two samples is highly sensitive to the
frequency level selected for LSV determination. At a
frequency lower than a certain level, the LSV might
misestimate the permanent deformation potential of the
PMB [53,54]. The sensitivity to the selected frequency also
depends on the test temperature. As the test temperature
increased, the crossover of the two samples moved toward
a higher frequency. This shift in the crossover may disclose
(possibly result from) certain intrinsic properties of the
PMB microstructures.

3.5 Multiple stress creep and recovery

MSCR is a relatively new test method for characterizing
the high-temperature rheological properties of bituminous
binders. In the standard protocol ASTM D7405 (version
10a), or alternatively EN 16659 (version 2016), a sample is
tested at two stress levels (100 Pa and 3200 Pa) without a
rest period in between. For data measurement and analysis,
ten repetitive creep-recovery cycles were run at each stress
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level, although ten additional cycles would be necessary at
100 Pa to preload the sample according to the latest version
(15 or later) of ASTM D7405. Each creep-recovery cycle
includes a creep period (constant stress) of 1 s and a
recovery period (zero stress) of 9 s. The total strain of each
cycle consists of a recoverable portion and an unrecover-
able portion. The elastic recovery and final residual strain
are measures of the binder performance. Figure 8 shows
the MSCR test results of ITA160 and ITA120 at different
temperatures (without pre-loading). The results indicate

that ITA120 experienced higher accumulated strain than
ITA160 at all tested temperatures. The strain recovery
percentage was rather low at 76°C for both samples,
leading to a relatively small difference between them.
However, at lower temperatures, the percentage of strain
recovery increased. The difference between the two
samples also increased (relative to the total amount of
accumulated strain), particularly at 3200 Pa.
Using the MSCR test results, the average percent

recovery R and non-recoverable creep compliance Jnr of

Fig. 7 Fitting and extrapolation with the Cross model.

Table 3 Low shear viscosity at 0.006 rad/s (approximately 0.001 Hz)

test @ 60°C @ 70°C @ 80°C

ITA160 ITA120 ITA160 ITA120 ITA160 ITA120

low shear viscosity
(Pa∙s) @0.006 rad/s

2484 2061 898 512 343 189

Fig. 8 Multiple stress creep and recovery results: (a) both stress levels and (b) stress at 100 Pa only.
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the ten repetitive creep-recovery cycles were determined at
both stress levels. The R-value represents the recoverable
elastic strain (including the delayed) as a percentage,
whereas Jnr is a measure of the residual strain due to
permanent deformation [55]. Additionally, the percent
difference values Rdiff and Jnr-diff between stress levels can
be used to characterize the stress sensitivity of the sample
[56]. In this study, the average total strain ε1 (at the end of
the creep period) of the ten repetitive creep-recovery cycles
was also analyzed for both stress levels. The parameters of
ITA160 and ITA120 are presented in Fig. 9.

As shown in Figs. 9(a) and 9(b), the values of the total
strain ε1 of ITA160 and ITA120 were quite similar at both
stress levels and all the tested temperatures. However,
sample ITA160, which was conditioned at a higher
temperature, had higher strain recovery (Figs. 9(c) and
9(d)). This discloses that, rather than thermo-oxidative
aging during conditioning, the difference in their morphol-
ogy was responsible for the different high-temperature
properties of the samples. In comparison with the two-
phase morphology of ITA120, the uniform one-phase
microstructure of ITA160 enabled a greater extent of

Fig. 9 Average MSCR parameters of ten repetitive creep-recovery cycles (error bars represent the maximum and minimum values): (a)
total strain ε1 at 100 Pa stress; (b) total strain ε1 at 3200 Pa stress; (c) percent recovery R at 100 Pa stress; (d) percent recovery R at 3200 Pa
stress; (e) non-recoverable creep compliance Jnr at 100 Pa stress; (f) non-recoverable creep compliance Jnr at 3200 Pa stress; (g) percent
difference in R between stress levels, Rdiff; (h) percent difference in Jnr between stress levels, Jnr-diff.
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elastic recovery after the creep period. Similar conclusions
were also drawn by Król et al. [57] for two-phase PMB
samples with varying microstructures.
The results in Figs. 9(e) and 9(f) indicate that ITA160

had lower Jnr values and could thus provide a higher
resistance to permanent deformation than ITA120. In
addition, according to Figs. 9(g) and 9(h), the percent
differences in R and Jnr between the two applied stress
levels (100 and 3200 Pa) were generally lower for the
uniform one-phase PMB microstructure, suggesting a
lower sensitivity to stress change in the tested range.
These results imply that, to a certain extent, SBS-modified
bitumen with improved polymer-bitumen miscibility
(more likely to present homogenous morphology) would
be more resistant to heavy vehicular traffic in terms of
permanent deformation. Similarly, appropriate handling of
PMB during the construction process that results in limited
phase separation and evolution, would have the same
effect.

3.6 Discussion: Influence of morphology

Based on the test results and discussion in previous
sections, it can be concluded that, to a considerable extent,
the microstructure of PMB affects its rheological proper-
ties in the high-temperature range, despite the varying
significance at various temperatures or frequencies. Within
the range tested in this study, however, the influence of the
microstructure of SBS-modified bitumen displays a certain
tendency. Because the PMB morphology was quantita-
tively evaluated in this study, it is possible to analyze the
aforementioned tendency on a quantitative basis. Table 4
lists the 2D-FFT analysis results (�) of the PMB
microstructures and selected parameters by rheological
testing, including the LVE region limit, phase angle, G',
LSV, and percent recovery by MSCR.
At high temperatures, as the base bitumen (in fact, the

bitumen-rich phase or so-called “residual”) softens, the
polymer-rich phase starts to play a more dominant role in
PMB. The distribution pattern of the polymer-rich phase in
the PMB, that is, the morphology, begins to have a greater
impact. In comparison with the two-phase morphology
analyzed in this study, the uniform one-phase PMB
microstructure (� = 0 mm) with the SBS copolymer tended
to narrow its LVE region (Table 4). Within the LVE region,
especially at low frequencies, the homogenous SBS-
modified bitumen was more elastic and capable of storing
more energy during loading. This increased the values of
the indicators for permanent deformation resistance (more

resistant). On the other hand, the homogenous morphology
could assist in achieving higher strain recovery after traffic
loading outside the LVE region.
The number of samples analyzed in this study was

limited. Thus, the discussion on the relationship between
the PMB morphology and rheology is preliminary and, so
far, only applicable to SBS-modified bitumen within the
analyzed range of temperatures and frequencies. More
measurements with additional samples might lead to an
empirical regression relation, but such a relationship would
have only material-specific validity and would have
limited potential for generalization to other modified
binders. An alternative approach is morphology-based
micromechanical modeling. Based on the findings of this
study, the characteristic wavelength � of the PMB
morphology would have to be considered in the micro-
mechanical models. To supplement the previously reported
models based on the Kerner model [58] or the general self-
consistent model [59], a general relationship for the PMB
can be written as

p ¼ f ðpb, pp, f, �Þ, (7)

where p is the PMB property of interest. It can be
considered as a function of the related property of the base
bitumen (pb), property of the pure polymer modifier (pp),
the polymer fraction f, and the characteristic wavelength �
of the PMB morphology.
Furthermore, it is worth noting that this study aims to

investigate the effect of PMB morphology (� varying) on
its rheology with the same material composition (constant
pb, pp, and f). The morphology of the PMB can change
significantly during transport, storage, mixing, paving, and
compaction processes, owing to the complex thermal
conditions. Thus, the above-discussed tendency of the
influence of the morphology can help to provide an
understanding of the importance of maintaining stable and
appropriate processes for binder handling and the
construction of roads with excellent performance. How-
ever, when deciding whether to use PMB or which PMB to
use, the effects of the varying properties of the raw
materials, including base bitumen and pure polymer
modifier, as well as the polymer content, should be
considered in addition to the effects of morphology that
may vary.

4 Conclusions

Using the same raw materials and formulation, the effects

Table 4 Effect of morphology on the rheology of SBS-modified bitumen

sample characteristic
wavelength � (mm)

LVE limit (strain)
@64°C and 10 rad/s

phase angle δ (°)
@76°C and 1 rad/s

elastic modulus G' (Pa)
@76°C and 1 rad/s

LSV (Pa∙s)
@70°C and 0.006 rad/s

R3200 @70°C

ITA160 0 0.778 63.8 1.34 � 102 898 28.8%

ITA120 2.356 0.983 77.5 3.62 � 101 512 13.9%
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of the morphology on the rheological properties of SBS-
modified bitumen were investigated within the high-
temperature range in this study. The microstructures of
the PMB samples were quantitatively evaluated using the
2D-FFT method. Various rheological parameters, includ-
ing the limits of the LVE region, complex modulus, phase
angle, derivative parameters, and LSV, were measured
using DSR. MSCR tests were performed at high
temperatures. Based on the above-described results and
discussion, the following conclusions can be drawn.
1) The 2D-FFT method was successfully applied to

quantitatively evaluate the PMB microstructure. Analysis
of fluorescence microscopy images indicated that con-
ditioning by isothermal annealing at 160°C and 120°C led
to an evident difference in the PMB microstructure
between ITA160 and ITA120. It is demonstrated that
varying the thermal history is a practical way to vary the
PMB morphology with the same raw materials and
formulation.
2) In comparison with the two-phase morphology of

ITA120, the uniform one-phase microstructure of ITA160
with the SBS copolymer tended to cause its LVE region to
become narrower because of the dominant polymer matrix
(characteristic wavelength � = 0 mm). This reduction in the
strain limit can be considered as an indication of a higher
degree of polymer-bitumen interaction in ITA160.
3) Within the LVE region, the homogenous PMB

morphology with the SBS copolymer might not signifi-
cantly differ from the binary droplet-in-matrix one at
certain frequencies, for example, 10 rad/s. However, at
lower frequencies, ITA160 could store more energy during
shear cycles and remain more elastic than ITA120. This
may imply that ITA160 has a higher resistance to
permanent deformation resulting from slow traffic loading
at high temperatures.
4) According to the MSCR test results, especially at

3200 Pa stress, ITA160 reached a higher strain recovery
after creep loading and ultimately had lower residual
strain. Thus, ITA160 could also offer higher resistance to
permanent deformation than ITA120 outside the LVE
region. This result indicates that, to a certain extent, SBS-
modified bitumen with superior polymer-bitumen misci-
bility (more likely to present a homogenous morphology)
would be more resistant to heavy traffic in terms of
permanent deformation. Similar effects are expected by
appropriate handling of the PMB during the construction
process, which is likely to lead to limited phase separation
and evolution.
5) The analyses presented in this paper show the

significance of the characteristic wavelength � of the PMB
morphology for high-temperature rheology. This suggests
that this microstructural parameter should be considered
for the morphology-based micromechanical modeling of
PMB, in addition to the base bitumen property, pure
polymer modifier property, and polymer fraction in the
PMB.
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