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Abstract: A polyurethane (PU) mixture with excellent strength is regarded as an alternative to a
modified asphalt mixture, but characteristic analysis on them is lacking. In this paper, the dynamic
modulus of PU- and SBS-modified asphalt mixtures with the same gradation, aggregate type, and
binder content was investigated and compared in terms of dynamic and viscoelastic properties.
Compared with the SBS-modified asphalt mixture, the PU mixture with an extremely high dynamic
modulus and reduced phase angle at high temperatures had lower temperature sensitivity, which
allowed it to resist high-temperature deformation. While the phase angle did not show a statistically
significant correlation, the dynamic modulus between the two mixtures did. The dynamic modulus
and phase angle values of the PU mixture showed relatively small deviations and could be fitted to
produce acceptable master curves, which exhibited obvious differences compared to those of the SBS-
modified asphalt mixture. The PU mixture exhibited elastic properties during the test temperature
range and, since its thermal rheological property is much smaller than that of the SBS-modified
asphalt mixture, it is closer to viscoelastic material. This study provides an understanding of the PU
mixture’s dynamic and viscoelastic properties, as well as material information for pavement design
and performance prediction with PU mixture layers.

Keywords: polyurethane mixture; SBS-modified asphalt mixture; dynamic modulus; phase angle;
viscoelastic; black diagram; stiffness parameter; correlation analysis

1. Introduction

Asphalt is the most widely used binder in pavement engineering and exhibits a certain
viscoelastic property, which shows different mechanical behaviors at different temperatures.
In other words, the asphalt exhibits elastic properties at lower temperatures and viscous
properties at higher temperatures, as well as thermal rheological performance [1]. Therefore,
the asphalt mixture cannot resist stress at high temperatures and would generate permanent
deformation at designed traffic loads and temperatures. Limited by the capability of the
base asphalt binder to resist distress [2,3], many kinds of additives are added to perform
modifications to improve the target property [4–9], e.g., chemicals, polymers, rubber
powder, styrene−butadiene−styrene (SBS), and rubber resin (PR). Many researchers have
made great efforts to solve this inherent problem in the asphalt binder. One study [10]
demonstrated that modification of the base asphalt binder is expected to improve one
or two basic properties of the base asphalt related to one or more types of pavement
distress, including rigidity, elasticity, brittleness, storage stability, and durability. Therefore,
modification could enhance the rheological and mechanical properties to a certain degree,
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but cannot thoroughly solve the rheology deformation problem caused by traffic loading
and environment. Permanent deformation is still a research hot spot due to the intrinsic
temperature sensitivity of asphalt. Polyurethane (PU) is a new kind of chemical synthetic
material that displays excellent strength and deformation resistance performance. A PU
mixture is mixed with PU binder, aggregate, and limestone mineral filler. The splitting
strength of the PU mixture is about 4−7 times that of the modified asphalt mixture, and
many researchers have pointed out that the PU could be used to replace the asphalt binder
in pavement engineering to enhance long-life performance.

Under sufficiently low-level loading conditions, the asphalt mixture showed linear
viscoelastic characteristics [11,12]. Studies demonstrated that the asphalt mixture man-
ifested linear viscoelastic characteristics at a minor strain level (<100 µε) and a limited
number of cycles [13]. The pavement design adopts various methods to consider the
viscoelastic characteristics of the asphalt mixture [14], including mechanical models, creep
compliance curves, and a dynamic complex modulus [15–17]. The dynamic modulus is
proven to be a fundamental parameter for capturing the stress−strain relationship of the
linear viscoelastic material under the action of external force [18,19], and plays a crucial
role in the evolution of the material behavior and stiffness performance under different
temperatures and loading frequencies [20,21]. The dynamic modulus has been identified
as the primary input parameter of the Mechanistic-Empirical Pavement Design Guide
(MEPDG) due to its effectiveness in characterizing the mechanical and time-temperature-
dependent properties of the asphalt pavement. The MEPDG uses the dynamic modulus
master curve for determining the structural capacity of pavements [15]. Additionally, the
dynamic modulus is proven to be a crucial index in relation to the road performance of
the asphalt mixture [22–24]. It is employed as an important material property indicator to
predict the asphalt mixture’s performance concerning rutting and fatigue [25,26], as well as
pavement response (i.e., stress and strain) for structural design in light of traffic-induced
distresses, climate, and mix characteristics [27–29].

A viscoelastic material is the most common material in engineering applications, and
it exhibits both elastic and viscous properties under loading conditions. The mechanical
characteristic of viscoelastic material depends on temperature, loading frequency, loading
history, and is time-dependent. The viscous and elastic components of the dynamic modu-
lus are described by the loss and storage modulus, respectively, which are separated from
the dynamic modulus by the phase angle. It is crucial to quantify both components for the
viscoelastic material. The dynamic modulus, phase angle, and the corresponding master
curves for a range of temperature and frequency combinations were used for evaluating the
rheological property and temperature-time dependency behavior (viscoelasticity) of the as-
phalt mixture. The dynamic modulus test has an extremely important role in characterizing
the material properties of all dense-graded asphalt mixtures.

Tentative experiments have been performed on porous PU mixture (PPM), and stud-
ies [30–33] discovered that the PPM has better performance in comparison with the tradi-
tional porous asphalt mixture (PAM), e.g., anti-deformation, anti-fatigue, anti-crack, and
anti-corrosion properties, and good resistance to light and heat aging. One researcher [34]
demonstrated that the PPM’s mechanical properties are closer to those of the asphalt mix-
ture, rather than those of the concrete. PPM has three times the stability of the open graded
friction course mixture (OGFC) [35,36], a fatigue life that is one order of magnitude longer,
and improved resistance to clogging because of suspended solid infiltration of soil [37]. In
addition, one study [38] compared the dynamic modulus, static modulus, and creep test
results of a stone mastic PU mixture and Superpave dense PU mixture with test results of
asphalt mixtures with similar gradation in other literature. The effect of temperature and
loading frequency on the dynamic modulus and static modulus were analyzed, and the
relationship between the two moduluses was established. One study [39] evaluated the
temperature moisture stability and fatigue performance of the PU mixture, which has a
skeleton interlocking aggregate structure. When the PU mixture’s anti-ice, deicing, noise
absorption properties, and compaction characteristics were compared with those of the
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traditional asphalt mixture, the PU mixture performed better [40–42]. In another study [43],
the mechanical properties of the PU mixture were analyzed through the dynamic modulus
test, uniaxial penetration test, and fatigue test. The tested parameters were then adopted
in the finite element theory calculation, and the PU mixture composite structure was rec-
ommended. Further research [44] analyzed the influence factors of water stripping of a
PU mixture, etc., binder-to-aggregate ratio, gradation type, and fine aggregate content
using the Cantabro test, the splitting test, and the water stability test. There are few studies
conducted on the impact of the PU on improving dynamic properties, excluding the effect
of gradation, aggregate type, etc., and little research was performed on the viscoelastic
properties of PU mixtures.

The accuracy of characterizing material properties greatly influences the mechanical
analysis of pavement. Therefore, it is of fundamental importance to comprehend the PU
mixture’s properties for material response analysis [45,46] and pavement design [21,47].
The PU mixture needs to be fully characterized to capture the viscoelastic behavior and
to understand its performance. The information and performance reflected by a dynamic
modulus parameter are better suited for pavement design using the mechanical experience
method [48]. Since the PU binder cannot be heated to melting point as asphalt after being
cured, it is challenging to analyze how the temperature and loading frequency affect the PU
binder itself. This paper compared the characteristic difference between the SBS-modified
asphalt and PU mixture with the same gradation, aggregate type, and binder content using
a dynamic modulus. The dynamic modulus results were used to analyze the influence
of PU on the performance improvement of the mixture compared with the SBS-modified
asphalt mixture. Additionally, the linear viscoelastic characteristics of the PU mixture were
explored using the dynamic modulus analysis, which also served to demonstrate the PU
mixture’s applicability to the time-temperature superposition principle. This study first
attempted to fully compare the dynamic performance of the SBS-modified asphalt and PU
mixture, and to provide comprehensive information about the characteristics of the PU
mixture. This will help researchers and designers to understand and apply the PU mixture
in pavement structure researching and designing.

2. Materials and Methods
2.1. Materials

The asphalt used in this study was SBS-modified asphalt supplied by Shandong
Hi−Speed Huarui Road Materials Technologies CO., LTD (Jinan, China), and the results
of the indexes are listed in Table 1. The PU binder, a single-component wet-setting type
of polyurethane, consisting of diphenylmethane diisocyanate and polyether polyol, was
supplied by Wanhua Chemical Group Co., Ltd. (Yantai, China), and the index results are
shown in Table 2.

Table 1. Index results of SBS-modified asphalt.

Index Test Result

Penetration (25 ◦C, 100 g) (0.1 mm) 57
Softening Point (◦C) 78
Ductility (5 ◦C) (cm) 27

Rotary Viscosity (135 ◦C, mPa·s) 321

Table 2. Index results of PU.

Index Test Result

Viscosity (25 ◦C) (mPa·s) 1707
Dry Time (30 ◦C, 90% RH) (min) 70

Tensile Strength (MPa) 24.5
Breaking Elongation (%) 212
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The aggregate used in this study was limestone, and the selected gradation was
AC−20, which is shown in Figure 1. The optimum binder content for the selected gradation
was discovered to be 4.3%.

Figure 1. Gradation of AC−20 mixture.

2.2. Specimen Preparation

According to the determined gradation and binder content, the specimens with SBS-
modified asphalt and PU had the same aggregate gradation and binder content and were
fabricated using the Superpave gyratory compactor (SGC), with a target size of 170 mm in
height and 150 mm in diameter.

The following procedures were performed to prepare the specimen for the SBS-
modified asphalt mixture: (a) the limestone aggregates and limestone mineral powder were
prepared following the gradation determined; (b) the limestone aggregates were heated
in a forced-draft oven at 180 ◦C for at least four hours; (c) the SBS-modified asphalt was
heated to 170 ◦C with an induction cooker; (d) the mixing pot was preheated to 170 ◦C
before mixing, the heated limestone aggregates and SBS-modified asphalt were poured into
the mixing pot in order, and the asphalt mixture was mixed for 90 s; (e) after 90 s mixing,
the fillers were added into the mixing pot and the asphalt mixtures was mixed for another
90 s; (f) the loose asphalt mixture was compacted 100 times by SGC; (g) the compacted
specimens were kept at room temperature for 48 h before the next test.

The procedure employed for the specimen preparation for the PU mixture was as fol-
lows: (a) the limestone aggregates and limestone mineral powder were prepared following
the determined gradation; (b) the limestone aggregates and the fillers were heated in an
oven at 180 ◦C for at least four hours, and then cooled down to the room temperature;
(c) the aggregates, the fillers, and the PU were added into the mixing pot in order and
mixed for 90 s, the PU and mixing pot did not need to be heated during the mixing process;
(d) the PU mixture was kept at room temperature for 1.5 h before compacting; (e) the loose
PU mixture was compacted 100 times by SGC; (f) the compacted specimens were kept at
35 ◦C and 70% RH conditions for 5 days before the next test.

The specimens were then cored and sawed into cylindrical specimens measuring
100 mm in diameter and 150 mm in height after curing.

2.3. Dynamic Modulus Test

The dynamic modulus test was performed by utilizing an Asphalt Mixture Perfor-
mance Tester (AMPT) and following the test procedure provided in AASHTO: TP−79
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(2010) in load-controlled uniaxial compression mode. The test loading waveform was a
sinusoidal wave and the loading amplitude kept the specimen’s max strain between 75 and
125 uε. The max strain range cannot cause any plasticity or damage to the specimen. Tests
were carried out at six temperatures (5 ◦C, 15 ◦C, 25 ◦C, 35 ◦C, 45 ◦C, and 55 ◦C) and nine
frequencies (25, 20, 10, 5, 2, 1, 0.5, 0.2, and 0.1 Hz). All of the SBS-modified asphalt mixture
and PU mixture specimens were tested under the same test temperatures and loading
frequencies to obtain the dynamic modulus data information. The dynamic modulus
and phase angle results used in this study were the average value of four replicates for
each mixture.

2.4. Master Curve Fitting

For fitting the master curve, five master curve models and five shift factor equa-
tions were used in this study, the master curve models utilized included the Standard
Logistic Sigmoid (SLS) model [49], Generalized Logistic Sigmoidal (GLS) model [50], Chris-
tensen Anderson and Marasteanu (CAM) model [11,51], Modified CAM model [11,51],
and Sigmoidal CAM Model (SCM) [52]. All of the five mentioned master curve mod-
els were originally designed for dynamic modulus data. The master curve models for
the phase angle data were obtained from the corresponding dynamic modulus based on
the approximate K−K relations [53]. The shift factor equations included the log-linear
equation [54], polynomial equation [55], Arrhenius equation [56], Williams–Landel–Ferry
equation (WLF) [57], and Kaelble equation.

The fitting procedure is in order to minimize the error between the predicted data and
measured data; four parameters were used to evaluate the fitting degree. The R2 value
represents the fitting degree, the Se and Sy represent the standard error of estimate and
standard error of deviation, the Error2 represents the square of the difference between
the measured and predicted data, and the Sum of Squares Error (SSE) is the relative error
between the predicted and experimental measured data. The R2 (>0.99) was used as the
main constraint, and the Se/Sy (<0.05), Error2 (<0.05), and SSE (<0.05) were used as the
additional constraints during the fitting procedure.

The fitting procedure followed the steps by the shift factor equations were incorporated
into the master curve model by Equation (1), then the error minimization method was used
to regress the parameters in the master curve model and shift factor equation until the error
between the predicted and measured data reached the settled constraints.

log( fr) = log( f ) + log(αT), (1)

where log(f ) is the frequency in experiment temperature, log(fr) is the reduced frequency in
reference temperature, and log(αT) is the shift factor.

3. Results
3.1. Comparing Dynamic Modulus between the SBS-Modified Asphalt and PU Mixtures

The graphical representations of the dynamic modulus of the SBS-modified asphalt
and PU mixtures under different temperatures were separately plotted in Figure 2 in order
to analyze the influence of temperature and loading frequency. For further analysis of
the effect of temperature on the dynamic modulus of different mixtures, the dynamic
moduluses of the SBS-modified asphalt and PU mixture at the same temperatures were
plotted together. In the following plots, the “Asphalt” in the legends represents the SBS-
modified asphalt mixture, the “PU” in the legends represents the PU mixture, the x−axis
represents the loading frequency, and the y−axis represents the dynamic modulus.

3.2. Comparing Phase Angle between the SBS-Modified Asphalt and PU Mixtures

The variations of the phase angle of the SBS-modified asphalt and PU mixture at
various temperatures and loading frequencies were separately plotted in Figure 3. The
y−axis represents the phase angle and the x−axis represents the loading frequency. The
phase angles of the SBS-modified asphalt and PU mixtures at different temperatures were
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plotted in every single plot in order to compare the effect of temperature on the phase angle
of both the SBS-modified asphalt and PU mixtures.

Figure 2. The dynamic modulus (E*) of SBS-modified asphalt and PU mixtures. (a) Dynamic modulus
of SBS-modified asphalt mixture; (b) dynamic modulus of PU mixture; (c) dynamic modulus of
mixtures under 5 ◦C and 15 ◦C; (d) dynamic modulus of mixtures under 25 ◦C and 35 ◦C; (e) dynamic
modulus of mixtures under 45 ◦C and 55 ◦C.
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3.3. Comparing the Stiffness Parameters (E*/sin(δ)) of the SBS-Modified Asphalt and PU Mixtures

The stiffness parameters (E*/sin(δ)) of the SBS-modified asphalt and PU mixtures are
shown in Figure 4. The stiffness parameters (E*/sin(δ)) of the SBS-modified asphalt and PU
mixtures under the same temperatures were plotted in every single plot. In Figure 4, the
x−axis represents the loading frequency and the y−axis represents the stiffness parameters.

Figure 3. The phase angle (δ) of SBS-modified asphalt and PU mixtures. (a) Phase angle of SBS-
modified asphalt mixture; (b) phase angle of PU mixture; (c) phase angle of mixtures under 5 ◦C and
15 ◦C; (d) phase angle of mixtures under 25 ◦C and 35 ◦C; (e) phase angle of mixtures under 45 ◦C
and 55 ◦C.
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3.4. Black Space Diagram Analyzing

The experimental data of the phase angle versus dynamic modulus were plotted in
Figure 5 together: (1) comparing the distinction between the SBS-modified asphalt and
PU mixtures; (2) detecting the occurrence of inconsistencies in rheological data caused by
testing irregularities and distinctive material properties.

Figure 4. The stiffness parameters (E*/sin(δ)) of the SBS-modified asphalt and PU mixtures.
(a) E*/sin(δ) of SBS-modified asphalt mixture; (b) E*/sin(δ) of PU mixture; (c) E*/sin(δ) of mixtures
under 5 ◦C and 15 ◦C; (d) E*/sin(δ) of mixtures under 25 ◦C and 35 ◦C; (e) E*/sin(δ) of mixtures under
45 ◦C and 55 ◦C.
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3.5. The Master Curves of the SBS-Modified Asphalt and PU Mixtures
3.5.1. Dynamic Modulus Master Curves of the SBS-Modified Asphalt and PU Mixtures

The dynamic moduluses of the SBS-modified asphalt mixture and PU mixture were
fitted by five different models and equations to construct the master curve, shown in
Figure 6a–e and Table 3. The equations under different models with the best-fitting results
are plotted in Figure 6f, and the master curve fitting results are listed in Table 4. In Figure 6,
the x−axis represents the loading frequency in logarithmic form and the y−axis represents
the dynamic modulus in logarithmic form.

Figure 5. The black space diagram of the SBS-modified asphalt and PU mixtures.

Figure 6. Cont.
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Figure 6. Cont.
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Figure 6. The dynamic modulus master curves of SBS-modified asphalt and PU mixtures. (a) SLS
model master curves of the SBS-modified asphalt mixture; (b) SLS model master curves of the PU
mixture; (c) GLS model master curves of the SBS-modified asphalt mixture; (d) GLS model master
curves of the PU mixture; (e) CAM model master curves of the SBS-modified asphalt mixture; (f) CAM
model master curves of the PU mixture; (g) modified CAM model master curves of the SBS-modified
asphalt and PU mixtures; (h) SCM model master curves of the SBS-modified asphalt mixture; (i) SCM
master curves of the PU mixture; (j) dynamic modulus master curves recommended.

Table 3. Dynamic modulus fitting results of SBS-modified asphalt mixture.

Equation SLS Model GLS Model CAM Model Modified CAM Model SCM Model

Arrhenius Yes Yes Yes NO Yes
Kaelble Yes NO Yes Yes Yes

Log-Linear Yes NO Yes NO Yes
Polynomial Yes Yes NO NO Yes

WLF Equation Yes Yes Yes NO Yes

Table 4. Dynamic modulus master curve fitting parameters.

SLS +
Kaelble +
Asphalt

SLS +
Kaelble +
PU

GLS +
Polyno-
mial +
PU

GLS +
Kaelble +
PU

CAM +
WLF +
Asphalt

CAM +
Kaelble +
PU

Modified
CAM +
Kaelble +
Asphalt

Modified
CAM +
Kaelble +
PU

SCM +
Kaelble +
Asphalt

SCM +
Kaelble +
PU

R2 0.99999932 1 0.999999325 1 0.999992347 1 0.999999484 1 0.999999517 1
Se/Sy 0.00240 0.00031 0.00239 0.00025 0.00806 0.00088 0.00209 0.00034 0.00202 0.00025
Error2 0.04600 0.00080 0.03697 0.00069 0.14656 0.00258 0.04988 0.00102 0.03637 0.00079
SSE 0.24056 0.00420 0.19175 0.00364 0.75111 0.01358 0.25918 0.00534 0.19340 0.00413

3.5.2. Phase Angle Master Curve of the SBS-Modified Asphalt and PU Mixtures

Five master curve models and shift factor equations were used to fit and construct the
experimentally measured phase angle data of the SBS-modified asphalt mixture and PU
mixture, and the fitting results are plotted in Figure 7 and Table 5. In Figure 7, the x−axis
represents the loading frequency in logarithmic form and the y−axis represents the phase
angle in arithmetic scale.

3.5.3. Shift Factors of the SBS-Modified Asphalt and PU Mixtures

The shift factors of the SBS-modified asphalt mixture and PU mixture obtained from
the master curve fitting were plotted in a single picture for comparison, and all the results
are shown in Figure 8. The difference in the shift factors between the SBS-modified asphalt
mixture and the PU mixture can be obtained from a graphical comparison.
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Figure 7. The phase angle master curves of PU mixtures. (a) SLS model master curves; (b) GLS model
master curves; (c) CAM model master curves; (d) Modified CAM model master curves; (e) SCM
model master curves; (f) phase angle master curves recommended.
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Table 5. Phase angle master curve fitting parameters.

SLS + Polynomial GLS + WLF CAM + Kaelble Modified CAM + Kaelble SCM + Kaelble

R2 0.9985 0.9970 0.9976 0.9990 0.9981
Se/Sy 0.0161 −1.4934 0.0200 −1.4279 −1.4308
Error2 1.1595 0.0226 1.5164 0.0130 0.0176

SSE 0.0332 1.3939 0.0290 0.5409 0.9639

Figure 8. Shift factors of the SBS-modified asphalt and PU mixtures. (a) SLS model; (b) GLS model;
(c) CAM model; (d) SCM model.

3.6. Correlation Study between the SBS-Modified Asphalt and PU Mixtures

The dynamic modulus experimental data of the SBS-modified asphalt mixture and
PU mixture were plotted together in order to compare the correlation between these two
series of data, and the comparison results were plotted in Figure 9. The residual sum of
squares (RSS) is the parameter in the linear correlation fitting to describe the accuracy.
Pearson correlation analysis was used to analyze the correlation between the SBS-modified
asphalt mixture and the PU mixture, and the results are listed in Table 6. The red squares
in Figure 9 represent the measured data point of the asphalt and PU mixtures at the same
temperatures and loading frequencies.
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Figure 9. The experimental data comparison of the SBS-modified asphalt and PU mixtures. (a) Dy-
namic modulus comparison; (b) phase angle comparison.

Table 6. Correlation comparing results.

Index
PU Mixture

Dynamic Modulus Phase Angle

Asphalt Mixture
Pearson Correlation 0.954 0.544

Significance (Double Tail) 0 0
Covariance 13,747,253.34 6.523

3.7. Storage Modulus and Loss Modulus Analyzing

The storage modulus and loss modulus of the SBS-modified asphalt and PU mixtures
under different temperatures were plotted in a single plot, seen in Figure 10, in order to
compare the difference between elastic and viscous components.

Figure 10. Cont.
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Figure 10. The storage and loss modulus of the SBS-modified asphalt and PU mixtures. (a) Storage
modulus under 5 ◦C and 15 ◦C; (b) storage modulus under 25 ◦C and 35 ◦C; (c) storage modulus
under 45 ◦C and 55 ◦C; (d) loss modulus under 5 ◦C and 15 ◦C; (e) loss modulus under 25 ◦C and
35 ◦C; (f) loss modulus under 45 ◦C and 55 ◦C.

4. Discussion
4.1. Comparing the Dynamic Modulus of the SBS-Modified Asphalt and PU Mixtures

The dynamic modulus is one of the fundamental mechanical parameters of the pave-
ment material, and could be combined with the phase angle to represent its viscoelastic
property. The fact that dynamic modulus could be significantly affected by temperatures
and loading frequency is proven by many studies [58,59]. From Figure 2a,b, it could be
concluded that the dynamic modulus of the SBS-modified asphalt and PU mixture followed
a similar changing trend in that: (1) under the same temperature, the dynamic moduluses
would both grow as the loading frequencies increase; (2) under the same loading frequency,
the dynamic moduluses would both reduce as the temperatures increase. When the loading
frequency is raised from 0.1 Hz to 25 Hz, the increment of the dynamic modulus of the
SBS-modified asphalt mixture ranged from 138.7% to 720.8% as the temperatures rose
from 5 ◦C to 55 ◦C, and the biggest increment was at 35 ◦C; for the PU mixture, the in-
crement of dynamic modulus gradually increased from 41.9% to 63.7% as the loading
frequency was raised from 0.1 Hz to 25 Hz. Therefore, the influence of loading frequency
on the dynamic modulus rose as the temperature increased. The loading frequency had
a considerably greater influence on the dynamic modulus of the SBS-modified asphalt
mixture than on that of the PU mixture. When the temperatures rose from 5 ◦C to 55 ◦C,
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the SBS-modified asphalt mixture’s dynamic modulus reduced by about 94%–98% under
different loading frequencies, and approach a value of unbound granular material. The PU
mixture’s dynamic modulus would decrease by about 50%–57% under different loading
frequencies, and the residual dynamic modulus of the PU mixture was still 3549 MPa at
55 ◦C and 0.1 Hz, while the SBS-modified asphalt mixture’s dynamic modulus dropped
to 258 MPa. The decreased magnitudes under different loading frequencies had a slight
difference. The temperature had an extremely great impact on the dynamic modulus
of the SBS-modified asphalt mixture compared to the PU mixture. In other words, the
temperature sensitivity or high-temperature stability of the PU mixture was superior to that
of the SBS-modified asphalt mixture. The PU mixture could remain in a good mechanical
state at higher temperatures.

It could be discovered from Figure 2c–e that at temperatures of 5 ◦C and 15 ◦C, the
dynamic modulus of the SBS-modified asphalt mixture was notably bigger than that of
the PU mixture; when the temperature rose to 25 ◦C and 35 ◦C, the PU mixture’s dynamic
modulus was greater than the SBS-modified asphalt mixture, except at a higher frequency
at 25 ◦C; the PU mixture’s dynamic modulus was remarkably bigger than the SBS-modified
asphalt mixture at 45 ◦C and 55 ◦C. This finding proves the conclusion mentioned above:
that the PU mixture’s temperature sensitivity was much smaller than the SBS-modified
asphalt mixture’s. At lower loading frequencies (0.5 Hz−0.1 Hz) or lower vehicle speed,
the dynamic modulus of the PU mixture was higher than that of the SBS-modified asphalt
mixture, except at 5 ◦C. This indicates that the PU mixture was stiffer than the SBS-modified
asphalt mixture, and could resist the rutting damage caused by slow-speed traffic. Thus,
the PU mixture is suitable for such situations as bus stations, long upslope lanes, and docks.
When the loading frequencies are reduced from 25 Hz to 0.1 Hz, the ratio of dynamic
modulus between the PU mixture and SBS-modified asphalt mixture ranged from 47.3%
to 79.5% at 5 ◦C, 59.2% to 152.2% at 15 ◦C, 86.6% to 360.4% at 25 ◦C, 144.5% to 767.6% at
35 ◦C, 276.6% to 1252% at 45 ◦C, and 404.7% to 1369% at 55 ◦C.

The dynamic modulus reflects the stiffness of a mixture or material under different
loading frequencies and temperatures. The greater the dynamic modulus value, the greater
the mixture’s resistance to rutting (permanent deformation). Compared with the PU asphalt
mixture, the SBS-modified asphalt mixture had a notably higher dynamic modulus at a
lower temperature, which means that the stiffness of the SBS-modified asphalt mixture
was notably greater than that of the PU mixture. This phenomenon demonstrates that the
SBS-modified asphalt mixture would be more prone to cracking at lower temperatures, in
contrast to the PU mixture. The dynamic modulus of the SBS-modified asphalt mixture
was remarkably smaller than that of the PU mixture at higher temperatures (≥35 ◦C). This
finding indicates that the stiffness of the PU mixture was greater than that of the SBS-
modified asphalt mixture and the PU mixture could resist high-temperature deformation,
compared with the SBS-modified asphalt mixture. When the loading frequency was low,
the stiffness of the SBS-modified asphalt mixture decreased at a larger magnitude than
that of the PU mixture. Based on the time-temperature superposition principle (TTSP),
a short time or a high frequency is equivalent to a low temperature and vice versa. This
indicates that permanent deformation (rutting) occurs frequently on sections of steep slopes,
intersections, bus stations, etc., where vehicles are at slow speed, frequently braking, and
there is a long contact time between the tires and the road surface.

The dynamic modulus correlated to the mixture’s load spreading capacity [60] and
the mixture with a higher dynamic modulus would distribute the loading over a wide area.
Thus. the SBS-modified asphalt mixture’s structure cannot distribute the loading effectively
at higher temperatures with lower dynamic modulus values. The load would concentrate
on the SBS-modified asphalt mixture structure, which would lead to rutting disease. The
dynamic modulus is one of the most essential parameters for mechanical analysis, design,
and structural evaluation of flexible pavement [61], and is one of the main reasons for the
differences in pavement design worldwide. A pavement structure with higher dynamic
modulus would need less thickness to withstand external force and to resist the damage
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caused by the vehicles and climate. For most pavement design methods, the dynamic
modulus, or other modulus when the temperatures are under 15 ◦C, the pavement structure
designed by these parameters with reasonable thickness could exhibit enough performance
for most conditions, but cannot provide enough stiffness at higher temperatures because
the asphalt mixture has little dynamic modulus at higher temperatures. Therefore, it
is unreasonable to use the parameters at lower temperatures for new flexible pavement
design and in-service pavement life assessment. The PU mixture with a bigger dynamic
modulus at a higher temperature would be an excellent material for flexible pavement
design with improved high temperatures, and the appropriate pavement thickness of the
PU mixture should be determined at a higher temperature so that the pavement will not
fail prematurely during its design life.

4.2. Comparing the Phase Angles of the SBS-Modified Asphalt and PU Mixtures

The SBS-modified asphalt mixture’s phase angle reduced as the loading frequency
increased when the temperature was lower than 25 ◦C; when the temperature was higher
than 25 ◦C, the SBS-modified asphalt mixture’s phase angle initially grew as the loading
frequency increased to the highest point and then started to reduce as the loading frequency
further increased, due to the temperature sensitivity of the SBS-modified asphalt. This
means that the SBS-modified asphalt mixture exhibited some viscous properties as the
temperature increased. For the PU mixture, the phase angle gradually decreased with the
increase of the loading frequency. This phenomenon demonstrates that the PU mixture
displays elastic properties all the time, and the viscosity of the PU mixture acted gradually
and was not in a dominant phase. When the loading frequency is raised from 0.1 Hz to
25 Hz, the SBS-modified asphalt mixture’s phase angle is reduced by about 57.2% to 29.2%,
with the temperature ranging from 5 ◦C to 25 ◦C; at a temperature of 35 ◦C, the phase angle
changed slightly; at temperatures of 45 ◦C and 55 ◦C, this translated into about a 21.9% and
30.8% increase on average in phase angle, with the frequency raised from 0.1 Hz to 25 Hz.
For the PU mixture, the phase decreased by about 29.9% to 36% when the frequency was
raised from 0.1 Hz to 25 Hz, and the decreased magnitude increased with the increase in
temperature. This indicates that the influence of temperature on the phase angle of the PU
mixture enhanced as the temperatures increased.

Under the same loading frequencies, the phase angle of the SBS-modified asphalt
mixture initially grew, and then reduced when the temperature was higher than 45 ◦C.
The increasing magnitudes were about 12% to 265% when the loading frequency was
raised from 0.1 Hz to 25 Hz. These results could be explained by the fact that when the
temperature was low, the SBS-modified asphalt binder was in elastic status and tended to
behave mechanically with significant elastic properties. The SBS-modified asphalt mixture
was subjected to the asphalt binder, and the SBS-modified asphalt mixture’s behavior was
dominated by the asphalt property, so the phase angle was small. The SBS-modified asphalt
binder became soft and turned viscous as the temperature increased. The viscoelastic
property of the SBS-modified asphalt mixture is dominated by the viscous characteristic,
so the phase angle would increase. When the SBS-modified asphalt binder tended to lose
stiffness and could not withstand the stress alone in a viscous state, the aggregate skeleton
would start to take up the stress together with the SBS-modified asphalt binder, and the
SBS-modified asphalt mixture’s behavior transitioned from being dominated by the SBS-
modified asphalt binder to the aggregate skeleton [62], and the phase angle would decrease.
The dominant factor in the viscoelastic behavior of the SBS-modified asphalt mixture
altered within this temperature range. The SBS-modified asphalt mixture displayed more
viscous properties at higher temperatures. Therefore, the SBS-modified asphalt mixture
would be damaged by rutting disease at high temperatures. When the loading frequencies
decreased from 25 Hz to 0.1 Hz, the ratio of the phase angle between the PU mixture and
SBS-modified asphalt mixture ranged from 62.2% to 38% at 5 ◦C, 39.9% to 31% at 15 ◦C,
31.5% to 26.3% at 25 ◦C, 23.1% to 35.9% at 35 ◦C, 20.6% to 42.3% at 45 ◦C, and 23% to 51.5%
at 55 ◦C.
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Under the same loading frequencies, the phase angle of the PU mixture steadily grew
as the temperature increased. The increases magnitudes were 38%–55% when the loading
frequency was reduced from 25 Hz to 0.1 Hz. At higher loading frequencies, the increase in
magnitude was smaller. The phase angles of the PU mixture at 55 ◦C ranged from 7◦ to 12◦,
which indicates that the PU mixture would still be in elastic status at 55 ◦C. Therefore, the
PU mixture would be subjected to the PU binder at 55 ◦C and the aggregate skeleton did
not exhibit obvious effort to withstand the stress. The dominant factor in the viscoelastic
behavior of the PU mixture did not change in this temperature range. The PU mixture
could resist rutting damage at higher temperatures, compared with the SBS-modified
asphalt mixture.

Figure 3c shows that the phase angles of the SBS-modified asphalt mixture were higher
than those of the PU mixture at all test temperatures, and the gap became bigger as the
temperatures increased. The phase angles of the PU mixture at 55 ◦C were still smaller than
those of the SBS-modified asphalt mixture at 5 ◦C, which indicated that the PU mixture’s
temperature sensitivity was a great deal smaller than the SBS-modified asphalt mixture. In
other words, the SBS-modified asphalt mixture had a significant viscosity when compared
to the PU mixture. Therefore, the PU mixture has outstanding high-temperature stability
and maintains good elasticity at high temperatures, which was the disadvantage of the
asphalt mixture.

From the viscosity standpoint, the phase angle describes the mixture’s capacity to
resist deformation under the applied load [63], which depicts the actual force and dynamic
behavior of pavement [64]. When the viscoelastic material is loaded, the strain response
lags behind the applied stress and the phase lagging is represented by the phase angle. The
phase angle is between 0−90◦ [65,66]; a larger phase angle manifests more viscous and
less elastic behavior. The pavement structure’s internal stress will progressively dissipate
as time progresses as a result of temperature and vehicle load, which is known as stress
relaxation [67].

When the phase angle is close to zero, the material is pure elastic and there is no
time lag between the stress and strain, which means that the structure with pure elastic
material would immediately recover after unloading the stress. When the phase angle is
close to 90 ◦, the material is pure viscous and there is a big lag between the stress and strain,
which means that the structure with pure viscous material would take a longer time to
recover after unloading the stress. Therefore, the bigger the phase angle is, the longer the
relaxation time the structure takes to recover after unloading the stress. Comparing the
phase angle data, the phase angle of the SBS-modified asphalt mixture was much higher
than that of the PU mixture under the same temperatures and loading frequencies, which
means the SBS-modified asphalt mixture structure would take a longer time to recover
from strain after unloading stress, compared with the PU mixture. This means that the
SBS-modified asphalt mixture would tend to incur permanent deformation, compared
with the PU mixture. This could explain why rutting damage occurs in the slow-speed
vehicle section for asphalt mixture pavements. The PU mixture with a smaller phase angle
produces less permanent deformation and improves rutting resistance.

4.3. Comparing the Stiffness Parameters (E*/sin(δ)) of the SBS-Modified Asphalt and PU Mixtures

The dynamic modulus correlates well with the field permanent deformation behavior
suggested by the NCHRP report 513 and incorporates the Superpave system for perfor-
mance evaluation. It is important to recognize that rutting was rated as the most significant
hot mixed asphalt mixture problem in current practice. According to one reference [68],
there is an excellent correlation between the rutting resistance of asphalt pavement and
the stiffness parameter (E*/sin(δ)) of the asphalt mixture, and the stiffness parameter of the
asphalt mixture can more precisely reflect its resistance to rutting at comprehensively high
service temperatures. Generally, the greater the stiffness parameter value, the greater the
asphalt mixture’s resistance to rutting (permanent deformation).
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Based on the experimental data of dynamic modulus and phase angle of the SBS-
modified asphalt mixture, the stiffness parameter would decrease as the temperatures
increase, and increase as the loading frequency increases. Under the same temperature, the
stiffness parameter would increase sharply at a lower temperature and the increase rate
would slow down. When the temperature rose above 25 ◦C, the increased speed would be
very small. This means that the loading frequency had a bigger influence on the stiffness
parameter at lower temperatures, and the loading frequency could be ignored at higher
temperatures. At the same loading frequency, the stiffness parameter would decrease
sharply with the increase in temperature. The stiffness parameter at 15 ◦C would be much
smaller at one order of magnitude than that at 5 ◦C. When the temperatures rose to 35 ◦C,
45 ◦C, and 55 ◦C, the stiffness parameter would decrease by about 47%–57%, 57%–66%,
and 63%–72%, separately. Therefore, the temperature could greatly affect the stiffness
parameter of the SBS-modified asphalt mixture, and the SBS-modified asphalt mixture
cannot resist high-temperature deformation, which is the insurmountable drawback of the
SBS-modified asphalt mixture.

For the PU mixture, the stiffness parameter would also increase as the loading fre-
quency increased, and decrease as the temperature increased. However, the changing rate
was much smaller than that of the SBS-modified asphalt mixture. At the same temperature,
the stiffness parameter would gradually increase as the loading frequency increased, and
the increasing rate would steadily decrease as the temperature increased. Under the same
loading frequency, the stiffness parameter would gradually decrease as the temperature
increased, and the increase rate would decrease as the temperature increased. Therefore,
the loading frequency and temperature had a certain effect on the stiffness parameter of
the PU mixture.

The stiffness parameter of the SBS-modified asphalt mixture at 5 ◦C was bigger at
higher loading frequencies and smaller at lower loading frequencies, compared with that
of the PU mixture. The stiffness parameter of the SBS-modified asphalt mixture would
become smaller than that of the PU mixture at 15 ◦C. At temperatures of 25 ◦C and
35 ◦C, the stiffness parameters of the PU mixture were all bigger than those of the SBS-
modified asphalt mixture; when the temperature rose to 45 ◦C and 55 ◦C, the difference
became bigger. This demonstrates that the PU mixture had higher stiffness parameters
than the SBS-modified asphalt mixture, and the PU mixture could resist high-temperature
deformation or rutting. This could be explained by the fact that the PU mixture would
produce little thermal rheological deformation at high temperatures, and the PU mixture’s
temperature sensitivity was much smaller than the SBS-modified asphalt mixture. The
PU mixture is applicable for replacement of the SBS-modified asphalt mixture in order to
resist high-temperature deformation. The SBS-modified asphalt mixture cannot solve the
rutting problem.

4.4. Black Space Diagram Analyzing

The black space diagram [69] is an effective way to compare and evaluate the asphalt
binder’s rheological properties and asphalt mixture’s performance [21,70], and estimate the
mixtures’ stiffness and relaxation capability from a dynamic modulus versus phase angle
plot [71]. If the black space curve shifts to the right or the inflection point is on the right, the
material or the mixture would exhibit a more viscous property. Due to the interaction of the
asphalt binder with aggregate, the black space plot of the asphalt mixture exhibits a peak
phase angle value at moderate stiffness [72]. Owing to the asphalt binder’s low stiffness
and viscous flow at high temperatures, the aggregate structure starts to take control of
behavior, whereas at lower temperatures the asphalt mixture’s volumetrics and binder
stiffness are in charge.

From Figure 5, it is seen that the black space curves of the dynamic modulus versus
phase angle of the SBS-modified asphalt mixture show an obvious curve shape and have
an inflection point. The black space diagram could be utilized to compare the difference
in rheological characteristics of asphalt binder or asphalt mixture with different additions
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or additives. If the material possesses typical rheological properties, the black space
curves have obvious curve shapes and inflection points. The SBS-modified asphalt mixture
confirmed this conclusion. However, for the PU mixture, the black space spots of dynamic
modulus versus phase angle did not show a curve shape and were all on the left side of
the black space diagram, which indicates the PU mixture shifted to a stiffer and elastic
condition. The black space spots were scattered together, which means that the temperature
and loading frequency had a relatively smaller influence on the dynamic modulus of the
PU mixture. This indicates that the PU mixture does not exhibit rheological properties at
the test temperature range, and the PU mixture would still be in elastic status even at 55 ◦C.
This result confirms the findings concluded above.

4.5. The Master Curves of the SBS-Modified Asphalt and PU Mixtures
4.5.1. Dynamic Modulus Master Curve of the SBS-Modified Asphalt and PU Mixtures

Based on the theoretical premise of TTSP, a master curve could be developed by
shifting the experimental data acquired at various temperatures and loading frequencies.
This is an effective tool for representing and analyzing the dynamic mechanical properties
of the asphalt mixture. The master curve could reflect the loading-rate dependency of the
mixture. In this study, the reference temperature was set as 20 ◦C.

Five master curve models were adopted to construct the dynamic modulus master
curve, which were the SLS, GLS, CAM, modified CAM, and SCM models. The shift
factor equations based on the TTSP are needed to shift the experimental data at different
temperatures and loading frequencies to form a smooth master curve. The log-linear,
polynomial, Arrhenius, WLF, and Kaelble equations were used for constructing the master
curves. The error minimization method, based on nonlinear least squares regression
analysis, was used to evaluate the five dynamic modulus models’ fitting divergence and
diminish the difference between the predicted and measured dynamic modulus.

There were 25 kinds of master curve models and shift factor equation combinations
that needed to be evaluated. For the PU mixture, only the combination of the modified
CAM model and log-linear equation did not produce acceptable fitting results, therefore,
the experimental data of the PU mixture had relatively small diversity and could be better
fitted by the mathematical models. The fitting results of the SBS-modified asphalt mixture
for 25 combinations were listed in Table 3. Seven combinations did not produce acceptable
fitting results, and only the Kaelble equation could produce acceptable, fitting results
for the modified CAM model. This indicated that the dynamic modulus results of the
SBS-modified asphalt mixture under different temperatures had significant differences,
which could influence the fitting procedure and result. The Sy of the dynamic modulus
of the SBS-modified asphalt mixture (0.6034) is considerably greater than that of the PU
mixture (0.1295).

According to previous research, the dynamic modulus master curve of the asphalt
mixture shows the “S” shape and tends to be the ultimate value at extremely high or low
loading frequencies (temperature). At lower temperatures (higher frequency), the asphalt
mixture is subjected to asphalt binder, and the asphalt binder strength determines the
ultimate value of dynamic modulus at lower temperatures. When the temperature rises,
the binder becomes softer and could withstand the stress alone. The aggregate skeleton
begins to bear the stress with the binder until the binder loses its capability to bear stress.
Then, the aggregate skeleton would withstand the stress alone and the strength of the
aggregate skeleton would determine the ultimate strength at higher temperatures. The
SLS model, GLS model, modified CAM model, and part of the SCM model fitting master
curves followed the traditional “S” shape, which could be depicted as the potential proper
master curve model for the SBS-modified asphalt mixture. For the PU mixture, only the
master curve of the combination of the GLS model and WLF equation followed the “S”
shape. The other master curves gradually increased as the loading frequency increased and
did not show an obvious ultimate value. This may be explained by the fact that the PU
binder reacted with the chemical bond on the surface of the aggregates, and then the PU



Coatings 2023, 13, 1143 21 of 28

binder and aggregate reacted together to form the PU mixture, which was different from
the asphalt mixture. The PU binder does not show obvious rheological properties at higher
temperatures; its strength would be reduced as the temperature increased, but the PU
binder would break under the outer stress with lower strength under higher temperatures,
unlike the failure of the asphalt. Therefore, the PU mixture did not show an obvious
ultimate dynamic modulus value as the asphalt mixture did.

The equation with the highest fitting accuracy was selected for comparison for each
master curve model, and the best fitting results for the SBS-modified asphalt mixture and
PU mixture were listed in Table 4 and Figure 6j. From Table 4, it could be concluded
that the master curves of the PU mixture predict more accuracy than those of the SBS-
modified asphalt mixture. The recommended combinations, except for the CAM model and
WLF equation, for the SBS-modified asphalt mixture had similar shapes, and the curves
converged together at the intermediate loading frequency (10−5 to 105 Hz).

4.5.2. Phase Angle Master Curve of the SBS-Modified Asphalt and PU Mixtures

The phase angle master curve models were acquired from the corresponding dynamic
modulus master curve models, based on the terms of the approximate K-K relations [53,73].
There were also five master curve models, which were the SLS [49], GLS [51], CAM [52],
modified CAM [74], and SCM models [51]. The shift factor equation and error mini-
mization method adopted was the same as the dynamic modulus master curve fitting
mentioned above.

The phase angle experimental data of the SBS-modified asphalt mixture had an ex-
tremely high standard deviation (7.455), and no acceptable fitting results could be obtained
for the SBS-modified asphalt mixture. In Figure 7, for the PU mixture’s phase angle master
curve, all the phase angle master curves except the modified CAM model had similar
shapes, and the curves decreased gradually as the loading frequency increased. The phase
angle master curves of the modified CAM model initially reduced and then grew as the
loading frequency increased. For some equations of the GLS and SCM model, the final
values of the master curves at extremely low frequency (high temperature) were close to
90◦, which represents that the PU mixture was in a viscous state. This PU binder would
not turn to a viscous state after being cured, and the phase angle would not get close to
90◦, so the GLS and SCM model with certain equations would not be applicable to the PU
mixture. For the modified CAM model, the phase angle master curves were different from
the others, there was a turning point at 100 Hz frequency, and the phase angle increased as
the temperature decreased, which was not complying with the changing regularity of the
material with a viscoelastic property. Therefore, the modified CAM model was not suitable
for the phase angle master curve construction.

For each model, the equation with the best fitting results was plotted in Figure 7f and
Table 5. The SCM model had extremely high values at a lower frequency and the shape of
the modified model was different from the viscoelastic material. The other three models
had similar shapes and values. According to Table 5, the SLS model with the polynomial
equation had the best fitting results, e.g., R2 (0.9985), Se/Sy (0.0161), SSE (0.032), which was
recommended for the phase angle master curve construction.

The typical phase angle master curve of the asphalt mixture displays a “bell” shape,
whereas, the shape of the phase angle master curve of the PU mixture was different. The
phase angle of the asphalt mixture rose as the loading frequency increased and then fell
as the frequency continued to rise. The phase angle master curve shape of the asphalt
mixture complied with the viscoelastic property of the asphalt binder, e.g., the asphalt
binder exhibited elastic properties at a reduced temperature (or higher loading frequency),
and exhibited viscous properties at a higher temperature (or lower loading frequency). The
PU binder did not exhibit obvious viscous properties at higher temperatures (or lower
loading frequency). Therefore, the shape of the phase angle master curve is a smooth
decreasing curve.



Coatings 2023, 13, 1143 22 of 28

4.5.3. Shift Factor of the SBS-Modified Asphalt and PU Mixtures

The shift factor in the function of temperature represents the translation of the modulus
curve at each temperature into the master curve, and the translation quantity reflects the
correlation between frequency and temperature [48]. The shift factor describes the degree
to which the mixture is temperature dependent at a given temperature; a larger shift factor
indicates a stronger temperature dependence [75]. The larger the activation energy, the
more challenging it is to shift the curve with reference temperature. Activation energy is a
measure of the energy barrier that must be overcome. Additionally, the shift factor agrees
with activation energy [76].

The dynamic modulus of the SBS-modified asphalt mixture could only get an accept-
able fitting result based on the Kaelble equation, and the shift factor of the SBS-modified
asphalt mixture was smaller than that of the PU mixture. From Figure 8, it is evident that
under all master curve models and shift factor equations, the value or absolute value of
the shift factors of the SBS-modified asphalt mixture were all bigger than that of the PU
mixture. This indicated that the PU mixture would consume less activation energy to shift
the curves to the reference, compared with the SBS-modified asphalt mixture. In other
words, the temperature sensitivity of the PU mixture was relatively low. The PU mixture
was resistant to permanent deformation, fatigue, and low-temperature cracking.

4.6. Correlation Study between the SBS-Modified Asphalt and PU Mixtures

For comparing the dynamic modulus experimental data of the SBS-modified asphalt
mixture and PU mixture, the dynamic modulus and phase angle of the SBS-modified
asphalt mixture and PU mixture were compiled into a single plot. From Figure 9a, it could
be concluded that the dynamic modulus plots did not show linear trending, but the plots
follow an obvious curve shape and show little dispersion. Nonlinear regression was used to
fit the power model form of dynamic modulus of the SBS-modified asphalt mixture and PU
mixture, the power model form was Y = −8.54 × 10−6 × X2 + 0.46 × X + 4899.55, R2 was
0.94, and the residual sum of squares (RSS) was 1.26 × 107. A two-sided F-test was used to
evaluate the correlation based on Pearson correlation analysis and a 99% significance level
was adopted. The analyzing results are listed in Table 6, and indicate that the dynamic
modulus of the SBS-modified asphalt mixture had a good relationship with that of the PU
mixture, as the Pearson correlation was 0.954. The double tail result (0.0) was smaller than
0.1, which was the 99% significance level. This indicates that the dynamic modulus of the
SBS-modified asphalt mixture was statistically significantly different from that of the PU
mixture. Therefore, the binder had a substantial impact on the dynamic modulus of the
asphalt mixture or PU mixture.

Figure 9b compared the experimental data for the SBS-modified asphalt mixture and
the PU mixture for the phase angle. It was clear from Figure 9b that the spots did not
show obvious curves and were scattered at a certain range. The linear and polynomial
fitting methods were used to fit the phase angles between the SBS-modified asphalt mixture
and the PU mixture, and there were no acceptable results after the fitting procedure. The
Pearson correlation results are listed in Table 6. The Pearson correlation (0.54) was smaller
than that of the dynamic modulus data, which means that the correlation of the phase angle
was weaker than that of the dynamic modulus and the phase angle had more variability.
The double tail result (0.0) was also smaller than 0.1, which was the 99% significance level.
This means that the phase angle between the SBS-modified asphalt and the PU mixture
had a certain correlation. The SBS-modified asphalt mixture and PU mixture had the same
aggregate gradation, so the influence of aggregate type and gradation could be ignored.
Therefore, the binder type is the only influence factor and had a substantial impact on
phase angle data.

4.7. Storage Modulus and Loss Modulus Analyzing

The complex dynamic modulus (E*) is composed of two components: storage modulus
(EStorage), and loss modulus (ELoss). The storage modulus represents the elastic component
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of the mixture: the greater the value is, the more pronounced the elastic property. The loss
modulus represents the viscous component of the mixture: the greater the value is, the
stronger the viscosity. The storage modulus and the loss modulus can be calculated by
Equations (2) and (3).

EStorage = E∗ × cos(δ) (2)

ELoss = E∗ × sin(δ) (3)

From Figure 10a–c, it could be discovered that the storage of the PU mixture was
smaller than that of the SBS-modified asphalt mixture at lower temperatures (5 ◦C and
15 ◦C), and this could explain why the SBS-modified asphalt mixture is much stiffer than
the PU mixture at lower temperatures. When the temperatures were in the intermediate
range (25 ◦C and 35 ◦C), the PU mixture’s storage modulus was bigger than that of the
SBS-modified asphalt mixture at the same temperature, but the SBS-modified asphalt
mixture’s storage modulus at 25 ◦C was bigger than that of the PU mixture at 35 ◦C. At
higher temperatures (45 ◦C and 55 ◦C), the storage modulus of the PU mixture was bigger
than that of the SBS-modified asphalt mixture. The storage modulus of the SBS-modified
asphalt mixture sharply decreased with the increase of the temperatures, and the decreased
magnitude of the storage modulus of the PU mixture was much smaller than that of the
SBS-modified asphalt mixture. This could be explained by the fact that the PU mixture’s
temperature sensitivity was much lower than that of the SBS-modified asphalt mixture,
and the elastic component of the PU mixture would decrease much more slowly than that
of the SBS-modified asphalt mixture. The PU mixture would still exhibit higher elastic
properties at higher temperatures to resist the elastic deformation.

From Figure 10d–f, at temperatures of 5 ◦C and 15 ◦C, the loss modulus of the PU
mixture was much smaller than that of the SBS-modified asphalt mixture, which indicated
that the viscous component of the PU mixture was much smaller. When the temperature
rose to 25 ◦C and 35 ◦C, the loss modulus of the PU mixture changed very little. This shows
that the temperature did not have as much of an effect on the viscous component of the
PU mixture compared with the SBS-modified asphalt mixture. At 45 ◦C and 55 ◦C, the
loss modulus of the PU mixture was much bigger than that of the SBS-modified asphalt
mixture. This could be explained by the fact that the dynamic modulus of the SBS-modified
asphalt mixture decreased sharply at high temperatures. Furthermore, the loss modulus of
the PU mixture at high temperatures decreased little, which indicates that temperature had
little effect on the viscous component of the PU mixture, and the PU mixture would exhibit
insignificant viscous properties at higher temperatures. Therefore, a PU mixture could
produce little thermal rheological deformation at high temperatures. The loss modulus
of the SBS-modified asphalt mixture would also sharply decrease with the increase in
temperatures. This means that the viscous component of the SBS-modified asphalt mixture
would decrease at higher temperatures, and the SBS-modified asphalt mixture would lose
the ability to bond the aggregates and resist the stress.

5. Conclusions

In this paper, an SBS-modified asphalt mixture and a PU mixture with the same
aggregate type, gradation, and binder content were compared to the influence of binder
type on dynamic property. The comparison method included a comparison between
dynamic modulus, phase angle, stiffness parameter, storage and loss modulus, master
curves, block diagram, and correlation analysis. According to the comparison and analysis,
the following conclusion could be obtained.

(1) For the PU mixture at a constant loading frequency or temperature, the dynamic
modulus would gradually grow as the loading frequency increased or temperature
decreased. The phase angle exhibits the opposite trend, which is the expected behavior
of a typical viscoelastic material; the PU mixture is a typical viscoelastic material when
compared with the SBS-modified asphalt mixture.
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(2) Compared with the SBS-modified asphalt mixture, the PU mixture with a smaller
phase angle exhibited more notable elastic properties and did not even show viscous
properties at higher temperatures (55 ◦C). Therefore, the PU mixture finds it easier to
handle stress and recover from the deformation after unloading.

(3) The dynamic modulus of the PU mixture was smaller than that of the SBS-modified
asphalt mixture at lower temperatures (e.g., 5 ◦C and 15 ◦C), but was higher than
that of the SBS-modified asphalt mixture when temperatures were higher than 25 ◦C.
The decline magnitude of the dynamic modulus for the PU mixtures was about
50%−57%, which was much smaller than that of the SBS-modified asphalt (about
94%−98%). The PU mixture had substantially higher temperature stability than the
SBS-modified asphalt mixture. The dynamic modulus of the PU mixture at 45 ◦C and
10 Hz (6136.6 MPa) was a great deal higher than that of the high-modulus asphalt
mixture (2500 MPa) recommended in the literature [77].

(4) The stiffness parameter, storage, and loss modulus analysis results also proved the
conclusion that the PU mixture has higher stiffness to resist high-temperature defor-
mation than the SBS-modified asphalt mixture.

(5) For the SBS-modified asphalt mixture, the phase angle and loading frequency are
negatively correlated, whereas they are positively correlated for the PU mixture. The
temperature is the dominant factor for the SBS-modified asphalt mixture, and the PU
mixture’s behavior was in a PU−dominated phase during the testing temperature or
loading frequency range.

(6) The dynamic modulus between the SBS-modified asphalt and PU mixture had a high
correlation with the R2 value of 0.94, and there was no obvious correlation between
the phase angle data of these two mixtures. This indicates that the chemical property
of the SBS-modified asphalt was quite different from that of the PU binder. The black
diagram analysis also proved this conclusion and demonstrated that the PU mixture
was in an elastic state during the test temperature.

(7) The PU mixture’s dynamic modulus under different temperatures was more stable
than that of the SBS-modified asphalt mixture and could be better fitted by the
mathematical models to represent its dynamic property. The PU mixture’s dynamic
modulus master curve rose with the increase of the loading frequency and did not
follow the “S” shape, which was the traditional dynamic modulus master curve shape
of the SBS-modified asphalt mixture. The master curve did not show ultimate values
at extremely high or low frequencies.

(8) The phase angle data of the SBS-modified asphalt mixture exhibited high standard
deviation values and could not be fitted by the mathematical models. The phase angle
data of the PU mixture could be fitted acceptably by mathematical models, and the
phase angle master curves of the PU mixture did not show the “bell” shape, which is
the typical shape of the asphalt mixture. This proves that the viscoelastic property of
the PU mixture was very different from that of the SBS-modified asphalt mixture.

(9) The thermal rheological property of the PU mixture is smaller than that of the SBS-
modified asphalt mixture, and not obvious during the test temperature range.

As theoretically expected, the mixture should exhibit lower modulus or stiffness, which
would decrease the crack risk for the ideal pavement mixture. Contrary to the requirements
of a mixture at lower temperatures, the mixture should display higher modulus or stiffness
at higher temperatures to resist rutting or deformation damage. The behavior of the SBS-
modified asphalt mixture is contrary to the requirements: it would exhibit less elasticity
at higher temperatures and more elasticity at lower temperatures due to the viscoelastic
property of asphalt binder. Therefore, the SBS-modified asphalt mixture structure would
tend to crack at lower temperatures and rut at higher temperatures. In comparison to
the SBS-modified asphalt mixture, the PU mixture would exhibit lower modulus at lower
temperatures and higher modulus at higher temperatures. Therefore, the PU mixture would
decrease the cracking risk at lower temperatures and the rutting risk at higher temperatures.
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The PU mixture could be considered as an ideal pavement mixture, which could resist the
deformation of the pavement structure caused by the temperatures and loading.

This study attempted to compare the difference in the dynamic properties of SBS-
modified asphalt and PU mixtures, and to analyze the PU mixture’s viscoelastic properties,
which produced these differences. This study could provide insight into understanding the
characteristics of the PU mixture and designing the pavement structure. This could improve
the advantage of the PU mixture, which is to resist high-temperature deformation. However,
this paper only compared the dynamic properties. More aspects of road performance, e.g.,
high-temperature dynamic stability, low-temperature strain, and water stability, should be
studied and compared for the SBS-modified asphalt and PU mixture to better understand
the comprehensive properties and performance of the PU mixture.
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