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(S I N N

Abstract: The polyurethane (PU) mixture is a zero-emission and high-performance engineering
mixture that could replace traditional asphalt mixtures for pavement paving. This paper investigated
the feasibility of using the 252P1D model to characterize the linear viscoelastic (LVE) properties of
the PU mixture in comparison to the styrene-butadiene-styrene (SBS)-modified asphalt mixture
with identical aggregate gradation and binder content. The PU mixture showed higher prediction
precision for dynamic modulus and lower prediction precision for phase angle compared to the
SBS-modified asphalt mixture. The seven constants of the 252P1D model for the PU mixture differed
significantly from those of the SBS-modified asphalt mixture. The PU mixture exhibited higher elastic
properties and lower creep properties, but the viscous properties represented by the index of 7 were
different from the loss dynamic modulus, which reflected the mixture’s viscous properties. The
index 1 cannot accurately characterize the viscous properties of the PU mixture. The 252P1D model
exhibited a higher prediction accuracy than the Sigmoidal Christensen Anderson and Marasteanu
(SCM) model and could accurately simulate the LVE properties of the PU- and SBS-modified asphalt
mixtures. However, the 252P1D model should enhance the creep and dashpot elements to provide a
more accurate characterization of the properties of the PU mixture.

Keywords: PU mixture; dynamic property; rheological property; 2P251D model; creep element

1. Introduction

Hot mixed asphalt mixtures (HMA) exhibit LVE properties within a small strain range
(<150 pe) and low loading cycles [1-8], with characteristics depending on the environment
temperature and loading conditions. At high temperatures and when large deformations
are present, HMA exhibits a nonlinear viscoelastic plastic behavior [9]. In most working
conditions, asphalt paving materials experience very small strains that can be considered
approximations of LVE materials [10]. Fatigue and the low-temperature cracking of asphalt
pavements have been linked to the viscoelastic characteristics of the asphalt mixture [11].
Therefore, characterizing the LVE properties of asphalt materials serves as a reference
for raw material selection and the analysis of mechanical properties of the HMA [12],
which is crucial for designing HMA, analyzing the dynamic response, and predicting road
performance [13].

Complex modulus E* is widely recognized as a fundamental parameter to describe the
LVE behavior of HMA over a limited strain range (8-100 pe) and when there are limited
loading cycles [14-16] in the frequency domain. This represents the stiffness of viscoelastic
materials and is an important HMA character [17,18]. The complex modulus test, originally
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developed by NCHRP 9-19, is used to characterize the viscoelastic mechanical behavior
of HMA.

In pavement design, the asphalt concrete layers can be classified as either elastic or
viscoelastic materials. The “Mechanics-Empirical Pavement Design Guide” (MEPDG)
and the Alize software (https://www.alize-lcpc.com/) classify asphalt concretes as elastic
materials, and suggest using a dynamic modulus to characterize the performance of HMA
at different temperatures [18]. A complex modulus is a crucial parameter for flexible
pavement design and is employed to evaluate the asphalt mixture’s response to vehicle
loading and thermal conditions [19]. The dynamic modulus master curve provides crucial
information regarding the viscoelastic kernel functions, including relaxation modulus
and creep compliance, as well as the frequency—temperature dependence required for a
pavement structural analysis of responses and performances.

To characterize and simulate the LVE behavior of HMA in the temperature and
frequency domains, researchers have developed various rheological models, e.g., Huet-
Sayegh model, 252P1D model [6,7,20], Generalized Maxwell (GM) model [21], Generalized
Kelvin (GK) model, Christensen—Anderson (CA) model, Sigmoidal model [22,23], Modified
Christensen—Anderson-Marasteanu (CAM) model, Havriliak-Negami (HN) model [24],
and machine learning models [25-27]. These models can be classified into three categories:
physical models, mathematical shape functions, and machine learning models. Physical
models provide a clearer understanding of the rate-dependent behavior of the viscoelastic
materials. Therefore, they could better simulate the LVE behavior of HMA compared
to the mathematical shape functions such as the power law and sigmoidal functions.
Machine learning models are the most-developed methods to solve the current problems in
predicting the dynamic performance of HMA.

The 252P1D model has a powerful ability to describe the LVE behavior, in both uni-
dimensional or tri-dimensional forms, of various bituminous materials (binders, mastic, and
mixtures). This model has been extensively studied in different publications, showcasing
its effectiveness across a wide range of frequencies and temperatures [1,6,20,28-37].

The HN and 2S2P1D allow for the simultaneous fitting of both the modulus and
phase angle, making simulations of the behavior of asphaltic materials more complex.
Mathematical equations such as the CA model [38] and CAM model cannot accurately
describe the phase-angle master curves, which assume an S-shaped curve, as the S-shape
is the traditional shape of HMA, which has been proved in much of the literature [39-41].
The 252P1D model enhances the Huet-Sayegh model’s performance at high temperatures
and low frequencies [7]. Mechanical method models (such as the 252P1D model) can better
characterize and predict the rheological behavior of HMA compared to sigmoidal functions,
CAM, and HN models [42].

The 252P1D model requires limited model parameters for its setup and offers a
continuous relaxation spectrum for analyzing LVE properties in the time domain, thus
simplifying model implementation and facilitating analytical investigation [43]. Compared
to the GM model, the 252P1D model has fewer parameters and can more easily construct
the master curves because it is less influenced by local variations in the data, and rarely
yields negative parameters that lack a physical interpretation during model calibration [44].

The 252P1D model can be applied to various test methods, including the bending
beam rheometer test [44], dynamic shear rheometer test [45], conventional cyclic tension
test, and impact test [6,7,20,46], with good accuracy. By utilizing the 252P1D model,
the master curve for the dynamic modulus of HMA can be established in the frequency
domain [47,48]. Compared to the traditional complex modulus test, a new method that uses
an automatic impact hammer, a load cell, and an accelerometer, is employed to measure the
frequency response functions (FRFs) of HMA at various temperatures [49]. The complex
modulus is then back-calculated from the measured FRFs, employing the 252P1D model
and Williams-Landel-Ferry (WLF) function. To simulate the overall LVE behavior of HMA,
the procedure was conducted to optimize the parameters of the 252P1D model and WLF
function [50]. Thermodynamic tests were performed on HMA specimens before and after
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rapid freeze-thaw cycles [51], and the influence of freeze—thaw cycles on the parameters
of the 252P1D model was analyzed. The 252P1D model and the second-order polynomial
shift factor function were utilized in a triaxial LVE characterization framework to evaluate
the pressure dependence of HMA [43].

The 252P1D model can be used to evaluate various types of asphalt mixtures. The
252P1D model is employed to evaluate the linear viscoelasticity behaviors (LVE) of hot-mix
and warm-mix asphalt mixtures containing reclaimed asphalt pavement (RAP) [52,53].
Glass aggregate and hydrated lime contents’ effect on LVE behavior of HMA are investi-
gated by the 252P1D model and WLF function for three glass aggregate levels and two
hydrated lime levels [54]. The 252P1D model and WLF function were also used to fit test
data for HMA with the crumb rubber (CR) (by dry process) [55]. A cold recycled asphalt
mixture treated with cement and asphalt [56] was modeled by the 252P1D model and
WLF function to represent the rheological behavior under small strain. To access heat as a
primary aging factor [57], the 252P1D model and WLF function were employed to construct
master curves for the dynamic modulus and phase angle of HMA. The 252P1D model
accurately models a porous asphalt mixture across diverse frequency and temperature
conditions [58]. Pellinen et al. previously employed the 252P1D model and observed good
agreement between the measured and predicted data for HMA. The 252P1D model was
utilized to evaluate the impact of oxidative aging on the LVE properties of HMA [11].

This study focuses on characterizing the linear viscoelastic behavior (especially within
a small strain range and considering only a few applied loading cycles) of the PU mixture
under elevated temperatures and loading frequencies. The complex modulus is a crucial
parameter for accessing the response of a PU mixture to traffic loading and determining
its resistance to rutting and fatigue. The primary objectives of this study were threefold:
(1) to conduct an analysis comparing the LVE properties of the PU mixture to the SBS-
modified asphalt mixture using 252P1D model simulations, (2) to validate the mechanical
performances of the PU mixture, and (3) to determine the advantages of the PU mixture
compared to the SBS-modified asphalt mixture. The 252P1D model was employed to
capture the stiffness behavior of the material under any given condition and to facilitate
laboratory-level extrapolations of the PU mixture’s LVE properties for temperature and
frequency ranges that are not typically accessible.

2. Materials and Methods
2.1. Specimen Fabricate and Dynamic Modulus Test

Two kinds of mixtures, SBS-modified asphalt mixture and a PU mixture with identical
aggregate gradation, were utilized in the paper to compare the application of the 252P1D

model. The aggregate gradation was listed in Table 1; these aggregates were composed
of limestone.

Table 1. The aggregate gradation for the PU and SBS-modified asphalt mixtures.

Sive/mm 0.075

0.15

0.3 0.6 1.18 2.36 4.75 9.5 13.2 16 19 26.5

Passing/% 6.3

9.2

11.3 15.8 23.1 31.8 38.2 59.7 72.3 81.2 95.7 100

The SBS-modified asphalt was provided by Shandong Hi-Speed Huarui Road Ma-
terials Technologies Co., Ltd. (Jinan, China), and the PU binder was a single-component,
wet-setting-type polyurethane from Wanhua Chemical Group Co., Ltd. (Yantai, China). The
optimal binder content was established through the Marshall test procedure and amounted
to 4.3%. Specimens were produced by the Superpave gyratory compactor (SGC), resulting
in a size of 170 mm in height and 150 mm in diameter after compacting. Subsequently, the
specimens were resized to 150 mm in height and 100 mm in diameter. The recommended
specimen fabricating procedure was detailed in the reference [59].

The dynamic modulus test was conducted on the specimens using the asphalt mixture
performance tester (AMPT) in load-controlled uniaxial compression mode, following the
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AASHTO: TP-79 (2010). The maximum strain of the specimen would be maintained within
the range of 75-125 pe. Six recommended test temperatures (5 °C, 15 °C, 25 °C, 35 °C,
45 °C, and 55 °C), and nine loading frequencies (25, 20, 10, 5, 2, 1, 0.5, 0.2, and 0.1 Hz) were
utilized for the dynamic modulus test. The average values of the dynamic modulus and
phase angle from four replicates were calculated for analysis.

2.2. Methodology Background

The master curve could be constructed by fitting it to the rheological model, which can
predict dynamic modulus at frequencies and temperatures not covered in the experimental
condition [60]. The rheological models, which characterize the viscoelastic properties
of asphalt and HMA, can be broadly classified into three categories: mathematical em-
pirical models, constitutive models of mechanical elements [61], and machine learning
models. According to the current studies, the physical meaning of parameters in the
mathematical empirical model lacks a conclusive statement. To address these limitations,
researchers began using the mechanical element constitutive model to characterize the
dynamic viscoelastic properties of asphalt and HMA [12]. However, due to the challenge
of characterizing dynamic viscoelastic properties using traditional mechanical element
models composed of springs and dashpots, parabolic elements were introduced to these
models to effectively characterize those properties. The most representative model is the
252P1D model [7], which addresses some limitations encountered with these older models
at very low frequencies.

This was originally calibrated and developed at the DGCB laboratory of ENTPE [6,7,62]
and was proposed by Olard and Di Benedetto [6,7,20] to: (1) characterize the dynamic
viscoelastic properties [11,55,63]; (2) simulate the linear viscoelastic behavior of asphalt
materials (such as mixes, mastics, and asphalt) in a complex domain [6,7,61,62]; and (3) de-
scribe the rheological behavior of viscoelastic materials in the linear domain (for small strain
amplitudes) over a very wide range of frequencies and temperatures [4-7,21,33,36,62,64—67].

The 252P1D model is developed from the Huet-Sayegh model, which includes a linear
dashpot in series, two parabolic elements, and a spring of rigidity [11]. The 252P1D model is
a rheological analogical model and partial derivative model that combines five rheological
elements: two linear elastic springs (elastic elements), two parabolic creep elements, and
one Newtonian dashpot (viscous elements), as shown in the one-dimensional schematic
(Figure 1a) [6,20]. The 252P1D model accurately characterizes the relaxation phenomenon
observed in asphalt mixtures [68]. The spring represents the static modulus of HMA and is
capable of predicting the dynamic modulus at a low frequency or high temperature [60].
The parabolic element, also known as the Abel model, is regarded as a rheological element
between spring and dashpot that exhibits a parabolic creep function. Adding this parabolic
creep element results in a more generalized form of the model, which facilitates a more
accurate assessment of the AC stiffness modulus at low and high loading frequencies [68].

The model compositions and physical simulation of the 252P1D model are illustrated
in Figure 1. Every element is associated with a corresponding constant.

The mathematical expression of the model is provided [7] in Equation (1):

E*(iwT) = Eg+ o b - (1)
1+ a(iwt) " + (iwt) " + (iwpt)”
where i is a complex number and i> = —1; w represents the angular frequency (rad/s),

which is related to frequency f through the equation w = 27tf; a represents the calibration
parameter for the first parabolic creep element; k and / are dimensionless constants asso-
ciated with the two parabolic creep element, satisfying the condition 0 <k <h < 1. when
h =0, it corresponds to elastic behavior, while & = 1, it corresponds to viscous behavior;
B represents a dimensionless constant related to the newly introduced additional Newto-
nian dashpot to the second parabolic element, with the viscosity given by the equation
B=171"1/(Ex — Egp); 7 donates the Newtonian viscosity of the dashpot, while T represents
a characteristic time that dictates the temperature dependency of the model and denotes
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the time required for the system to relax [11]. When the frequency approaches a very small
value (zero), corresponding to w—0, the 252P1D model can be deemed an elastic model
characterized by a single spring with a static modulus Ej. As the frequency approaches
infinity, corresponding to w—co, the 252P1D model is characterized by the glassy modulus
Ew [69]. Hence, the constants E, and E( possess a distinct physical significance: Ey and
E donate, respectively, the minimum and maximum asymptotic values of the complex
modulus of asphalt mixture at extremely low frequencies and high frequencies [7].

Shape parameter
: a
EE ":; -
§
'§o n / \, k
]:l a, k S
E ]:] h
EI!
Bl
B
\ mixh/2 mixk/2
E, Real E E,
(a) (b)

Figure 1. (a) Phenomenological structure of the 252P1D model; (b) visualization of the parameters of
the 252P1D model.

Figure 1b displays the physical representation of six constants (&, k, 1, E«, Eg, and )
needed to characterize the linear viscoelastic behavior of HMA on the Core—Core plot [70].
In more detail, it indicates that & and k control the slope of the diagram [71]. « is linked
to the slope of the master curve at low temperatures/high frequencies and the height
of the Core-Core diagram [29]. Additionally, if the assumption of a simple linear vis-
coelastic thermo-rheological behavior can be applied to the materials (indicating that the
time—temperature superposition principle holds (TTSP)), then only the parameter of 7 is
influenced by temperature [6].

The SCM model is described using Equation (2) and introduced for comparison with
the 252P1D model to analyze prediction accuracy.

1
log(E*) = log(Eg) + @, T
[ (1 + ez~log(f,,)+tc) v

@

where Eg is the Glassy modulus of HMA, while v, w, z, and ¢, are constants.

The shift factor can be calculated by using the WLF [72,73] function for HMA. The
WLF equation is commonly applied to the 252P1D model [74], which provides a more
accurate description of dynamic modulus data across various models. Its formulation is
provided in reference [72]:

- Cl : (T - Tr)
log(ar) = ————7% 3
where C; and C; are the constants, T is the test temperature, and T is the arbitrarily selected
reference temperature, set as 20 °C in this paper.

2.3. Fitting Procedure

The parameter optimization process of the WLF function and the 252P1D model were
linked. Seven constants of the 252P1D model («, k, I, Ew, Ep, B, and T) and two constants
of the WLF function (C; and C;) are obtained simultaneously through optimizing the
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complex modulus test results. The optimization process at the reference temperature T,
was implemented using weighted least-square nonlinear multiple regression. This sought
to minimize the sum of the distance between the measured complex modulus and the
corresponding estimated values calculated by the 252P1D model across N points of the
pulsation w [6,11,75]. The following function served as a metric for calibrating the sum of
errors (SOE) as minimizing method 1 [75,76]:

= 2 2
SOEMl = Zz:;l{ [logEE\/Ieasured - logE{’redicted] + [logEK/Ieasured - lOgE{’/redicted] } (4)

where E yjersured 18 the real part of the measured dynamic modulus; E’ pyegicreq is the real part
of the dynamic modulus predicted by the 252P1D model; E” ypepsured is the imaginary part of
the measured dynamic modulus; E” pygicteq is the imaginary part of the dynamic modulus
predicted by the 252P1D model.

Equation (5) was used to minimize the difference and calibrate the sum of errors as
minimizing method 2 [77]:

SOEpm2 = Zz { 108 E Measured — lOgEl*?redicted]z + [log0Measured — log‘sPredicted]z} ®)

where Epjegsured is the measured dynamic modulus; E predicted is the dynamic modulus
predicted by the 252P1D model; dpjeusureq is the measured phase angle; dp,pgicteq is the phase
angle predicted by the 252P1D model.

Four statistical methods were employed to indicate the goodness of fit between the
measured and predicted data, which can be demonstrated as follows [78].

The standard error of estimation and standard error of deviation are defined as follows:

1 i=n )
Se: (n_p_1>'l:1|xi_xl| (6)
1 i=n A B
Sy = MR 7)

where x; is the measured dynamic modulus, £; is the predicted dynamic modulus, and ¥; is
the mean value of the measured dynamic modulus.

To evaluate the goodness of fit, the standard error ratio and coefficient of determination
(R?) were used, as shown in Equation (8):

(n—p—1)-52

(n—1)-53

RP=1- 8)

where 7 is the sample size, and p is the number of parameters to be calculated.
The fitting procedure employed the Sum of Square Error (SSE), which is listed in
Equation (9).

2
SSE — Zi:” (Ezdeasured — El*’redicted) ©)
- i=1 (E* )2
Measured

As shown in Equation (10), Error? serves as the primary criterion for assessing good-

ness of fit.
i=n 2

2
Error® = Z[E;ﬁ\/leasured - Elﬁredicted] (10)
i=1
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3. Results
3.1. 252P1D Model Goodness—of—Fit Statistics

The Excel program solver and two minimization methods were employed to minimize
the discrepancies between the predicted values generated by the 252P1D model and the
measured values. The estimated indexes for the fitting procedure were R?, Se/Sy, Error?,
and SSE, with Error? minimization as the primary index that should be reached during
the weighted least-square nonlinear multiple regression procedure. The fitting results of
the 252P1D model for the PU and SBS-modified asphalt mixtures are listed in Table 2 and
Figure 2.

Table 2. The fitting results of the 252P1D model for the PU and SBS-modified asphalt mixtures.

Mixture Method R? SelSy Error? SSE
Method 1 0.9999999 0.0200000 0.1339559 0.0346523
PU mixture
Method2 1 0.0000614 0.0224544 0.0199999
Method 1 0.9999529 0.0200000 0.3998602 0.4160927
SBS-modified asphalt mixture
Method 2 0.9999999 0.0004482 0.0288021 0.3601372

30,000 30,000
25,000 |~ Miniminzation method 1 25,000 |~ Minimization method 2
Miniminzation method 2 Minimization method 1
f
20,000 | 1 20,000 |
3 j 3
3 s
g 15,000 g 15,000 |-
] ]
s 5
£ &
. & 5 &
- 10,000 M 10,000
5000 [ 5000 |
0 L L L L 0k L L L L 1 1
-10 -8 -6 -2 0 2 8 10 -10 -8 -6 -2 0 2 6 8 10
log(f) log(f,)
(a) (b)

Figure 2. The dynamic modulus master curves of the PU and SBS-modified asphalt mixture fitted
by two minimization methods: (a) master curves of the SBS-modified asphalt mixture at a reference
temperature of 20 °C; (b) master curve of the PU mixture at a reference temperature of 20 °C.

3.2. Comparison of 252P1D Model Fitting Parameters

The parameters of the 252P1D model for the PU and SBS-modified asphalt mixtures

were obtained through the error-minimizing procedure, and the results are presented in
Table 3.

Table 3. The fitted parameters of the 252P1D model for the PU and SBS-modified asphalt mixtures.

Parameter Ex Ey ) k h B Tref
PU mixture 39,546.72 743.39 8.93 0.09 0.30 916184.16 220.31
SBS—-modified asphalt mixture 23,087.16 177.54 3.17 0.45 0.45 45219.02 0.28

3.3. Comparison of the Master Curves of the 252P1D Model

The seven parameters of the 252P1D model for the PU and SBS-modified asphalt
mixtures were utilized to construct the corresponding master curves in the frequency range
of 10719-10'° Hz; the master curves of dynamic modulus and phase angle are plotted
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in Figure 3a,d, respectively. The measured data points under different test temperatures
were shifted to the master curves by using the corresponding shift factors at various
temperatures; the results for the PU and SBS-modified asphalt mixtures are plotted in
Figure 3b,c.

30,000 30,000
25,000 SBS-modified asphalt mixture 25,000
—=— PU mixture
20,000 20,000 [
g
2 g
< 5°C 4 35°C
3 15,000 S 15000
E < 15°C v 45°C
3 _ 25°C 55°C
,m"- Master Curve
10,000 10,000
5000 5000 |
ol L L L
0 -0 -8 -6 -4 -2 0 2 4 6 8 10
log(f)
30,000 -
35
_-'f\'-.. —=— SBS-modified asphalt mixture
25,000 [ . 30 | 7 ! o
20,000 | Br !
h 1
2 € 2 t 1
S 15,000 | \.‘
S Br sC 4 35°C i 1
(= 15°C v 45°C “ s
25°C 55°C
10,000 —— Master Curve
5000 [
0 JI N I
-0 -8 -6 -4 -2 0 2 4 6 8 10
log(f,) log(f)
() (d)
35| 35 L
30 | 30 | —=— Master Curve of d
= 5C e 15°C
4 25°C v 35°C
45°C 55°C
25 L 5F
—=— Mater Curve of & ."‘
_ = 5C e 15C . :
Q"E 20| A 25°C v 35 °-E 2 -
H 45°C 55°C 3 H
H 3
£ £
< <

-

7
T

-

@
T

-10 -8 -6 -4 -2 0 6 8 10 -10 -8 -6 -4 - 0 2 4 6 8 10
log(f) log(f)
(e) (f)

Figure 3. The master curves of the PU and SBS-modified asphalt mixture: (a) dynamic modulus
master curves of the PU and SBS-modified asphalt mixture; (b) dynamic modulus master curve of
the PU mixture with the measured data points under different temperatures; (c¢) dynamic modulus
master curve of the SBS-modified asphalt mixture with the measured data points under different
temperatures; (d) phase-angle master curves of the PU and SBS-modified asphalt mixture; (e) phase-
angle master curve of the PU mixture with the measured data points under different temperatures;
(f) phase-angle master curve of the SBS-modified asphalt mixture with the measured data points
under different temperatures.
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3.4. Comparison of Master Curve Models

The SCM model was utilized to construct the master curve of the PU mixture using
the WLF function. The same error-minimizing methods were employed for the SCM
model-fitting procedure. The master curves of the SCM and 252P1D models are presented
in Figure 4a, and the measured data points were shifted to the master curve of the SCM
model using WLF shift factors, which are plotted in Figure 4b. The predicted values from
the SCM and 252P1D models versus the measured data points are plotted in Figure 4c. The
linear fitting method was employed to approximate the correlation between the predicted
values and measured values. The fitting results for both models are presented in Table 4.

30,000 30,000
25,000 25,000
—— SCM model
20,000 ——2P2S1D model 20,000 f
=
[
2 :
oC 359
g 15,000 SR S 35°C
3 < = 15°C v 45°C
B = 25°C ¢ 55°C
kLu *  Master Curve
10,000 10,000
5000 5000
ol 0 1 1 1 1 1 1 1 1 1 1
10 -10 -8 — -4 -2 0 2 4 8 10
log(f)
12,000
d
10,000 " E predicedrzs2pip model
°  E predicediScM model o X
o
-~
S o
& 8000 | o
b o3
< o
3 S
3
.= 6000 - £
[ o8
&
)
)
4000 e
Line of equality (Y=X)
2000 L L L L )
2000 4000 6000 8000 10,000 12,000
.
E Mmsured(MP a)
(©)

Figure 4. The dynamic modulus master curves of the PU mixture by using the SCM and 252P1D
models: (a) master curves of the SCM and 252P1D models; (b) master curve of the SCM model with

the measured data points under different temperatures; (c) predicted data points under the SCM and
252P1D models versus the measured data points under all test temperatures.

Table 4. The linear fitting results of the predicted and measured dynamic modulus data points.

Model Formula R?
SCM model Y = 674.7193 + 0.9386X 0.9921

252P1D model Y =12.2869 + 0.9978X 0.9960
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3.5. Comparison of Core—Core and Black Space Diagrams

The E’ represents the real part of the dynamic modulus, and corresponds to the storage
modulus that characterizes the elastic properties of the mixture. Meanwhile, the E” donates
the imaginary part of the dynamic modulus and corresponds to the loss modulus, which
signifies the viscous properties of the mixture. The Core—Core diagram was employed
to analyze the viscoelastic properties of both mixtures: the PU and SBS-modified asphalt
mixtures. The corresponding diagrams for both mixtures are plotted in Figure 5a,c with
the real and imaginary modulus calculated by the frequency range of 10-1°-10'° Hz.
Additionally, Figure 5b displays the Core—Core diagrams for the PU mixture with the
real and imaginary modulus calculated by the frequency of 1072°-10% Hz. The black
space diagrams represent both mixtures: the PU and SBS-modified asphalt, as presented
in Figure 5d. In these plots, E pyegicted and E” pegicted are the real and imaginary modulus
obtained by the predicted dynamic modulus, respectively.
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Figure 5. The Core-Core diagrams of the PU mixture and SBS-modified asphalt mixture: (a) the Core—
Core diagram of the PU mixture calculated by the frequency range of 10~19-1010 Hz; (b) the Core—
Core diagram of the PU mixture calculated by the frequency range of 10-20~10%> Hz; (c) the Core-Core
diagram of the SBS-modified asphalt mixture calculated by the frequency range of 10~10-10' Hz;
(d) black space diagrams with predicted data.

3.6. Comparison of Shift Factors

The shift factors, calculated using the WLF function in the 252P1D model, for both PU
and SBS-modified asphalt mixtures, are plotted in Figure 6.
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Figure 6. Shift factors of the PU mixture and SBS-modified asphalt mixture master curve.

4. Discussion
4.1. 252P1D Model Goodness of Fit Statistics

As previously stated, two types of error minimization methods were utilized during
the fitting procedure for the measured dynamic modulus data. The first minimization
method focused on minimizing the difference between the measured and predicted storage
and loss modulus, while the second minimization method targeted the difference between
the measured and predicted dynamic modulus and phase angle. Based on the fitting results
presented in Table 2, it can be inferred that minimization method 2 would yield more
accurate fitting results than method 1 for both the PU and SBS-modified asphalt mixtures.
Due to the higher R? values obtained for method 2 compared to method 1, the values for
Se/Sy, Error?, and SSE were all smaller for method 2. As shown in Figure 3, the master
curves constructed with different minimization methods displayed similar shapes; the
master curves corresponding to minimization method 2 displayed smaller values at a high
frequency. Therefore, minimization method 2 was chosen for the goodness of fit analysis.

Based on the fitting results and estimation indexes presented in Table 2, it can be
concluded that the 252P1D model effectively fits the dynamic modulus results of both
the PU and SBS-modified asphalt mixtures with high precision. The quality of the fit
between the measured data and data predicted by the 252P1D model was expressed via the
coefficient of determination, R?. Both mixtures have goodness of fit (R?) values greater than
0.9999, with the PU mixture’s values being slightly higher than those of the SBS-modified
asphalt mixture. This indicates that the master curves of the dynamic modulus of the PU
mixture exhibit superior fitting compared to those of the SBS-modified asphalt mixture. The
Se/Sy, Error?, and SSE indexes of the PU mixture were lower than those of the SBS-modified
asphalt mixtures, indicating that the fitting accuracy of the PU mixture was higher than
that of the SBS-modified asphalt mixture. Based on the analysis, the 252P1D model was
capable of fitting the dynamic modulus test results of both the PU and SBS-modified asphalt
mixtures. This analysis revealed that the 252P1D model was particularly suitable for fitting
the dynamic modulus test results of the PU mixture.

4.2. Comparison of 252P1D Model Fitting Parameters

These optimal fitting ranges of the mixture parameters for the 252P1D model are
presented in Table 3. Based on the data presented in Table 3, the seven parameters of
the 252P1D model differed significantly for the PU and SBS-modified asphalt mixtures.
This difference implies that the performance of the PU mixture differed from that of the
SBS-modified asphalt mixture. Accordingly, it suggested that the elements of the 252P1D
model have a distinct influence on those two mixtures.
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In Figure 1, the linear elastic spring symbolizes the elastic element of the 252P1D
model, the parabolic creep element represents the creep elements, and the Newtonian
dashpot represents the viscous element of the 252P1D model.

The first two constants have clear physical meanings: Ey and E« correspond to the
minimum and maximum asymptotic values of the dynamic modulus of HMA, respectively,
at very low frequencies and high frequencies. As reported by [6], E« and Eg are primarily
associated with the aggregate skeleton, while k, /1, and « are associated with the asphalt
binder. Based on Table 3, the Ej and E« — E¢ of the PU mixture were higher than those of
the SBS-modified asphalt mixture, indicating that the asymptotic glassy modulus (limit of
the complex modulus) for the sand-lone and the second spring was greater than that of the
SBS-modified asphalt mixture. Therefore, compared to the SBS-modified asphalt mixture,
the PU mixture would exhibit a higher limit of dynamic modulus. In other words, the PU
mixture would exhibit greater strength as w approaches infinity or zero. Therefore, the
elastic elements (linear elastic springs) of the PU mixture would exhibit higher dynamic
modulus, and the PU mixture would exhibit greater strength compared to the SBS-modified
asphalt mixture.

Based on Table 3, kpu < ksgs, hpu < hsgs, kpu + hpu < hsgs + ksgs. The values of h
and k represent the parabolic creep elements. Hence, the parabolic creep elements of the
PU mixture were smaller than those of the SBS-modified asphalt mixture. The inequality
kpu + hpy < hsps + ksps indicates that the creep property of the PU mixture is significantly
lower than that of the SBS-modified asphalt mixture. As a result, the PU mixture exhibits
greater resistance to creep deformation or damage compared to the SBS-modified asphalt
mixture. Parameters k, /1, and « are more closely associated with the rheological behavior of
the asphalt binder [70]. Compared to the SBS-modified asphalt mixture, the PU mixture
exhibited significantly reduced rheological behavior, or its rheological propertie were
not prominent.

The behavior of ideal viscous fluids can be effectively modeled using a dashpot. The
value of f is directly proportional to the viscosity of the linear dashpot in the analogical
252P1D model and significantly impacts its behavior [33]. A study [31] has demonstrated
that asphalt with low viscosity values tends to exhibit lower § values when fitted with the
252P1D model. The 1 value for the PU mixture was significantly higher than that of the
SBS-modified asphalt mixture in the formula g = 711 /(Eco — Ep). This implies that the
Newtonian viscosity of the dashpot for the PU mixture exceeded that of the SBS-modified
asphalt mixture. In other words, the PU mixture exhibited a higher viscous property
compared to the SBS-modified asphalt mixture, indicating increased resistance to flow due
to the PU binder.

For the 252P1D model and the SBS—-modified asphalt mixture, emphasis was placed
on the creep element (which represents the creep property), while the dashpot element was
included to reflect its viscous property. Based on the comparison results, it can be inferred
that, for the PU mixture’s 252P1D model, reducing the emphasis on the creep element
while enhancing the dashpot element would be beneficial.

4.3. Comparison of Master Curves of 2S2P1D Model

HMA is a representative material that exhibits typical thermorheological simplicity
in the LVE region. Hence, the master curves for LVE material can be established by
employing the time-temperature superposition principle (TTSP). The evolution of the
complex modulus concerning frequency and temperature provides a comprehensive LVE
characterization of the material. In this process, test data obtained at various temperatures
are horizontally shifted along the logarithmic scale of the frequency or time axis, resulting
in a smooth master curve representing time up to a reference temperature T,. The angular
frequency and time after translation are referred to as angular frequency (f;) and reduced
time (t,). By employing the generated master curve, it is possible to predict the LVE
behavior across a broader range of loading conditions than what was tested [79]. To employ
the 252P1D model for characterizing the dynamic viscoelastic properties of the PU and
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SBS-modified asphalt mixtures, this subsection first introduces the TTSP. It then outlines
the approach used to determine the parameters of the 252P1D model and WLF function.
Finally, a comparison between the predicted results and the measured data is presented.

Equation (1) can be integrated with the seven parameters («, k, 11, Eco, Ey, Trefs and
pB) of the 252P1D model to obtain the necessary data points for constructing the master
curve at the reference temperature. Figure 3 displays a comparison of simulations for
the LVE behavior of PU and SBS-modified asphalt mixtures using the 252P1D model.
Additionally, all relevant information from the complex modulus results can be integrated
into the 252P1D model. Based on Figure 3a, it is evident that the 252P1D model is capable
of simulating the dynamic modulus of both PU and SBS-modified asphalt mixtures. The
master curves depicted in Figure 3a for both PU and SBS-modified asphalt mixtures suggest
that the dynamic modulus master curve of the SBS-modified asphalt mixture follows an “S”
shape, which is a classical characteristic of the asphalt mixture. The master curve for the
dynamic modulus of the SBS-modified asphalt mixture is expected to exhibit maximum
values at extremely high or low frequencies. The master curves for the SBS-modified asphalt
mixture approach a value of zero, known as the static modulus. This parameter is thought
to represent the ultimate interlocking between aggregates when the binder contribution is
minimal. The static modulus likely depends on the aggregate skeleton, practically when
the SBS-modified asphalt loses its viscosity. The dynamic modulus master curve of the
PU mixture did not exhibit an “S” shape and displayed a non-zero ultimate value (larger
than zero) at an extremely low frequency or high temperature, but did not display an
ultimate value at an extremely high frequency or low temperature. This phenomenon
suggested that the PU binder did not lose its viscosity at high temperatures and would
be subject to the loading in combination with the aggregate skeleton, as the aggregate
skeletons of the PU and SBS-modified asphalt mixture were identical. Compared to the
SBS-modified asphalt mixture, the dynamic modulus master curve of the PU mixture
was higher at a low frequency or high temperature and lower at a high frequency or low
temperature. This explained why the PU mixture exhibited a higher dynamic modulus at
high temperatures to resist high-temperature deformation and a lower dynamic modulus
at low temperatures to reduce the crack risk compared to the SBS-modified asphalt mixture.
The smooth master curves obtained for E* demonstrated that the TTSP can be utilized
for analyzing the LVE property of both tested PU and SBS-modified asphalt mixtures. As
observed in Figure 3a, the 252P1D model successfully simulated the complex modulus and
accurately characterized the asymmetric features of dynamic viscoelasticity for both the
PU and SBS-modified asphalt mixtures.

By using the WLF shift factors, the measured data points at different test temperatures
could be shifted to the master curve at the reference temperature. The 252P1D model
was then applied to fit the measured dynamic modulus data, and the shifted dynamic
modulus results were plotted in Figure 3b,c for better visualization. By comparing the
master curves of PU and SBS-modified asphalt mixtures with measured data points at
different test temperatures, it was observed that the measured dynamic modulus data
points of the PU mixture at different test temperatures smoothly shifted to the dynamic
modulus master curve and were well distributed within this curve. A very good agreement
was observed between the dynamic modulus master curve simulated by the 252P1D model
and the measured dynamic modulus data. The 252P1D-model-predicted values obtained
through the proposed estimation method successfully approximated real material behavior.
As shown in Figure 3b, the 252P1D model provided a good simulation of the measured
dynamic modulus data across a broader range of frequencies and temperatures. However,
after being shifted, the measured data points of the SBS-modified asphalt mixture were
distributed on both sides of the master curve, with some data points being significantly
distinct from the dynamic modulus master curve. The 252P1D model master curve of the
SBS-modified asphalt mixture showed poor agreement with the measured data points.
This implies that the fitting accuracy of the 252P1D model for the PU mixture was higher
than that of the SBS-modified asphalt mixture. Additionally, the 252P1D model is more
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suitable for modeling the dynamic modulus of the PU mixture than the SBS-modified
asphalt mixture.

The predicted dynamic modulus data were used to obtain the predicted phase-angle
data and to construct the master curve. The phase-angle master curves for both the PU and
SBS-modified asphalt mixtures are presented in Figure 3d. The phase-angle master curve
of the SBS-modified asphalt mixture displayed a “Bell” shape, indicating that the 252P1D
model effectively simulates the phase angle and rheological property of this mixture. The
peak values of the master curve of the SBS-modified asphalt mixture was approximately 35°.
Although the phase-angle master curve of the PU mixture did not display the traditional
“Bell” shape, it increased with increasing frequency and decreased after peaking. The
peak value of the phase-angle master curve for the PU mixture was approximately 10°,
which was significantly lower than that of the SBS-modified asphalt mixture. This finding
suggested that the rheological properties of the PU mixture were considerably inferior to
those of the SBS-modified asphalt mixture.

The measured phase-angle data of the PU and SBS-modified asphalt mixture were
shifted using the shift factors to align with the master curves, as illustrated in Figure 3ef.
Based on Figure 3e, the shifted phase-angle data of the PU mixture were distinct from the
master curve, suggesting that the phase-angle master curve for the PU mixture did not
match the measured phase-angle data accurately. Alternatively, the 252P1D model was not
suitable for accurately fitting the phase angle of the PU mixture. Nevertheless, the shifted
phase-angle data of the SBS-modified asphalt mixture aligned along the master curve with
some degree of discreteness, indicating that the 252P1D model could fit the phase-angle
data of the SBS-modified asphalt mixture with acceptable accuracy. These results suggest
that the 252P1D model requires improvements to better reflect the rheological properties of
the PU mixture.

4.4. Comparison Master Curve Models

To fit the measured dynamic modulus of the PU mixture, the SCM model was also
introduced. The fitting parameters were introduced to Equation (2) to obtain the data
used to construct the master curve. To obtain a deeper understanding of their differences,
Figure 4a displays the master curves of the SCM and 252P1D models. The master curves of
the SCM and 252P1D models were found to be non-symmetric, exhibiting similar trends
but with notable differences. Compared to the SCM model master curve, the master curve
of the 252P1D model had lower values and smaller prediction ranges at both low and
high frequencies.

By using the WLF shift factors to shift the measured dynamic modulus of the PU
mixture at different test temperatures to match the master curve of the SCM model during
the SCM model fitting process, the shifted data points can be distributed along the master
curve of the SCM model shown in Figure 4b. However, some data points were still observed
to be outside the master curve. The model demonstrates a higher prediction accuracy
when the measured data points closely align with the reference line (master curve). The
result further confirms that the prediction precision of the 252P1D model (Figure 3b) was
significantly higher than that of the SCM model when using the same shift factor function.

The predicted values from the SCM and 252P1D models were plotted against the
measured data points in Figure 4c, and the linear fitting procedure was used to determine
the correlation between the predicted values from each model with the measured values.
If the matching points are evenly distributed around the line of equality, this indicates
that the model has a strong correlation with the measured data. Based on Table 4 and
Figure 4c, when comparing both models under the same conditions, the predicted values
from the 252P1D model were closer to the line of equality, with minimal deviation. On the
other hand, the predicted values from the SCM model were slightly scattered on the line of
equality compared to the 252P1D model. The linear fitting results demonstrated that the
intercept of the 252P1D model was significantly smaller than that of the SCM model, while
the slope of the linear fitting results of the 252P1D model was much closer to 1 compared
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to that of the SCM model. The fitting accuracy, measured by R?, of the 252P1D model
was 0.99605, which was higher than that of the SCM model (0.9921). These fitting results
unequivocally demonstrated that, compared to the SCM model, the 252P1D model had a
superior ability to accurately predict the dynamic modulus of the PU mixture.

4.5. Comparison of Core—Core and Black Space Diagrams

The storage modulus E’ and loss modulus E" predicted by the 252P1D model were
plotted against each other. The loss modulus E” was plotted as a function of the storage
modulus E’. The plot represented the Core-Core diagram, which could be used to estimate
the dynamic properties of the mixture. The storage modulus E’ is a crucial quantity used to
calculate the viscoelastic properties (compliance and relaxation modulus) of a mixture [9].
The Core—Core plot can be used to represent the relation between the storage modulus E’
and the loss modulus E”. Since both the storage and loss modulus of the 252P1D models
can be derived analytically from the corresponding complex-valued models, they satisfy
the Kronig—Kramers relation, which theoretically connects the real and imaginary parts of
the response to a harmonic load [80].

Within the frequency range of 1071-10'" Hz, the Core-Core diagram of the SBS-
modified asphalt mixture exhibited a complete and smooth curve (Figure 5c). This implies
that the dynamic modulus of the SBS-modified asphalt mixture was consistent with its
viscoelastic property, the Core—Core curve of the PU mixture did not form a closed loop
(Figure 5a). However, within the frequency range of 10~2°-10% Hz, the Core-Core diagram
of the PU mixture formed a closed and complete curve (Figure 5b). This could be explained
by the fact that the PU mixture had distinct viscoelastic properties compared to the SBS-
modified asphalt mixture, and the PU mixture could accommodate a broader temperature
range. As the frequency decreases (f—0) or at a high temperature, as shwon in Figure 5¢,
the values of E” approach zero while E’ remains small for the SBS-modified asphalt mixture.
This could be attributed to the loss of viscous properties of the SBS-modified asphalt
mixture and near loss of elastic effect at high temperatures. The values of E’ and E” of
the PU mixture do not approach zero at high temperatures (when f—101° Hz). This
demonstrates that the PU mixture maintains its strength and the PU binder continues
to experience force or deformation with the aggregate skeleton. Compared to the SBS-
modified asphalt mixture, the PU mixture exhibits higher resistance to high-temperature
deformation. With an increase in frequency or a decrease in temperature, the strength of
the mixture increases, and the curves reach their peaks, indicating that the E attains its
maximum values. After the peaks, the mixture transitions to an elastic state. The E” value
of the SBS-modified asphalt mixture is significantly bigger than that of the PU mixture,
indicating that the viscous properties of the SBS-modified asphalt mixture exceed those
of the PU mixture. At a constant temperature, the viscous property of the PU mixture
is inferior to that of the SBS-modified asphalt mixture; thus, the PU mixture can resist
permanent deformation. This observation conflicts with the results presented in Section 4.2,
where the viscous property (represented by the #) of the PU mixture was considerably
higher than that of the SBS-modified asphalt mixture. This suggests that either the viscous
property of the PU mixture can be represented by using the # or it cannot be captured using
this parameter, similar to when this parameter is applied to asphalt binders. Therefore,
it is necessary to refine the viscous element of the 252P1D model for the PU mixture to
accurately reflect its viscous properties.

At an identical loading frequency, the E’ (storage modulus or elastic modulus) of
the PU mixture was significantly higher than that of the SBS-modified asphalt mixture,
indicating that the PU mixture had a greater strength than the SBS-modified asphalt mixture.
When the temperature decreased or the loading frequency approached 10'° Hz, the SBS-
modified asphalt mixture entirely lost its viscous properties (E” = 0), and it displayed
total elasticity. At the same temperature or loading frequency, the PU mixture continued
to exhibit some viscous properties and was more resistant to low-temperature cracking
compared to the SBS-modified asphalt mixture.
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Based on the diagram of the 252P1D model, the tangent lines were added to the two
ends of the Core—Core diagram. The angles of the tangent lines represented the values
of m*h/2 and 7t*k/2, respectively, as shown in Figure 5b,d. The values of 7t*h/2 and
7t*k/2 were calculated and converted into angle form based on the fitting results of the
2S2P1D model. All the results are listed in Table 5. As shown in Table 5, for the SBS-
modified asphalt mixture, the values of 7*h/2 and 7t*k/2 calculated by both methods
were nearly identical. This result suggested that the 252P1D model was appropriate for
simulating the SBS-modified asphalt mixture, especially at high and low temperatures. For
the 7t*k/2 value of the PU mixture, there were similarities between the values obtained
by both methods; however, for the 7t*h1/2, there were significant differences between the
values obtained using both methods. This comparison revealed that while the 252P1D
model could effectively simulate the property of the PU mixture at low temperatures, its
accuracy was not satisfactory at high temperatures. Therefore, it was recommended to
enhance the 252P1D model for better simulation of high-temperature properties in the
PU mixture.

Table 5. The linear fitting results of the predicted and measured data points.

Mixture Type Origin 7T*h/2 T¥k/2
252P1D model fitting 27.5° 8.3°
PU mixture .
angle of the tangent line 16.4° 171.7°
252P1D model fitting 40.0° 40.0°

SBS-modified asphalt mixture
angle of the tangent line 39.9° 140.2°

Based on Figure 5d, the predicted dynamic modulus and phase-angle data of the PU
and SBS-modified asphalt mixtures presented smooth and distinct curves. This finding
suggested that both the PU and SBS-modified asphalt mixtures meet the requirement of the
TTSP. Although all these black space diagrams have turning points to the right of the curves,
the turn points of the PU and SBS-modified asphalt mixtures were distinctly different. This
indicates that the rheological or viscous properties of the PU mixture were considerably
weaker than those of the SBS-modified asphalt mixtures.

4.6. Comparison of Shift Factors

The methodology used to design the master curve [81] assumes equivalence between
time and temperature in the context of the stiffness modulus of the LVE materials within the
linear viscoelastic response. To obtain the master curves of HMA, it is necessary to calculate
the shift factor a, using the TTSP. The shift factors for the PU and SBS-modified asphalt
mixtures, obtained using the 252P1D model and WLF function, were plotted together in
Figure 6. The shift factor is a function of temperature and reflects the translation of the
measured data curve at different temperatures to form the master curve. The amount
of translation for different dynamic modulus isotherms tested at different temperatures
suggests a correlation between frequency and temperature [82]. The time-temperature shift
factor represents the distance of the measured test data shifted from various test tempera-
tures to the reference temperature along the logarithmic axis [12]. The amount of shifting
required at each temperature to form a master curve describes the temperature dependency
of the mixture. A larger shift factor indicates a stronger temperature dependency [83].
Activation energy signifies the energy barrier that must be overcome when shifting the
curve with reference temperature. A larger activation energy implies greater difficulty
shifting the curve. Furthermore, activation energy is correlated with the shift factor [84].

Based on Figure 6, the absolute values of the shift factor obtained from the 252P1D
model and WLF shift factor equation for the SBS-modified asphalt mixture were higher
than that of the PU mixture. This indicates that the SBS-modified asphalt mixture requires
more energy than the PU mixture to shift data points to the reference temperature across
all test temperatures. Several studies have shown that shift factor «, is influenced by the
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bitumen, with different asphalt mixtures using the same bitumen exhibiting the same shift
factor, o, [6,7,85]. Therefore, this difference can be attributed to the significant difference
in the properties of the SBS-modified asphalt and PU binder, which could impact the
LVE property of their respective mixtures. A temperature-sensitivity analysis using shift
factors was conducted based on WLF theories applicable to the time-temperature super-
position principle for viscoelastic materials. Therefore, the SBS-modified asphalt mixture
demonstrates greater temperature sensitivity compared to the PU mixture.

The linear fitting was utilized to calculate the shift factors at various temperatures;
the results are presented in Figure 6. Based on the fitting results, the accuracy (R? = 1)
of the PU mixture’s fit was slightly higher than that of the SBS-modified asphalt mixture
(R? =0.98977). The fitting line representing the shift factors of the PU mixture almost
perfectly overlapped the line of the shift factors, whereas the fitting line for the SBS-
modified asphalt mixture did not align with the line of the shift factors. This indicates
that the 252P1D model had a higher fitting accuracy for the PU mixture compared to the
SBS-modified asphalt mixture and the 252P1D model was more suitable for use with the
PU mixture.

5. Conclusions

This paper adopts PU and SBS-modified asphalt mixtures with the same aggregate
gradation and binder contents to perform the complex modulus test. The complex test
results were analyzed and fitted using the 252P1D model. The verification of the stimulating
effect of the 252P1D model through various methods led to the following conclusions:

(1) The minimization method had higher accuracy in minimizing the difference between
the measured and predicted dynamic modulus and phase angle. The 252P1D model
fits the complex modulus data for the PU mixture more precisely than the data for
the SBS-modified asphalt mixture. However, the 252P1D model was not suitable for
fitting the phase-angle data of the PU mixture.

(2) Compared with the SBS-modified asphalt mixture, the PU mixture exhibited higher
elastic properties, as represented by the linear spring element, smaller creep, as
properties represented by the parabolic creep element, and greater viscous properties,
as represented by the Newtonian dashpot element.

(3) To improve the simulation of the viscous and high-temperature properties of the PU
mixture, it is necessary to weaken the parabolic creep element and enhance the linear
spring and dashpot in the 252P1D model.

(4) Compared with the SCM model, the 252P1D model exhibited superior precision in
predicting the dynamic modulus of the PU mixture.

(5) Although the 252P1D model accurately fitted the dynamic modulus, its phase-angle
fitting results were not satisfactory. This suggested that the rheological properties of
the PU mixture differ significantly from those of the SBS-modified asphalt mixture.
Therefore, modification is required to improve the 252P1D model’s ability to simulate
the rheological properties of the PU mixture.

(6) The252P1D model successfully captures the asymmetric characteristics of the dynamic
viscoelasticity of both the PU and SBS-modified asphalt mixtures across a wide range
of frequencies and temperatures.

The 252P1D model is a highly effective mathematical equation, with all its parameters
possessing clear physical meaning. It could accurately represent the LVE property of the
asphalt mixture, particularly concerning the creep and viscous properties. Additionally,
it can effectively fit dynamic modulus and phase-angle data with high accuracy. When it
comes to the PU mixture, the accuracy of fitting dynamic modulus surpasses that of the
SBS-modified asphalt mixture. However, in terms of the phase angle, the accuracy of fitting
for the PU mixture falls significantly behind that of the SBS-modified asphalt mixture.
This result suggests that the rheological properties of the PU mixture significantly differ
from those of the SBS-modified asphalt mixture. This observation is further supported by
comparing the 1 index with loss modulus E”. Among the parameters of the 252P1D model
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fitting, the 77 value of the PU mixture is significantly higher than that of the SBS-modified
asphalt mixture. This implies that the viscous or rheological properties of the PU mixture
exceed those of the SBS-modified asphalt mixture. As a result, the loss modulus E” of the
PU mixture is smaller than that of the SBS-modified asphalt mixture, further demonstrating
that the viscous properties of the PU mixture are inferior to those of the SBS-modified
asphalt mixture. The findings obtained from the index of # and loss modulus E” conflicted,
indicating that the 77 was not suitable for reflecting the rheological or viscous properties
of the PU mixture. Therefore, the 252P1D model could somewhat characterize the LVE
properties of the PU mixture, but further improvements are needed to more accurately
reflect its creep and rheological (viscous) properties.
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