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The dynamic modulus of asphalt mixture is an important factor in the design
of asphalt pavement, and many scholars have proposed different models for
estimating the dynamic modulus of asphalt mixture, but there are almost no
studies on the prediction of the dynamic modulus of semi-flexible materials. In
order to analyze and estimate the dynamic modulus of semi-flexible materials,
we set up a high-performance cementitious paste (HPCP) semi-flexible material
and a reference group Stone Mastic Asphalt (SMA-16) under multiple conditions,
first measured its dynamic modulus in the laboratory, and analyzed the dynamic
modulus characteristics of the material, and then used the equation the
estimation equation proposed by Witczak et al. (Witczak1-37A) as a benchmark
to introduce a new parameter, grouting mass ratio (Pb) to develop a Witczak-
G prediction model to compare and validate the predicted dynamic modulus
with the measured values. The results show that compared with SMA-16, HPCP
semi-flexible material exhibits higher dynamic modulus and lower phase angle,
and its temperature sensitivity and deformation resistance are significantly better
than those of SMA-16. Under the influence of porosity and Pb factor, the
dynamic modulus is positively correlated with both factors, and the phase angle
increases first and then decreases, showing strong elastic properties. In this
paper, we propose a dynamic modulus prediction model based on viscosity and
Pb, Witczak-G, which predicts the highest coefficient of determination (R2) of
the predicted dynamic modulus as high as 0.99 after initial fitting and validation,
which indicates that the Witczak-G model is suitable for predicting the dynamic
modulus of semi-flexible materials injected with HPCP.

KEYWORDS

HPCP-infused semi-flexible materials, dynamic modulus, phase angle, cement grout
mass ratio, predictive model

1 Introduction

Semi-flexible pavement (SFP) is a joint-free pavement formed by a special cement
grouting material poured into an open-graded asphalt mixture (its void ratio is 20%–30%).
PSFP offers benefits such as resistance to high-temperature rutting, reduced cracks, and
enhanced pavement material performance. The earliest research on semi-flexible pavement
was the construction of a semi-flexible composite pavement test road on an airstrip in
France (1954) and the application for a construction patent called “Salviacim” (Guo et al.,
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2022). In recent years, a large number of studies have been carried
out on the properties of SFP, such as Setyawan. (2013), who studied
the relationship between the compressive strength of grouting
materials and SFP through uniaxial compression tests. Pei et al.
(2016) also analyzed the compressive strength and compressive
modulus of SFP using uniaxial compression tests. Cai et al. (2017)
found that the contribution of grouting material to the whole was
much higher than that of matrix asphalt mixture, and found that
pouring high-performance cement paste and pure cement paste
into matrix asphalt mixture respectively had similar mechanical
properties, but high-performance cement paste had better pavement
performance and durability, in addition, in order to meet the
wettability requirements of densely graded asphalt concrete, the void
ratio of matrix asphalt mixture should reach 21% in the injection
of high-performance cement paste and 24% in the injection of pure
cement paste. Yang et al. (2022) used five kinds of asphalt binders
with different binding properties and rheological properties to form
SFP, and experimental studies showed that there were obvious
differences in the influence of adhesive properties and rheological
properties of asphalt binders such as viscosity and bond strength on
the crack resistance of SFP.

Studying the dynamic parameters and dynamic characteristics
of semi-flexible pavement structure under dynamic load is essential.
The dynamic modulus, a crucial performance parameter in
the Mechanistic Empirical Pavement Design Guide (MEPDG),
represents the ratio of axial stress amplitude to strain amplitude
under dynamic load. This parameter aligns more closely with
the actual stress conditions of pavement structures (Donald and
Bonaquist, 2015). There are three methods to obtain dynamic
modulus: laboratory testing using detection equipment, calculation
through established empirical formulas, and empirical-based
reference to typical values. Currently, the mainstream approach for
obtaining the dynamic modulus of pavement materials involves
indoor testing using equipment at different temperatures and
frequencies. The dynamic modulus is then obtained through
fitting based on certain functional relationships, illustrating the
main curve depicting its variations with temperature and loading
frequency. However, indoor testing for dynamic modulus involves
complex conditions, substantial workload, and high experimental
costs (Christensen et al., 2003). To streamline the process and
reduce the effort in obtaining the dynamic modulus of pavement
materials, researchers have conducted numerous experiments,
accumulating a wealth of dynamic modulus test data. Based on
material characteristics and experimental conditions, predictive
models for asphalt mixtures have gradually been established.
Among them, the Witczak1-A and Hirsch models are widely
recognized predictive models, along with modified Witczak and
models proposed by National cooperation Highway Research
Program (NCHRP 1-40D), among others (Al-Khateeb et al., 2006),
however, the current series of predictive models focus primarily
on conventional asphalt mixtures, with limited research on the
dynamic modulus of injected semi-flexible material pavements.
Existing studies are limited to the exploration of the main curve of
dynamic modulus, lacking precise prediction equations. As there
is no secondary level for obtaining the dynamic modulus of semi-
flexible materials, it has become imperative to seek a simplified
method for predicting the dynamic modulus of such materials.

Numerous researchers have established comprehensive asphalt
mixture material characteristics and dynamic modulus databases,
incorporating climate conditions, test parameters, material
properties, etc. This has led to the development of several
dynamic modulus estimation models for asphalt mixtures. Previous
studies have established a comprehensive database of material
characteristics and dynamic modulus of asphalt mixture through
a large number of indoor and outdoor tests, and combined with
climate, test conditions, material characteristics, etc., a series of
dynamic modulus prediction models of asphalt mixture have been
proposed. The Witczak1-37A model is one of the most widely used
dynamic modulus prediction models, which follows a Sigmoid
form, it defines key parameters influencing dynamic modulus,
including asphalt content and viscosity, aggregate critical sieve pore
passing rate, void ratio, test temperature, loading frequency, etc.
However, the model does not consider the viscoelastic properties
(Gb
∗) of asphalt, which significantly deviates from actual asphalt

performance and requires adjustment in practical applications.
The NCHRP1-40D model is the Witczak1-37A model modified
by Bari (2005), which comprehensively considers mixture types,
including various asphalt types and aging conditions, by replacing
the original model’s viscosity-temperature relationship with shear
modulus |Gb

∗| and phase angle δ, theWitczakmodelmore effectively
reflects the deformation characteristics of asphalt mixtures under
different load frequencies and temperatures (Ma et al., 2018). The
Hirsch model is a semi-empirical formula, which biggest feature
is that the dynamic modulus of asphalt mixture is predicted by
using the dynamic shear modulus of asphalt binder |Gb

∗|, voids in
mineral aggregate (VMA) and vapor flash aromatics (VFA), so as
to better reflect the performance of asphalt mixture. In summary,
the previous models are based on the Witczak1-37A model and the
Hirsch model modification, so these two commonly used models
are selected (Ceylan et al., 2009; Gu et al., 2019; Bi et al., 2021).

With support from the NCHRP 1-40D program, the model has
been revised, incorporating additional data and parameters. The
updated version demonstrates improved predictive capabilities and
stands as one of the most widely applied estimation models today
(Salini et al., 2015; Ma et al., 2017a; Ma et al., 2017b; Bueno et al.,
2020; Vestena et al., 2023). The dynamic shear modulus |Gb

∗|, voids
in mineral aggregate (VMA), and asphalt saturation (VFA) are
utilized for predicting the dynamic modulus of asphalt mixtures.
Due to a relatively limited dataset, further validation is required for
the reliability of its regression model. Research indicates that the
Hirsch model struggles to accurately predict the dynamic modulus
of mixtures at high temperatures and low frequencies (Kim et al.,
2005; Zhang et al., 2022a; Zhao et al., 2012; Jiang et al., 2022; Kim
and Lee, 1995). Noted poor performance of the Hirsch model for
|E∗| at low temperatures (−10°C), attributing it to extrapolated
binder data rather than direct measurements. They also highlighted
the Witczak model’s greater effectiveness at colder temperatures
compared to warmer ones (Khan et al., 2023; Liu et al., 2023). It is
an urgent need to propose an estimation model for the dynamic
modulus of semi-flexible materials, which is essential for the
design of dynamic parameters and dynamic characteristics of semi-
flexible pavement structures under dynamic loading. The practical
applicability of the above three typical models is affected by many
factors, mainly due to the different environment, temperature, raw
material characteristics, experimental working conditions and load
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frequency standards in different countries, resulting in changes in
the applicability of the estimation model, with the development of
computer technology, researchers have gradually formed a trend
of predicting the modulus of asphalt mixture through numerical
simulation of discrete elements (Cheng et al., 2023; Hu et al., 2023).

This paper proposes a dynamic modulus prediction equation
for predicting the stiffness of poured semi-flexible material
layers. Previous dynamic modulus prediction models were limited
to conventional asphalt mixtures, and the study of dynamic
modulus for poured semi-flexible materials was restricted to master
curve analysis. However, as road materials and structural forms
become more diverse, conventional prediction models require
modification. The key innovation of this study lies in deviating
from the traditional dynamic modulus prediction for typical asphalt
mixtures. Instead, focusing on poured-in semi-flexible materials,
it introduces the grout-to-mixture mass ratio as a new variable,
expanding the material scope for dynamic modulus prediction.
This design considers the influence of aggregate and asphalt
based on their respective characteristics, distinguishing itself from
previous dynamic modulus equations by incorporating the impact
of grout. It introduces the grout mass ratio Pb, further proposing a
dynamic modulus estimation equation for semi-flexible materials.
The equation has been validated, providing a convenient and
informative reference for the research and design of semi-flexible
pavement materials.

This paper commences with indoor experiments. It sequentially
prepares semi-flexible material specimens. The porosity of matrix
asphalt is an important factor affecting the dynamic modulus of the
mixture, and a specific porosity range is selected as a representative
and its change trend is analyzed, and the dynamic modulus
characteristics of the entire porosity range can be deduced, which
saves a lot of test operation and time (Pan et al., 2023; Zhao et al.,
2023). The preparation involves grouting HPCP with varying base
asphalt void ratios (20%, 22%, and 24%) and grouting volumes.
Additionally, a set of SMA-16 specimens is prepared using the same
SBSmodified asphalt Following that, the DTS-30 dynamic hydraulic
servo testing equipment was employed. The tests were conducted
using the Dynamic Modulus American Association of State
Highway and Transportation Officials (AASHTO-TP79) method.
Single-axis compression dynamic modulus tests were conducted at
five different test temperatures and six different loading frequencies.
The dynamic modulus and phase angle of two pavement mixtures
were measured. Comparatively analyzing their dynamic modulus
and phase angle variations with test temperature and loading
frequency, we also discuss the impact of base asphalt void ratios
and Pb on the dynamic modulus and phase angle of semi-flexible
materials. Finally, a comparative analysis of the applicability of
Witczak1-A and Hirsch models to PSFP was conducted. A baseline
predictive model was selected, and we discussed and introduced
grouting material impact parameters. We constructed a semi-
flexible material dynamic modulus prediction model and validated
it. At present, the main object of dynamic modulus estimation
research is ordinary asphalt mixture, and the model used to predict
the dynamic modulus of ordinary asphalt mixture is representative,
and it is easier and cheaper to obtain or estimate the modulus of
asphalt mixture, but these models still have certain limitations in
predicting the dynamic modulus of other types of asphalt mixture
(such as warm mix asphalt, rubber asphalt, etc.). Therefore, it is

TABLE 1 Test results of basic indicators of ore.

Aggregate
size (mm)

Apparent
relative
density

Bulk
volume
relative
density

Water
absorption

(%)

16–19 2.772 2.706 0.18

11–16 2.725 2.704 0.35

6–11 2.717 2.695 0.48

0–3 2.715 2.685 0.79

necessary to establish an estimation model based on the dynamic
modulus test of more types of asphalt mixtures (Peng et al., 2023;
Zarei et al., 2023; Dhandapani and Mullapudi, 2023).

2 Materials and methods

2.1 Material selection

Raw materials include: aggregates, mineral powders, SBS
modified asphalt, Subote JGM-301 type grout.

(1) The coarse and fine aggregates used are selected from basalt
and limestone respectively, and the filler is made of mineral
powder and ground from limestone. The selected aggregates
are divided into 4 grades, which are 0∼3 mm, 6∼11 mm,
11∼16 mm, and 16∼19 mm, and the basic index test results are
shown in Tables 1, 2.

(2) In this study, SBS modified asphalt was selected, and
the test results of various performance parameters
are shown in Table 3.

(3) Su Bot JGM-301 semi-flexible pavement grouting was used
in this experiment, which is dark brown in color. The water-
cement ratio is set at 0.29, using a high-performance cement
grout with high fluidity and low expansion characteristics.The
basic performance test results of cement and accelerator are
shown in Tables 4, 5.

(4) In this paper, three groups of large-void matrix asphalt
mixtures with different gradations and one group of SBS
modified asphalt SMA-16 were designed, as shown in Table 6.

2.2 Sample preparation

In the laboratory, three types of high void asphalt mix specimens
were produced, with four replicate specimens for each type.
These specimens were compacted using a gyratory compactor into
cylinders with a diameter of 150 mm and a height of 170 mm.
Grouting commenced when the specimen temperature reached
50°C, and the grouting continued until bubbling ceased. After
the completion of grouting, it is necessary to test the grouting
volume for each of the three PSFP mixtures, with each group
consisting of four specimens (labeled as PSFP1#1 to PSFP1#4 for
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TABLE 2 Technical requirements and test results of mineral powder.

Technical
specifications

Standard
values

Measured
values

Apparent Density (t/m3) 2.621 ≥2.5

Water absorption (%) 0.24 ≤1

Appearance not No agglomerates
or lumps

Hydrophilic coefficient 0.625 ≤1

Plasticity index (%) 3.2 ≤4

Heating stability Non-discoloring Non-discoloring

Particle size
distribution

<0.6 mm 100 100

<0.15 mm 98.7 90–100

<0.075 mm 94.5 75–100

TABLE 3 Technical indicators of SBS modified asphalt.

Parameter Standard value “Measured value

Needle penetration
(100 g, 5 s, 25°C)

(1/10 mm)

40–60 53

Penetration index PI ≥0 0.24

Ductility (5°C,
5 cm/min) (cm)

≥20 31

Softening point (°C) ≥60 76

Kinematic viscosity (Pa·
s)

≤3.0 2.1

Flash point (Open cup)
(°C)

≥230 312

Solubility
(Trichloroethylene) (%)

≥99 99.8

Separation experiment
(Difference in softening

point) (°C)

≤2.5 1.1

Elastic recovery at 25°C
(%)

≥75 93

the first group, PSFP2#1 to PSFP2#4 for the second group, and
PSFP3#1 to PSFP3#4 for the third group, totaling 12 specimens).
Table 7 presents the grouting volume (Pb) for each specimen,
indicating a relatively uniform grouting amount for each gradation,
demonstrating good grouting effectiveness. After the specimens
reach the required strength, cores are taken and cut to obtain
the target specimens (with a diameter of 100 mm and height
of 150 mm). The porosity and asphalt content errors for each

specimen are within ±0.5%. The specific process for preparing
semi-flexible specimens is illustrated in Figure 1. Finally, a set of
four specimens of a general asphalt mixture using the same SBS
modified asphalt (labeled as SMA-16#1 to SMA-16#4) is prepared
for comparative testing.

2.3 Experimental methods

Firstly, the specimenswere cut to prepare specimens conforming
to the standard for dynamic modulus testing under uniaxial
compression. These specimens are cylindrical asphalt mix
specimens with a diameter of 100 mm ± 2 mm and a height of
150 ± 2.5 mm. Figure 2 is the experimental setup multifunctional
hydraulic servo pavement material dynamic testing system (DTS-
30), which using the AASHTOTP79method.The testing conditions
include five temperatures and six loading frequencies: 10°C, 5°C,
20°C, 35°C, and 50°C. The environmental chamber maintains a
temperature control accuracy of ±0.5°C. The tests are conducted
in a sequence starting from low to high temperatures, with
loading frequencies ranging from 25 Hz to 0.1 Hz. This approach
effectively mitigates potential damage to the specimens (Khan et al.,
2022a; Liu et al., 2022; Zhao and Yang, 2023). The experiment
employs computer control, which measures and records the
axial load and axial deformation experienced by the specimen
in each loading cycle. It ensures that the axial response strain
of the specimen is controlled between 50 and 150 micro-strains
(Ling et al., 2022a; Solouki et al., 2022). The test is conducted under
the conditions of linear viscoelastic stress, and it provides dynamic
modulus values and phase angles for the two materials.

In this paper, the prediction model is fitted on the basis
of a large number of experimental data obtained from the
above experiments, firstly, the experimental data are analyzed
and processed, the dynamic modulus characteristic changes under
various factors are analyzed, the benchmark model is discussed
and selected, the new parameter Pb is introduced to modify the
original model, and the generated prediction equation is verified to
be applicable.

3 Results and discussion

3.1 Dynamic modulus and phase angle
feature analysis

Compared to SMA-16, the semi-flexible material specimens
exhibit an overall increase in dynamicmodulus values. Additionally,
they show a smaller overall phase angle. This implies a substantial
reduction in the overall high-temperature viscosity of the
material and, simultaneously, an enhancement in low-temperature
elasticity through grouting. The outstanding feature of grouted
semi-flexible materials lies in the enhancement of the high-
temperature dynamic modulus of pavement materials. This
improvement is particularly noteworthy. Comparing PSFP and
SMA-16 mixtures, Figures 3A, B display the dynamic modulus
results at varying test temperatures and loading frequencies. Both
materials exhibit a gradual decrease in dynamic modulus with
increasing temperature and a gradual increasewith higher frequency
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TABLE 4 Basic performance indexes of JGM-301 grout.

Flowability(s) Setting Time(h) Compressive strength
(MPa)

24 h water
permeability

rate (%)

28 days drying
shrinkage (%)

Initial 30 min Initial setting Final setting 2 h 3 h 3 d 28 d

10.2 12.5 0.8 1.4 15.6 23.5 34.3 42.5 0.1 0.14

TABLE 5 Detection results of accelerator.

Testing
indicators

Setting time (s) Density
(g/cm3)

Chloride ion
content (%)

Total alkali
content (%)

PH 1 day
compressive
strength
(MPa)

Initial
setting

Final setting

Results 230 580 1.421 1.03 19.6 13.5 6.5

Requirements ≤300 ≤720 1.42 ± 0.02 ≤3 ≤25 13.0 ± 1.0 ≥6

TABLE 6 Material composition of matrix mixture (LVAM) and SMA-16.

Category Bitumen-to-stone ratio (%) Mass percentage passing through the following square sieves (mm)

19 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

LVAM-16-1 4.4 100 93.7 83 14.3 12.4 8.3 7.2 4.4 3.3

LVAM-16-2 4.1 100 96.2 84.7 18.3 13.8 9.5 7.7 5.6 3.5

LVAM-16-3 3.8 100 98.1 89 22.2 14.3 10.8 8.2 6.5 3.7

SMA-16 4.6 100 97.8 88.0 72.3 48.5 37.0 39.2 12.8 8.5 6.8 5.4

TABLE 7 The ratio of grouting quality to total mass Pb of the sample.

Measured results PSFP-1 PSFP-2 PSFP-3

Pb (%)
1#1 1#2 1#3 1#4 2#1 2#2 2#3 2#4 3#1 3#2 3#3 3#4

0.195 0.195 0.186 0.180 0.209 0.206 0.208 0.207 0.238 0.233 0.237 0.235

Average (%) 18.9 20.8 23.6

from 5°C to 35°C, SMA-16 shows a rapid concave decrease in
dynamic modulus with rising temperature, while the grouted semi-
flexible material tends to exhibit a slower, linear decline. Notably,
the dynamic modulus of the grouted semi-flexible material is
significantly higher than that of SMA-16, with the former being
approximately three times greater than the latter at 20°C. At 50°C,
the grouted semi-flexible material is approximately 1.6–2.9 times
that of SMA-16.

The conventional view holds that asphalt mixtures are
viscoelastic materials. According to Eq. 1, past research has
indicated that cos ϕ represents the elastic portion, and a smaller
ϕ implies a higher proportion of elastic recovery, indicating
better recovery capability after deformation. The imaginary part
represented by sin ϕ indicates the viscosity of the material. A larger

ϕ suggests a higher proportion of viscous behavior, indicating poorer
recovery capability after deformation (Yang et al., 2022; Xiong et al.,
2022; Zarei et al., 2022; Davoodi et al., 2022).

|E∗ | = √(
σ0
ε0

cos ϕ)
2
+(

σ0
ε0

sin ϕ)
2
=
σ0
ε0

(1)

where: |E∗| is the dynamic modulus, MPa; σo is the axial stress
amplitude; εo is the axial strain amplitude; ϕ is the phase angle of
strain lagging stress.

During the asphalt mixture experiment, the relationship
between phase angle and frequency, as well as temperature in Figure
3, reveals that for SMA-16 at 7°C and 15°C, the phase angle decreases
with increasing loading frequency and increases with temperature.
At the same time, the relative value of the phase angle is small,
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FIGURE 1
Test flow chart.

FIGURE 2
Dynamic modulus testing.

indicating that at lower temperatures, the material exhibits more
elasticity. At this point, the material’s resistance to temperature and
load is jointly borne by the elastic and plastic components. However,
at 30°C and 45°C, the phase angle increases with the acceleration
of the loading frequency and decreases with the increase in
temperature. At this point, thematerial’s ability to resist temperature
and load is more dependent on the elastic component. The overall
phase angle of grouted semi-flexible materials is generally smaller
than that of SMA-16. The analysis indicates that compared with
ordinary asphalt mixture, the high temperature sensitivity of semi-
flexible materials is lower, because the pouring of grouting materials
forms a three-phase structure of asphalt, aggregate and grout, and

the grouting material provides great rigidity at high temperatures,
so that it still has good resistance to deformation under high
temperature conditions, and the structure still maintains good
ductility at low temperatures.

It illustrates the dynamicmodulus of PSFP asphaltmixtures with
different aggregate void ratios at a temperature of 20°C, which is
shown in Figure 4A. Analyses indicates an increase in the dynamic
modulus of PSFP with the addition of Pb, and the rate of increase
gradually rises. It is evident that within the range of 20%, 22%, and
24% aggregate void ratios in thematrix asphaltmixture, the dynamic
modulus of the injected semi-flexible material correlates positively
with the aggregate void ratio. Under a loading frequency of 10 Hz,
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FIGURE 3
The dynamic modulus and phase angle are affected by different temperatures and materials.

when the aggregate void ratio of thematrix asphaltmixture increases
by 2% and 4%, the dynamic modulus increases by 21.7% and 45.6%,
respectively. For each 1% increase in the aggregate void ratio of
the matrix asphalt mixture, the dynamic modulus of the injected
semi-flexible material increases by 10.85% and 11.4%. Figure 4B
presents the dynamic modulus of three sets of specimens with the
same gradation under a loading frequency of 10 Hz, at different
grouting mass ratios. The grouting mass ratios are 18.00%, 18.60%,
and 19.53%.At an experimental temperature of 20°C, as Pb increases
by 0.6% and 1.53%, the dynamic modulus increases by 8% and 23%,
respectively. For each 1% increase in the grouting mass ratio, the
dynamic modulus increases by 13.33% and 15.03%. In conclusion,
within the void ratios of 20%, 22%, and 24%, the dynamic modulus
increases with the addition of grout, and the rate of increase
gradually rises, For every 1% increase in grouting rate or void
ratio, the dynamicmodulus increases by about 10%–15%.Compared
with the law that the dynamic modulus of semi-flexible materials
increases with the increase of porosity, some studies have shown
that the dynamic modulus (PAC-13) of ordinary asphalt mixture
increases by about 15.8% on average for every 1% decrease in
porosity, he reason for this is that with the increase of porosity, the
increase of grouting directly leads to the increase of the dynamic
modulus of semi-flexible materials.

The variations in phase angle with aggregate void ratios and
different Pb are shown in Figures 5A, B. Analysis indicates that the
phase angle of PSFP doesn't consistently decrease with an increase
in aggregate void ratio and Pb. At low temperatures, it initially
increases with added Pb and then gradually decreases. Under the
same experimental conditions, the phase angle decreases with an
increase in aggregate void ratio and increases with more Pb. For a
10 Hz loading frequency, as the aggregate void ratio of the matrix
asphalt mixture increases between 20% and 22%, and between 22%
and 24%, the phase angle increases by 0.05° and decreases by 7.61°,
respectively. At a temperature of 20°C, when Pb of thematrix asphalt
mixture increases between 18% and 18.6%, and between 18.6% and
19.53%, the phase angle increases by 0.16° and decreases by 6.12°,
respectively, for each 1% increase in the grouting mass ratio. It can
be seen that when the porosity gradually increases, the phase angle

increases less and decreases more, the larger the porosity, the more
obvious the elastic state and the stronger the deformation resistance,
the main reason is that the grouting material has the characteristics
of a rigid material.

3.2 Construction of dynamic modulus
prediction model

3.2.1 Determination of baseline prediction model
In recent years, numerous studies have utilized indoor dynamic

modulus tests, which generated awealth of experimental data. Based
on material characteristics and experimental conditions, predictive
models for asphalt mixtures have been gradually established.
Among them, the Witczak 1–37A and Hirsch models are the most
commonly used forecasting models (Zhang et al., 2022b; Zhao and
Yang, 2022). The Witczak 1–37A model conforms to the Sigmoidal
function form. Developed by Witczak and other researchers over
more than 30 years, theWitczak 1–37Amodel is derived from 2,750
sets of dynamic modulus data obtained through extensive testing
of 205 asphalt mixtures. The key influencing factors on modulus
include aggregate gradation, asphalt mixture void ratio, optimal
asphalt content and viscosity, loading frequency, experimental
temperature, etc., (Zhao and Yang, 2022), as represented in Eq. 2.

log10E
∗ = −1.249937+ 0.02923ρ200 − 0.001767(ρ200)

2

−0.002841ρ4 − 0.058097Va − 0.82208
Vbef f

Vbef f +Va

+
3.871977− 0.0021ρ4 + 0.003958ρ38 − 0.000017(ρ38)

2 + 0.00547ρ34
1+ e(−0.603313−0.313351 log f−0.393532 log η)

(2)

where: |E∗| is the dynamic modulus, MPa; Vbeff is the effective
asphalt content of asphalt mixture, %; ƒ is the loading frequency, Hz;
η is asphalt viscosity,MPa s;Va is the porosity of the asphalt mixture,
%; ρ200 is the percentage of the pass rate of 0.075 sieve holes, %; ρ4,
ρ38 and ρ34 are the cumulative sieving percentages of aggregates at
4.75 mm, 9.5 mm and nominal maximum particle size sieve holes,
respectively, %; ρ34 is the percentage of mass of the aggregate on the
nominal maximum particle size sieve hole, %.
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FIGURE 4
(A) Dynamic modulus and porosity, (B) dynamic modulus and Pb diagram.

FIGURE 5
Relationship between phase angle and porosity, phase angle and Pb.

The Hirsch model is a semi-empirical formula (Khan et al.,
2022b),which differs significantly from theWitczak 1–37Amodel by
considering voids inmineral aggregate (VMA), shearmodulus |Gb

∗|,
and vapor flash aromatics (VFA).TheHirschmodel is built using five
experimental temperatures, two loading frequencies, and comprises
13 asphalt types and five aggregate gradation types, totaling 206
sets of data (Haibin et al., 2022). The advantage of the Hirsch
model is that it simplifies input parameters while also considering
the impact of modifiers on the dynamic modulus of asphalt
mixtures (Gong et al., 2022). However, numerous studies indicate
that the Hirsch model cannot accurately predict the dynamic
modulus of mixtures at high temperatures and low frequencies.
Even the corrected Hirsch model is limited to regional predictions
of dynamic modulus (Fang et al., 2022; Ren et al., 2022). Moreover,
its experimental data are significantly fewer than those of the
Witczak 1–37A model, as shown in Eqs 3, 4. For grouted semi-
flexible materials, the Hirschmodel can greatly simplify parameters.
However, its notable drawback is that it can only obtain volume

indicators of the matrix asphalt. Obtaining indicators for semi-
flexible materials themselves is challenging. Therefore, this paper
selects the Witczak 1–37A model as the baseline prediction model.

|E∗ | = pc[4200000×(1−
VMA
100
)+ 3|G∗b |(

VFA •VMA
10000

)]+

(1− pc)[

[

1− VMA
100

4200000
+ VMA
VFA • 3|G∗b |

]

]

(3)

pc =
(20+

VFA•3|G∗b |
VMA
)
0.58

650+(
VFA•3|G∗b |

VMA
)
0.58 (4)

3.2.2 Building prediction model and introducing
grouting parameters

The asphalt viscosity η is determined by predicting the
viscosity-temperature relationship, which is obtained from the
viscosity-temperature curve (Ling et al., 2022b; Spadoni et al., 2022)
given by Eq. 5:
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TABLE 8 Brinell viscosity of SBS modified asphalt at different
temperatures.

Temperature
(°C)

90 120 135 140 150 160

Viscosity (Pa · s) 17.64 2.428 1.271 0.948 0.59 0.402

FIGURE 6
Comparison of the predicted and measured dynamic modulus of
Witczak 1–37A.

log logη = A+VTS× log TR (5)

where: η is the rotational viscosity of asphalt, mPa s; TR For the
test temperature, °C; A is the regression intercept of viscosity-
temperature curve; VTS is the regression slope of the viscosity-
temperature curve.

From Table 8, it can be observed that as the temperature
increases, the viscosity of SBS-modified asphalt gradually
decreases. Using the viscosity-temperature relationship Eq. 5 for
regression analysis, the final viscosity estimation equation for
SBS-modified asphalt at different temperatures is obtained. As
shown in Eq. 6, at temperatures below 60°C, the viscosity of SBS-
modified asphalt sharply decreases, fluctuating within the range of
5,000 to 3,000.

lglg(η× 103) = −2.7534 lg (T+ 273.13) + 7.7022 (6)

Based on the Witczak 1–37A prediction model described in
Eqs 2, 6, the predicted dynamic modulus values are compared
to the measured values as shown in Figure 6. The dynamic
modulus predicted tends to be lower at high temperatures and
low frequencies, with predicted values exceeding the measured
values. Conversely, at low temperatures and high frequencies, the
predicted dynamic modulus tends to be higher, with predicted
values falling below the measured values. The correlation between
predicted and measured values is poor, the highest coefficient of
determination is only 0.78, indicating that Witczak 1–37A is not
suitable for directly estimating the dynamicmodulus of semi-flexible
materials.

It's evident that the expected accuracy is not achieved when
considering the prediction model based on η for PSFP. Both the
Witczak1-A and Hirsch models, originally designed for predicting
asphalt mixtures, exhibit significant discrepancies when applied to
forecast the dynamic modulus of PSFP. This is attributed to the
oversight of grout properties’ impact on the dynamic modulus of
semi-flexible materials, revealing substantial differences between
the assumptions of micro-mechanical models and the actual
characteristics of mixtures. Grouting volume plays a crucial role in
the stiffness of semi-flexible pavement materials. Studies indicate
that with an increase in grouting volume, the stiffness of composite
pavement materials increases. However, the low-temperature crack
resistance does not proportionally increase with the grouting
volume. When the grouting volume exceeds a certain threshold, the
low-temperature crack resistance of composite pavement materials
deteriorates (Bonicelli et al., 2019; Guo and Hao, 2021). Therefore,
the modified model considers Pb as a factor influencing grout
performance. This predictive model introduces the indicator of the
grouting mass ratio (Pb) and, based on asphalt viscosity, obtains
the estimation model through the least squares fitting method, as
shown in Eq. 7.

log10E
∗ = a1 + a2ρ200 + a3(ρ200)

2 + a4ρ4 + a5Va + a6
Vbef f

Vbef f +Va

+
a7 + a8ρ4 + a9ρ38 + a10(ρ38)

2 + a11ρ34 + a15Pb × 10
5

1+ e(a12+a13 log (10+ f)+a14 log η)
(7)

where: |E∗| is the dynamicmodulus,MPa;Vbeff is the effective asphalt
content of asphalt mixture, %; ƒ is the loading frequency, Hz; η is
asphalt viscosity, MPa s; Va is the porosity of the asphalt mixture,
%; ρ200 is the percentage of the pass rate of 0.075 sieve holes, %; ρ4,
ρ38, and ρ34 are the cumulative sieving percentages of aggregates at
4.75 mm, 9.5 mm, and nominal maximum particle size sieve holes,
respectively, %; ρ34 is the percentage of mass of the aggregate on the
nominal maximum particle size sieve hole, %; Pb is the ratio of the
grouting quality of the semi-flexible composite mixture to the total
mass of the mixture, and the ratio of the grouting quality, %.

Randomly selecting three gradation sections under five
experimental temperatures and six loading frequencies, which
based on asphalt mixture material properties and grouting volume
performance, the regression coefficients of the modifiedmodel were
determined through nonlinear regression analysis. Eq. 8 is based
on Pb for the Witczak1-37A modified dynamic modulus prediction
model, denoted as Witczak-G. Utilizing two-thirds of the randomly
selected experimental data from the three gradations, the dynamic
modulus values predicted by the modified model are compared
with the measured values, as shown in Figure 7. Compared to the
improved predictive model in Figure 7A, the prediction accuracy
of the modified model is significantly enhanced. The dynamic
modulus data are concentrated near the 45° contour, with R2 =
0.99, which indicated a good agreement between predicted and
measured values with no significant deviation.

log10E
∗ = −1.0267+ 0.0043ρ200 + 0.0102(ρ200)

2

−0.0042ρ4 + 0.0639Va − 0.8019
Vbef f

Vbef f +Va

+
3.8894− 0.1167ρ4 + 0.0589ρ38 + 0.0978(ρ38)

2 + 0.2214ρ34 − 0.7282Pb × 10
5

1+ e(2.1382−1.003 log (10+ f)−0.6593 log η)
(8)
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FIGURE 7
(A) Comparison of the predicted and measured dynamic modulus of the model based on the grouting mass ratio Pb; (B) Validation of the modified
predictive model.

The newly developed Witczak-G predictive model was
validated, which used the remaining measured dynamic modulus
data. Figure 7B presents a comparison between the measured
dynamic modulus results and the predicted dynamic modulus
values using Eq. 8. With an R2 value of 0.99, indicating a strong
correlation between measured and predicted values, the estimation
model slightly overestimates the predicted dynamic modulus
(low modulus values) under high-temperature, low-frequency
conditions. The main reason for this is the significant performance
differences between cement grout and asphalt mixture under
high-temperature conditions. The majority of dynamic modulus
discrepancies fall within ±10%. In the author’s view, the Witczak-
G model equation provides a reliable prediction of the dynamic
modulus values for grouted semi-flexible materials like HPCP.

3.3 Discussion

The advantage of the Witczak-G model proposed in this
study lies in its incorporation of the grouting volume parameter
to establish a predictive model for the dynamic modulus of
semi-flexible materials. The model demonstrates good predictive
capability for the dynamic modulus of high-performance cement
grout semi-flexible materials. However, its limitation lies in the
fact that while it considers the impact factors of both porous
asphalt mixtures and grout, it only accounts for high-performance
cement grout for the grouting volume. Further research is needed
to explore semi-flexible materials grouted with other types of grout.
Initially, this paper introduces several traditional dynamic modulus
predictionmodels for asphalt mixtures, analyzing the characteristics
and advantages and disadvantages of each model. Since many
models are essentially modifications of the Witczak 1–37A and
Hirsch models, these two models were selected as baseline models.
Comparative analysis reveals that the predictions of the Hirsch
model are unstable at high temperatures and low frequencies, with
limited data, thus questioning its reliability. Therefore, the Witczak
1–37A model was chosen as the baseline model. This study verifies
the predictive performance of the Witczak 1–37A model for semi-
flexiblematerials and finds it suboptimal, with the highest coefficient

of determination (R2) for predicting dynamic modulus reaching
only 0.78. Consequently, traditional dynamic modulus prediction
models are not suitable for semi-flexible materials. Therefore, based
on the Witczak 1–37A model, grouting parameters were proposed.
The Witczak-G model was derived by fitting two-thirds of the
measured data through the least squares method, resulting in the
highest predicted dynamic modulus coefficient of determination
(R2) of 0.99. To validate the effectiveness of the proposed model,
the remaining measured data were used in the predictive equation,
yielding a highest coefficient of determination (R2) of 0.99.Thus, the
Witczak-G model proves to be effective.

4 Conclusion

(1) Compared with the ordinary asphalt mixture SMA-16, the
temperature sensitivity of the infused HPCP semi-flexible
material is lower, and the grouting material promotes the
semi-flexible material to have good deformation resistance
under high temperature conditions, and the phase angle is at
a small value at low temperature, and the elastic properties of
the material are significant, and it has good low temperature
resistance. Different from the ordinary asphalt mixture, the
dynamic modulus decreases with the increase of porosity,
and the dynamic modulus of the infused HPCP semi-flexible
material increases by more than 10% with the increase of
porosity by 1%.

(2) This paper adopts the Witczak 1–37A model as the baseline
model, and it establishes the Witczak-G predictive model
by introducing Pb and considering different experimental
conditions, which included void ratios, asphalt viscosity, test
temperature, and loading frequency. Comparative analysis
of predicted modulus and measured dynamic modulus,
R2 is as high as 0.99, which is a good match and can
explain more than 99% of the dynamic modulus variation.
The remaining measured dynamic modulus data is used to
verify the new equation, and the R2 is still 0.99, so the
predicted value is in good agreement with the measured value,
and there is no obvious deviation.
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