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Abstract: High-modulus asphalt mixture (HMAM) is one of the most effective materials to enhance
the rutting resistance of asphalt pavement and upgrade pavement sustainability. The objectives of this
study are to investigate the modulus properties of different HMAMSs and their correlation with the
rutting resistance, to propose reasonable modulus evaluation indicators, and to analyze the rutting
resistance mechanisms of different materials (hard asphalt, polyethylene, dissolved polyolefin). The
effect of three HMAMs and two styrene-butadiene-styrene (SBS) modifiers on asphalt mixtures’
rutting resistance were evaluated by dynamic modulus test and wheel track test, and the results
were simulated and further analyzed via ABAQUS. The results indicate that the dynamic modulus
of the mixtures showed a gradual increase and decrease with the increase of loading frequency and
testing temperature, respectively. The ratio of dynamic modulus in low frequency to that in high
frequency correlates well with dynamic stability under high-temperature conditions, and the wider
the frequency coverage, the higher the correlation between this ratio and dynamic stability. The
rutting resistance of asphalt pavements can be improved by reducing the frequency sensitivity of
HMAMSs under high temperatures or by increasing the modulus’ absolute value of the pavement
structural layer. Therefore, two indicators, the absolute value of the modulus and the ratio of 0.1 Hz
dynamic modulus to 25 Hz dynamic modulus at 55 °C, are recommended for the evaluation of
rutting resistance of HMAMs. Based on the evaluation indexes proposed in this paper, a comparative
analysis of the rutting resistance mechanism of HMAMSs prepared with different materials was carried
out, and it was concluded that the mixture with high-modulus agents had the best rutting resistance,
which is consistent with the test road observations, thus verifying the feasibility of the modulus
evaluation indexes recommended in this paper for the evaluation of the rutting resistance of different
types of HMAMs.

Keywords: high-modulus asphalt mixture; dynamic modulus; pavement structure; rutting resistance

1. Introduction

The design concept of high-modulus asphalt mixtures was first introduced in France
in the 1960s to resist the pavement rutting with the increasing heavy traffic [1-4]. HMAM
reduces the plastic deformation of asphalt concrete under vehicle load by increasing the
modulus of asphalt concrete (the requirement for dynamic modulus is above 14 GPa at
a testing temperature of 15 °C with the loading frequency of 10 Hz), thus enhancing the
rutting resistance of the pavement, improving the fatigue resistance of asphalt concrete
and extending the service life of the pavement, which makes it an ideal material for the
construction of long-life pavements [5-9]. Nevertheless, the service performance of HMAM
varies considerably from region to region due to factors such as binder types, additive types,
the climatic characteristics of each country, and the different design methods of asphalt
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mixture [1,10]. Further clarification of the correlation between the rutting resistance and
modulus properties of different HMAMSs, analysis of the rutting resistance mechanism of
HMAM, and the proposal of reasonable rutting resistance evaluation indexes are conducive
to accelerating the global promotion and application of HMAM, which is also the focus of
this study.

There are three ways to prepare HMAM: using low penetration grade asphalt, natural
asphalt, and adding high-modulus modifiers based on polyolefins, such as polyethylene
(PE), polypropylene (PP), etc. [5,11]. The road performance (especially rutting resistance) of
HMAMs prepared in different ways varies considerably, and much attention has been paid
to this aspect. Zhang and Sun evaluated the performance of low-grade hard asphalt using
different design methods and showed that the hard HMAs designed using the EME (Enrobé
a Module Elevé, a French design method for high-modulus asphalt concrete) method have
good rutting resistance and long fatigue life [12]. Similar conclusions were reached in a
study by Corte and Khiavi, where the rutting resistance of hard asphalt HMAM was better
than that of SBS asphalt mixtures [12,13]; Wang compared two different high-modulus
asphalt binders (HMAB) prepared from rock asphalt and polyolefin., and found that the
rutting resistance of both HMABs was better than that of SBS-modified asphalt, and the
polyolefin-modified HMAB had higher rutting resistance than the rock asphalt-modified
HMAB, while the comparison of fatigue resistance showed opposite results [14]. Zou et al.
prepared HMAM with different dosing levels using two high-modulus external dopants,
PR PLAST S®(PRS) and PR PLAST Module® (PRM). The study showed that PRS and
PRM significantly improved the rutting resistance and fatigue resistance of HMAM and
slightly improved the cracking resistance of HMAM at low temperatures, while it was
suggested that the content of PRM and the PRS should be 10% of the weight of the asphalt
binder, respectively [15,16]. However, studies by Moghaddam, Rys, and Judycki have
shown that, although additive HMAM has good rutting resistance, it also increases the
chances of pavement cracking [17-19]. In summary, HMAMSs prepared in different ways
all have excellent rutting resistance, ranked from high to low: external additive HMAM,
natural asphalt HMAM, and low penetration grade asphalt HMAM; the fatigue resistance
of HMAM is better than conventional mixtures, but lower than SBS-modified mixtures; the
low-temperature performance is generally poor and prone to thermal cracking. However,
existing studies only investigated the differences in performance of different HMAMSs and
lacked an analysis of the intrinsic mechanisms that lead to differences in rutting resistance.

The study of the modulus properties of HMAM is essential for analyzing the me-
chanical response of HMAM and the reasons for the reduction in pavement rutting. The
dynamic modulus can well represent the stress—strain response of the actual pavement
under dynamic wheel loading, which is an important indicator for evaluating the modulus
performance of HMAM [8,20-23]. Yan et al. prepared seven mixtures using natural asphalt
(rock asphalt, lake asphalt) blended with SBS asphalt and low penetration grade hard
asphalt and found that all produced the expected HMAM (dynamic modulus around
15 GPa) through the dynamic modulus parameters of the seven mixtures [24]. Zhu et al.
tested the dynamic modulus of HMAM prepared from low-grade asphalt with different
reclaimed asphalt pavement (RAP) contents and found that HMAM with 40% content of
RAP had the best modulus properties [25]. The mechanical properties of additive-based
HMAM were also evaluated using the dynamic modulus index in studies by Ma [2],
Xiao [26,27], Moghaddam [28], and other scholars, and it was found that the dynamic mod-
ulus of HMAM with high = modulus agent particles showed a large increase compared
to SBS = modified asphalt and normal asphalt mixtures, and the increase in modulus was
related to the additive brand, with the average value around 16 GPa [1,29-31]. It can be seen
that existing studies have only used the dynamic modulus for the evaluation of HMAM
modulus performance, and the correlation between road performance and dynamic mod-
ulus of HMAM has not been clarified. Moreover, researchers have conducted in-depth
studies on the testing methods, accuracy, prediction models, and performance-related
indicators for dynamic modulus [1,32,33]. Specifically, in terms of evaluation indicators for
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pavement rutting, most scholars believe that dynamic modulus correlates well with rutting
stability and some evaluation indicators were recommended [34-36]. However, some
studies have also reported that dynamic modulus has little or no effect on rutting [37,38]. It
is worth noting that these studies are mainly conducted on normal hot asphalt mixtures.
Studies on the correlation between dynamic modulus and rutting performance of HMAM
are still limited. The high-modulus asphalt mixtures have all changed in viscoelastic charac-
teristics due to the use of hard asphalt, natural asphalt, and external agents. It is necessary
to carry out a comparative study of the effect of different material compositions on the
viscoelasticity of asphalt mixtures in conjunction with the dynamic modulus test.

As stated in the paragraphs above, studies on the comparative analysis of the dynamic
modulus properties of different types of HMAMSs and their correlation with the rutting
resistance of HMAMS are limited. Moreover, little study to date has evaluated of the rutting
resistance of HMAMs based on reasonable modulus indicators. The objectives of this study
are to investigate the modulus properties of different HMAMSs and their correlation with the
rutting resistance, to propose reasonable modulus evaluation indicators, and to analyze the
rutting resistance mechanisms of different materials (hard asphalt, polyethylene, dissolved
polyolefin) through a combination of experimental and simulation methods. Three groups
of HMAMSs and two groups of reference mixtures were prepared by using high-modulus
agent, low-grade asphalt, and SBS-modified asphalt. The correlation between dynamic
modulus and anti-rutting deformation of HMAM under different external conditions
(temperature and loading frequency) was studied. The modulus index that can reliably
describe the mechanical properties and rutting resistance of HMAM was proposed, and the
anti-rutting mechanism of different types of HMAMs was compared and analyzed. The
results of the study could have a great contribution to the selection of different types of
HMAMs in various regions and to the improvement and evaluation of rutting resistance of
HMAM pavement.

2. Materials and Methods
2.1. Raw Materials

In this study, Pen 70 base asphalt, SBS-modified asphalt, and a kind of hard asphalt
(two grades of asphalt with a penetration of 15-25/0.1 mm or 10-20/0.1 mm in accordance
with European Standard EN-13924) [18,39] were added into five types of mixtures. Pen 70
base asphalt and SBS-modified asphalt (the mass ratio of SBS to base asphalt is 5%) were
provided by local contractor, and the hard asphalt was compounded by a hard asphalt
modifier produced by Sinopec and Pen 70 base asphalt (the mass ratio of Pen 70 base
asphalt to hard asphalt modifier is 7:3). The basic properties of the three control binders
are shown in Table 1, all of which meet the requirements of the Chinese standard JTG
F40-2004 [40]. The test methods are given in Chinese specification JTG E20-2011 [41].

Table 1. Properties of asphalt binder.

Technical Indexes Unit Pen 70 Base Asphalt Hard Asphalt SBS-Modified Asphalt
Penetration (25 °C) 0.1 mm 77.6 14 70
Ductility cm 38 (10 °C) 41 (25°C) 40 (5°C)
Softening point (R&B) °C 47 65 78
Viscosity at 135 °C Pa-s 0.40 1.55 2.10

Two types of commercial high-modulus agents were used in this study, including
a PE additive (named HM1) and a soluble polyolefin additive (named HM?2). The basic
properties of the two agents are shown in Table 2. The combination of HM1 and base
asphalt is widely used in China, but it cannot be completely dissolved in asphalt and has
poor adhesion to aggregate. HM2 can be completely dissolved in asphalt, which has good
rutting resistance and construction workability, but poor elastic recovery performance. It
is recommended to combine it with SBS-modified asphalt. In this study, the two high-
modulus agents are applied as follows: firstly, a certain amount of HM1 and HM2 is slowly
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added to the base asphalt and SBS-modified asphalt (preheated to 155 °C and then kept at
a constant temperature), respectively, then sheared for 60 min at a shear temperature of
180 °C and a shear rate of 4500 r/min using high-speed shear equipment, and finally held
in a thermostat at 170 °C for 2 h. The properties of modified asphalt binders are shown
in Table 3, and it can be seen that their basic performance and storage stability meet the
requirements of the current specification and can be used for subsequent tests.

Table 2. Basic properties of HMAM additives.

Items Additive HM1 Additive HM2 Requirements
Appearance Black particles  Black particles /
Size/mm <5 <4 /
Density /g/cm3 0.95 0.94 /
Main melting peak temperature (°C) 124 126 100~160
Secondary melting peak temperature (°C) / 161.5 /
Melt mass flow rate (g/10 min) 1.24 5.52 1~6

Notes: Both HM1 and HM2 were provided by local contractors in China.

Table 3. Properties of modified asphalt binders.

Technical Indexes Unit HM;;I;/I;:;ltﬁed HM;:;:[lfjlltﬁed
Penetration (25 °C) 0.1 mm 48.2 32.1
Ductility (5 °C) cm 51 15.6
Softening point (R&B) °C 56.2 >90
Viscosity at 135 °C Pa-s 1.88 2.25
Softening point difference °C 2.1 1.4

The coarse and fine aggregates and fillers used in this study were all limestones
produced by quarries in Shangluo, China. The coarse aggregate (particle size greater than
2.36 mm) should be clean, dry, and have a rough surface. The fine aggregates (particle size
less than 2.36 mm) are mainly used to fill the gaps in the coarse aggregate skeleton and are
required to be clean, dry, and free from weathering and impurities. The fillers are mineral
powders with a particle size of less than 0.075 mm and are made from limestone that has
been ground finely. The main technical properties of the aggregates are shown in Table 4,
and all met the current specification JTG F40-2004 [40]. The test methods can be found in
Chinese specification JTG E20-2011 [41].

Table 4. The main technical properties of aggregates.

Testing Item Unit Testing Value = Requirements
Apparent relative density g/cm3 2.793 >2.5
Los Angeles abrasion loss % 114 <30
Course Index of crushing % 15.7 <28
aggregate Needle flake content % 12 <18
Adhesion degree / 5 >4
Firmness % 2.6 <12
Apparent relative density g/ cm? 2.793 >25
Firmness (>0.3 mm section) % 14 >12

Mud content (less than

Fine aggregate 0.075 mm content) % 0.57 <3
Angularity (flow time) % 46 >30

Sand equivalent s 74 >60
Apparent density g/ cm?® 2.716 >2.5

Fill Moisture content % 0.4 <1

rier Hydrophilic coefficient / 0.75 <1

Plastic Index % 2.8 <4
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2.2. Mixture Design

In this study, five asphalt mixtures were designed, including three kinds of high-
modulus asphalt mixture and two kinds of control mixture. Mixture A is a hard asphalt
HMAM with a gradation type EME-14. Mixture A was designed by French EME method [1],
and the optimum amount of asphalt for the mixture was determined using an abundance

factor K. Mixture B was a high-modulus asphalt mixture with HM1 additive and SBS-

modified asphalt, which was designed using the Superpave method [42]. The design
gradation type was SUP-20, and the dosage of the modifier used in Mixture B accounted for
0.4% of the mass of the mixture. Mixtures C, D, and E were designed using Marshall method.
HM2 additive and SBS-modified asphalt were used in Mixture C. The gradation type used
for Mixture C was AC-20. The asphalt/aggregate ratio for Mixture C was determined by
the Marshall test method. Mixtures D and E are the control groups, SBS-modified AC-20
and SBS-modified SMA-13, respectively. The synthetic gradation of the five mixtures is
shown in Figure 1, and the design results are shown in Table 5.
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Figure 1. Gradation of five mixtures.

Table 5. The designations of five mixtures.

Sieve size (mm)

Mixture Type Binder Type Modifier Type Dosage of Additives (%)  Optimum Asphalt Content (%)
A Hard asphalt / / 5.4
B Base asphalt HM1 0.4 4.2
C SBS-modified asphalt HM2 0.35 5.4
D SBS-modified asphalt / / 42
E SBS-modified asphalt / / 6.0

Note: Additive content is the ratio of anti-rutting agent mass to mixture mass.
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2.3. Testing Methods
2.3.1. Dynamic Modulus Test

In this paper, the dynamic modulus index is utilized to characterize the viscoelastic
deformation behavior of different asphalt mixtures. Dynamic modulus tests on asphalt
mixtures were carried out using the Simple Performance Tester (SPT). The specimens were
prepared by rotary compaction forming 150 mm X 170 mm cylindrical specimens and
then drilling 100 mm x 150 mm core samples with a coring machine to minimize test
errors during the forming process. Referring to the requirements of the AASHTO T-79, the
specimens are loaded in a stress-controlled mode. A set of 4 specimens was tested at 5 °C,
20°C, 35 °C, and 55 °C, at 25 Hz, 10 Hz, 5 Hz, 1 Hz, and 0.1 Hz, with 0 perimeter pressure
selected for each of the five mixtures. The dynamic modulus |E*| and its viscoelastic
component were calculated by Equations (1)—(3) [20].

* N2 2
[E*| = (E)"+(E") ey
/ J,
E = ﬂcosq) )
Eamp
” oy
=7 sin ¢ 3)
Eamyp

where |E| is the dynamic modulus; E’ is storage modulus, characterizing the elastic com-
ponent of the dynamic modulus; E” is loss modulus, characterizing the viscous component
of the dynamic modulus; 04y is the stress amplitude; €4y is the strain amplitude; and ¢ is
the phase angle.

2.3.2. High-Temperature Rutting Test

The wheel track test was carried out to evaluate the rutting resistance of five mixtures.
There were three replicate samples were tested for each mixture, and the dimensions of
each sample were 300 mm x 300 mm x 50 mm [41]. Dynamic stability (DS) was employed
to feature the high-temperature stability of tested mixtures. DS is defined as the wheel
loading cycles to cause 1 mm rutting depth on the testing specimen at 60 °C and is used to
describe the high-temperature rutting stability of asphalt concretes; here, higher dynamic
stability represents better rutting stability [41].

Besides the laboratory tests, three trial pavement sections, as shown in Figure 2, were
also built on Ningyang Expressway to observe the rutting resistance of different high-
modulus asphalt mixtures (including mixtures A, B, and C as described in Section 2.2).
The basic performances of the trial pavement sections are shown in Table 6. It can be seen
that all of the tested performances can meet the requirement of Chinese standard JTG
D40-2017 [43].

Table 6. Coring results of the middle layer of testing roads.

Index Core Sample Compaction Degree Appearance Coefficient of Water
Thickness (mm) (%) Permeability (mL/min)
Requirements >56 98 Ur}lformly dense fmd <120
without segregation
Section 1 60 99.2 9.9
Section 2 62 99.4 115
Section 3 59 99.5 31.7
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Trial pavement sections

Ordinary pavement
sections

Surface course structure Middle surface layer
appearance

4 cm SMA13
o] oonviees
@ 8 cm Sup-25
Length: 930 m
4 cm SMAI13

8 cm Sup-25

Length: 940 m
4 cm SMA13

8 cm Sup-25
Length: 880 m

4 cm SMAI13
6 cm AC-20

8 cm Sup-25

Figure 2. Testing roads.

2.3.3. Finite Element Simulation

In this section, the ABAQUS software was used to build 2D simulation models of
normal pavement structures and high-modulus pavement structures to calculate the in-
ternal stress—strain conditions and rutting depths of pavement structural layers under
continuously variable temperature conditions. The pavement structure combination is
shown in Figure 3a. The model dimensions are X x Y =3.75 x 3 m, where the X-axis is
in the direction of the pavement width and the Y-axis is in the direction of the pavement
depth. The cell type is CPES8R, and the results of the meshing are shown in Figure 3c.
The cells close to the load area are densely divided, and the cell sizes away from the load
gradually become larger. The basic assumptions of the simulation are as follows: (1) the
asphalt mixture is viscoelastoplastic material, and the cement-stabilized gravel and soil
base are ideal elastomers; (2) the properties of the layers are homogeneous and continuous,
and the structural layers are completely continuous with each other; (3) the bottom of the
pavement structural layer is set as a vertical constraint, and its left and right directions are
set as horizontal constraints.

The material model for the subgrade and base course is an elastic model. The material
model for the asphalt layer is the Bailey-Norton creep model, as shown in Equation (4), and
its feasibility for pavement rutting calculation has been confirmed by many studies [44—47].
The Young’s modulus and Poisson’s ratio were used to characterize the elasticity of the
material, and the creep parameters A, m, and n were used to characterize the creep char-
acteristics of the material. More details on the creep model can be found in reference [48].
The values of all the material model parameters are shown in Tables 7 and 8.

Eor = Aq" " 4)

where ¢ is the creep strain rate; g is the equivalent force; ¢ is the load action time; and
A, n, and m are the creep parameters, which can be determined by indoor creep tests as
described in [44].
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(b) (c)

B 100 kn

p=0.707MPa , . o r=10.65cm

[

T

Subgrade soil Upper layer h=4 cm

Structure (1) Middle layer h=6 cm

Lower layer h=8 cm

Base h=40 cm
Subbase h=20 cm v
Subgrade

Subgrade soil

Structure (2)

Figure 3. Pavement structural and finite element model. (a) Two pavement structures; (b) structure
and load parameters; (c) finite element model mash.

Table 7. Elastic and creep parameters of asphalt mixtures.

Elastic Parameter Creep Parameter
Mixture Types  Temperature (°C) : n :
Elastic Modulus (MPa) Poisson Ratio A n m
20 886 0.25 6.18 x 10711 0.89015 —0.5624
30 648 0.30 3.16 x 1077 0.8189 —0.55765
SMA-13 40 584 0.35 1.38 x 108 0.7524 —0.54815
50 560 0.40 1.32 x 1076 0.3933 —0.49875
60 536 0.45 1.39 x 10~ 0.3192 —0.4769
20 955 0.25 458 x 10~ 11 0.945 —0.594
30 776 0.30 2.46 x 1077 0.798 —0.587
AC-20 40 655 0.35 3.68 x 10°8 0.775 —0.572
50 462 0.40 4.81 x 107 0.589 —0.53
60 394 0.45 7.78 x 107° 0.382 —0.439
20 1945 0.25 1.46 x 10712 0.962 —0.601
30 1491 0.30 5.80 x 10710 0.896 —0.599
Mixture A 40 1187 0.35 5.85 x 1077 0.823 —0.598
50 870 0.40 6.10 x 10~7 0.415 —0.532
60 693 0.45 6.50 x 10~ 0.35 —0.522
20 1070 0.25 427 x 10711 0.85746 —0.54033
30 921 0.30 322 x 1077 0.79887 —0.53568
Sup-25 40 754 0.35 1.82 x 108 0.7719 —0.52266
50 555 0.40 1.12 x 1076 0.29946 —0.48546
60 409 0.45 349 x 107° 0.1953 —0.38874

Table 8. Elastic parameters of base course and subgrade.

Modulus of Resilience

Materials (MPa) Poisson Ratio (%)
Cement stabilized macadam 1400 0.2
Lime-fly ash stabilized soil 300 0.3
Subgrade soil 50 0.4

Pavement temperatures are constantly changing throughout the day. Asphalt mixtures
are typically viscoelastic materials, and their material properties are significantly influenced
by temperature. To calculate the rutting deformation of the pavement under a continuous
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variable temperature service environment, the 24 h representative temperature of the
high-temperature season in Xi’an was investigated, as shown in Table 9. Based on this,
two pavement temperature field models were developed, the specific steps of which can be
found in [46], and the pavement temperature field clouds for partial moments are shown
in Figure 4. This temperature field model was used to calculate the rutting depth of the
pavement structure layer under continuously variable temperature conditions.

Table 9. The 24 h representative temperature results of the high-temperature season in Xi’an.

Time (h) 1 2 3 4 5 6 7 8
Temperature (°C) 22.6 222 22.0 21.7 21.5 221 23.5 25.3

Time (h) 9 10 11 12 13 14 15 16
Temperature (°C) 279 30.1 33.2 345 36.4 36.7 36.1 35.5

Time (h) 17 18 19 20 21 22 23 24
Temperature (°C) 341 322 29.5 27.6 25.1 23.9 234 229

(a) (b)

NT11 NT11
+2.577e+01 +5.638e+01
+2.571e+01 +5.383e+01
+2.565e+01 +5.1282+01
+2.55%+01 +4.872e+01
+2.553e+01 +4.617e+01
+2.547e+01 +4,362e+01
+2.541e+01 +4.107e+01
+2.535¢+01 +3.852e+01
+2.530e+01 +3.597e+01
+2.524e+01 +3.342e+01
+2.518e+01 +3.087e+01
+2.512e+401 +2.832e+01
+2.506e+01 +2.577e+01

Figure 4. Road temperature clouds at 01:00 and 13:00: (a) 01:00 and (b) 13:00.

The model was loaded with a standard axle load of 100 kN for a single-axle twin-
wheel set (shown in Figure 3b). The rutting deformation was calculated for 100,000, 300,000,
500,000, 300,000 and 900,000 loadings, respectively, and the corresponding cumulative
loading time can be calculated according to Equation (5). Based on the measured 24 h traffic
volume proportion, the obtained cumulative loading times under different loading times
were divided into different time periods, and the segmented cumulative action time for
each hour was obtained, as shown in Table 10.

,_ 036NP

~ nypBo ©)

where t is the cumulative wheel load time; N is load times; P is the axle load, taken as
100 kN; ny, is the wheel numbers, taken as 4; p is the tire ground pressure distribution,
taken as 0.707 MPa; B is the tire contact width, taken as 21.3 mm; and v is the speed, taken
as 100 km/h.

Table 10. The traffic volume percentage for each hour per day and the segmented cumulative loading
time (100,000 loading times).

Time (h) 1 2 3 4 5 6 7 8
Proportion of traffic volume (%) 0.924 0.739 0.665 0.370 0.529 0.739 1.535 2.048
Load time 5.581 4.465 4.018 2.232 3.194 4.465 9.270 12.369
Proportion of traffic volume (%) 3.587 4.565 5.674 7.652 8.022 8.913 8.652 7.761
Load time (s) 21.665 27.574 34.270 46.219 48.451 53.835 52.259 46.876

Time (h) 17 18 19 20 21 22 23 24
Proportion of traffic volume (%) 8.130 7.322 6.283 4.435 3.695 3.326 2.587 1.848

Load time (s)

49.108 44.223 37.947 26.786 22.321 20.089 15.625 11.161

Note: Only the segmented cumulative action time for 100,000 loads is shown here, the calculation is the same for
the other loads.
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3. Results and Discussions

In this section, the variation of the dynamic modulus of the five mixes and their
viscoelastic components with loading frequency and temperature are firstly analyzed.
Further, the correlation between different modulus indicators and the rutting resistance of
HMAM was explored from the perspectives of both mixture and pavement structure, and
two indicators were proposed to characterize the rutting resistance of HMAM. Based on
these two indicators, the rutting resistance mechanisms of different materials (hard asphalt,
PE additives, dissolved polyolefins) are discussed, where high-modulus agents are more
effective than hard asphalt in improving the rutting resistance of HMAM.

3.1. Dynamic Modulus Properties
3.1.1. Effect of Temperature and Frequency on Dynamic Modulus

Figures 5 and 6 show the variation of dynamic modulus with loading frequency and
temperature for the five mixture types, respectively. As can be seen from these figures,
the dynamic modulus of all five asphalt mixtures increases with frequency at all temper-
atures. This is attributed to the fact that asphalt mixtures are viscoelastic materials, and
there is a certain hysteresis in their deformation under external loading stresses, and the
accumulation of energy increases gradually with the increase in loading frequency, which
in turn leads to an increase in dynamic modulus. It can be further found that the increase
in dynamic modulus tends to decrease with increasing loading frequency at the same
temperature, which is due to the insignificant viscous properties of the asphalt mixture
under high-frequency loading. At the same loading frequency, the dynamic modulus of the
asphalt mixture gradually decreases with increasing temperature. The reason for this is that
the increase in temperature decreases the viscosity of the asphalt, leading to a weakening of
the ability to resist deformation and a corresponding decrease in the dynamic modulus, and
the decay of the dynamic modulus of the asphalt mixture also decreases with increasing
temperature. Moreover, the variation of dynamic modulus with frequency and temperature
has a relatively constant trend for different asphalt mixtures.

3.1.2. Comparative Analysis of the Viscoelastic Component of Dynamic Modulus

The elastic and viscous components of the dynamic modulus of the five mixtures were
calculated from the dynamic modulus and the phase angle data obtained in the dynamic
modulus experiments. The trend of the elastic and viscous components of the dynamic
modulus as a function of temperature and frequency is shown in Figures 7 and 8. It can be
seen that the viscous component of the dynamic modulus is significantly larger than the
elastic component, and the viscous component of all mixtures has a similar variation trend
with temperature and frequency, with increasing temperature and decreasing frequency,
the viscous component gradually decreases; nevertheless, the elastic component has a
quite different variation trend in different temperature ranges: in the low-temperature
range, the frequency variation has less effect on it, and when the temperature is higher than
35 °C, the elastic component increases with the increase in frequency. This may be caused
by the different viscoelastic properties of the asphalt mixtures at different temperatures,
resulting in a large variation in the phase angle of the mixture with the loading frequency
at different temperatures.

To further analyze the trend of the modulus properties of asphalt mixtures in the high-
and low-temperature range, the ratio of the elastic and viscous components of the five
mixtures was investigated and the results are shown in Figure 9. In the low-temperature
interval, the ratio of elastic to viscous components was less than 0.4 and decreased with
increasing frequency, with the same trend as the change in phase angle at low temperatures.
In the high-temperature range, the ratio of elastic to viscous components of the four
asphalt mixtures ranged from 0.25 to 0.7, there was no obvious pattern with the increase of
frequency, and the trend was the same as the change of phase angle at high temperatures. In
the high-temperature range, the trend towards the viscoelastic component of the dynamic
modulus is various for various mixtures; thus, it is unreasonable to use either the dynamic
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modulus or the ratio of the viscoelastic components at a certain frequency to describe the
creep characteristics of asphalt mixtures, which provides a reference for the subsequent
selection of a dynamic modulus-based rutting resistance evaluation index.
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Figure 5. Variation of dynamic modulus with loading frequency for the five asphalt mixture types at
temperatures ranging from 5 °C to 55 °C. (a) Mixture A; (b) Mixture B; (c) Mixture C; (d) Mixture D;
(e) Mixture E.
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Figure 6. Variation of dynamic modulus with temperatures for the five asphalt mixture types at
loading frequency ranging from 0.1 Hz to 25 Hz. (a) Mixture A; (b) Mixture B; (c) Mixture C;
(d) Mixture D; (e) Mixture E.

3.2. Rutting Resistance

Figure 10 presents the results of the rutting tests at 60 °C for the five asphalt mixtures.
It can be observed that the dynamic stability values of the SBS-modified asphalt mixtures
with HM2 (Mixture C) were significantly greater than those of the hard asphalt HMAM
(Mixture A), HMAM with HM1 (Mixture B), and the plain SBS-modified asphalt mixture
(Mixture D), indicating their better rutting resistance. Furthermore, high-modulus agents
are effective in the improvement of the rutting resistance of the mixture, which is dependent
on the brand of the high-modulus agent. In addition, the rutting resistance of HMAM with
high-modulus agents is better than that of HMAM with hard asphalt.
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Figure 9. Variation of the ratio of elastic to viscous components of different mixtures: (a) low-
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Figure 10. Dynamic stability of different asphalt mixtures.

3.3. Correlation between Modulus and Rutting Resistance of Asphalt Mixture

According to the existing research results [49], the dynamic stability index is more
reliable as an evaluation index of the high-temperature rutting resistance of the mixture;
thus, the correlation between the dynamic modulus and the dynamic stability can be
evaluated to study the correlation between the modulus and the rutting resistance of
different mixtures. Figure 11 shows the correlation between the dynamic modulus and
the dynamic stability of the five mixtures at different loading frequencies. It can be seen
that there is no strong correlation between the dynamic modulus and dynamic stability
at different frequencies under high-temperature conditions in terms of scatter plot data
distribution. The modulus index for a particular frequency condition is not applicable to
the evaluation of the rutting resistance of the mixture, again validating the conclusions of
the analysis of the viscoelastic component of the asphalt mixtures.
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Figure 11. Correlation between dynamic stability and dynamic modulus (55 °C) at different load-
ing frequencies.

As the modulus index at a particular frequency condition can not reflect the creep
characteristics of the asphalt mixture, the correlation between the dynamic stability and
the modulus ratio (dynamic modulus at low-frequency condition/dynamic modulus at
high-frequency condition) under high-temperature conditions (55 °C) was attempted to
be investigated, and the results are shown in Figure 12. It can be found that the three
modulus ratios show a good correlation with the data of the dynamic stability. Moreover,
the correlation coefficient increases as the frequency range (1 Hz~10 Hz, 0.1 Hz~10 Hz,
0.1 Hz~25 Hz, respectively) of the modulus ratio increases. This may be because the
dynamic modulus of different asphalt mixtures has a relatively stable trend with frequency,
which results in a positive correlation between the dynamic modulus ratio and rutting at
different frequencies.

Thus, the above findings can be summarized as follows: (1) the ratio of low-frequency
dynamic modulus to high-frequency dynamic modulus has a good correlation with the
rutting dynamic stability under high-temperature conditions; (2) the wider the frequency
coverage, the higher the correlation between this ratio and rutting dynamic stability, and the
0.1 Hz dynamic modulus /25 Hz dynamic modulus ratio has the best correlation (R? = 0.935)
with dynamic stability.
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Figure 12. Correlation between dynamic modulus at high frequency/dynamic modulus at low
frequency and dynamic stability. (a) 1 Hz dynamic modulus/10 Hz dynamic modulus; (b) 0.1 Hz
dynamic modulus/10 Hz dynamic modulus; (¢) 1 Hz dynamic modulus/25 Hz dynamic modulus.



Sustainability 2023, 15, 7574

15 of 20

3.4. Correlation between Modulus and Rutting Resistance of Pavement Structure

The modulus of the asphalt mixture has a significant effect on the structural forces
of the pavement. The rutting deformation clouds for high-modulus pavement structures
and normal pavement structures at different loading times are shown in Figure 13. It
can be seen that the structural deformation of the pavement is mainly concentrated in
the asphalt surface layer. The rutting in all cases is in the form of shear flow rutting,
namely a concave deformation in the middle of the wheel load and a bulging deformation
on the sides. Compared to normal pavement structures, the shear deformation of high-
modulus pavement structures is significantly reduced at all loadings, and the increased
modulus of the structural layer enhances the shear deformation resistance of the overall
surface. Further, the rutting depth (maximum bulging deformation — maximum concave
deformation) was calculated for both pavement structures, and the results are shown in
Figure 14. The rutting depth of the high-modulus pavement structure is reduced by around
60% compared to the normal pavement structure, and the reduction in rutting depth is
more stable at different loading times. Consequently, the use of high-modulus structural
layers is an effective measure to significantly reduce the permanent deformation of asphalt
surface layers.

3.5. Rutting Resistance Evaluation Based on Modulus Characteristics

The above analysis shows that, for a specific layer of asphalt mixture, reducing its
frequency sensitivity under high-temperature conditions can improve the rutting resistance
of that asphalt mixture, thus improving the rutting resistance of asphalt pavements; mean-
while, increasing the absolute value of the modulus of the structural layer can reduce the
shear flow of asphalt surface layer, thus improving the rutting resistance of asphalt pave-
ments. Therefore, it is advisable to evaluate the modulus performance of high-modulus
asphalt mixtures by using both the absolute modulus value and the modulus ratio at
high temperatures.

Figure 15 shows the values of the two indicators of the mixture. Based on these two in-
dicators, the effects of raw materials (hard asphalt, PE additives, dissolved polyolefins) on
anti-rutting performance were discussed.

It can be observed that the modulus value of HMAM with hard asphalt (Mixture A)
was the highest, and it was significantly greater than that of several other mixtures. How-
ever, the dynamic modulus ratio and dynamic stability were not high, indicating that
the hard asphalt does not improve the creep properties of the mixture significantly. The
improved rutting resistance of the pavement structure is mainly achieved by the hard
asphalt raising the modulus of the mixture and improving the stress of pavement structure.

The dynamic modulus ratio and dynamic stability index of HMAM with the addition
of HM1 (Mixture B) are both higher. It is suggested that the PE additive can improve
the modulus ratio and the absolute value of modulus in a comprehensive manner, which
enables the structural stress and creep resistance of the mixture to be improved, and thus
the rutting resistance of the asphalt pavement to be enhanced.

Under low-temperature conditions, the dynamic modulus of HMAM with HM2
(Mixture C) is the lowest; under high-temperature conditions, its dynamic modulus is
only lower than that of additive rutting-resistant asphalt mixtures but significantly higher
than SBS-modified asphalt SMA13 (Mixture E) and SBS-modified asphalt AC20 (Mixture
D); in addition, the modulus ratio index and dynamic stability index of Mixture C are
significantly higher than those of other asphalt mixtures. It illustrates that the composite
modification of dissolved polyolefin and SBS is also a comprehensive improvement of the
modulus ratio and the absolute value of the modulus to enhance the rutting resistance of
asphalt pavements by improving the structural stress of the pavement and significantly
improving the creep resistance characteristics of the mixture.
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Figure 13. Rutting deformation clouds for different loading times. (a) Structure (1) under 10° load-
ing times; (b) Structure (1) under 2 x 10° loading times; (c) Structure (1) under 3 x 10° loading
times; (d) Structure (1) under 4 x 10° loading times; (e) Structure (1) under 5 x 10° loading times;
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Figure 14. Rutting depth for two structures with different loading times.
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3.6. Testing Road Verification

In laboratory tests, rutting dynamic stability is used to characterize the rutting resis-
tance of the mixture. It should be noted that rutting in the field is influenced by multi-
ple factors such as material properties, pavement structure, traffic loading, and climatic
conditions [50]. Therefore, we paved three testing sections using the HMAMs studied in
this paper to correlate the field rutting data with the laboratory dynamic stability results,
thereby further validating the findings in this paper. Figure 16 presents the average value
of the test results of the rutting depth on the road surface of the trial pavement sections and
the ordinary pavement sections after one year of construction. It can be seen that, compared
with the ordinary pavement sections, the rutting depth of the three trial pavement sections
is significantly reduced. Test Section 3 with Mixture C showed the greatest reduction in
rutting depth at 38%, followed by test Section 2 with Mixture B at 28.7%, and finally test Sec-
tion 1 with Mixture A at 24.4%. Therefore, it is concluded that the anti-rutting performance
of three mixtures from high to low is C > B > A, which is consistent with the above indoor
high-temperature performance test results and further verifies the rationality of dynamic
modulus index to evaluate the anti-rutting performance of high-modulus asphalt mixtures.
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Figure 16. Results of rutting depth measured in the testing road.
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4. Conclusions

In this study, the dynamic modulus variation pattern of different types of HMAMSs with
temperature and load was investigated, and the relationship between different modulus
indices and rutting resistance was explored. The results of laboratory tests were verified by
the observations of three test sections. The main conclusions are summarized as follows.

(1)  With the increase of loading frequency and testing temperature, the dynamic modulus
of the mixtures showed a gradual increase and decrease, respectively, and the trend of
dynamic modulus of different asphalt mixtures with temperature and frequency was
relatively constant.

(2) The ratio of low-frequency dynamic modulus to high-frequency dynamic modulus
under high-temperature conditions correlates well with dynamic stability, and the
wider the frequency coverage, the higher the correlation between this ratio and
dynamic stability. Moreover, the ratio of 0.1 Hz dynamic modulus to 25 Hz dynamic
modulus at 55 °C is recommended as an index for HMAM rutting analysis.

(8) The reduction of the frequency sensitivity (modulus ratio) of the mixture under high-
temperature conditions and the increase in the absolute value of the modulus of the
structural layer both can improve the rutting resistance of the pavement. Therefore,
it is advisable to combine the absolute modulus value and the modulus ratio under
high-temperature conditions to evaluate the rutting resistance of HMAMs.

(4) High-modulus agents are more effective than hard asphalt in improving the rutting
resistance of HMAM. The hard asphalt does not improve the creep characteristics
of the mixture significantly, but mainly improves the rutting resistance of the pave-
ment by increasing the modulus of the mixtures. The two high-modulus agents (PE,
dissolved polyolefin) improve the rutting resistance of pavements by increasing the
modulus ratio and absolute modulus of the mixtures.

The modulus-based rutting resistance index of HMAM s is of great significance for the
evaluation and prediction of pavement rutting performance based on the modulus and the
improvement of pavement rutting resistance. It should be noted that the dynamic modulus
factors and HMAM material types considered in this paper are limited, and a preliminary
linear correlation analysis between HMAM modulus properties and rutting resistance was
conducted. Therefore, more investigation is still warranted to further clarify the specific
quantitative relationship between the modulus index and rutting performance, improve
the evaluation accuracy by examining more influencing factors (void ratio, perimeter
pressure, HMAM type), and eventually propose a design method for HMAMs based on
performance indicators.
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