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Abstract: The cracking resistance of asphalt mixture is a non-negligible issue. However, the cracking
resistance evolution law, motivated by two factors (thermos-oxidative aging degree and test tem-
perature), is not yet well understood. The aim of this investigation is to gain more insight into the
effect of thermos-oxidative aging and test temperature on the cracking resistance of asphalt mixture.
Asphalt mixture (AC-13) and stone mastic asphalt mixture (SMA-13) were selected and exposed to
different thermo-oxidative aging degrees (unaging (UA); short-term thermo-oxidative aging (STOA);
long-term thermo-oxidative aging for 2/5/8 days (LTOA2d/LTOA5d/LTOA8d)). A direct tension
test at different test temperatures (10 °C, 20 °C, 30 °C, 40 °C) was adopted to obtain their stress—strain
curves and evaluation indexes (tensile strength, ultimate strain, pre-peak strain energy density, and
post-peak strain energy density). The comprehensive index-cracking resistance index (CRI) was
established by the entropy weight method combined with the technique to order preference by
similarity to ideal solution (TOPSIS) method and the corresponding aging coefficient was determined.
The results showed that STOA can increase the aging coefficient of asphalt mixture, thereby boosting
the cracking resistance. Additionally, the effect can be weakened by elevations in the test temperature.
Meanwhile, LTOA can decrease the aging coefficient and thereby weaken the cracking resistance.
This effect becomes more prominent with elevations in the test temperature. SMA-13 possesses a
superior cracking resistance to AC-13, with a gap in CRI value of 3-69%, regardless of the aging
degree and test temperature. A good relationship exists between the aging coefficient and the two
factors (aging degree and test temperature).

Keywords: cracking resistance; thermo-oxidative aging; entropy weight TOPSIS; comprehensive
cracking resistance index; aging coefficient

1. Introduction

Cracking is one of the most common hazards in asphalt pavement, associated with
the cracking resistance of the main constituent of asphalt-pavement mixture. Aging
occurs throughout the life cycle of asphalt pavement. During mixing, pavement rolling,
and service, the asphalt mixture itself is inevitably exposed to complex environmental
factors (such as oxygen, a high ambient temperature, light, and water), which can cause
changes in the cracking resistance of asphalt mixture to a certain extent, and thereby
change the durability of asphalt pavement [1,2]. Generally speaking, aging can be classified
into thermo-oxidative aging, light-oxidative aging, and water aging, of which thermo-
oxidative aging is the most common. Therefore, it is important to study the cracking
resistance of asphalt mixture considering thermo-oxidative aging, and much research has
been conducted on this issue. Song et al. [3] demonstrated the existence of aging during the
transportation procedure using a direct tension test at low temperatures, and the results
revealed that cracking resistance at low temperatures worsened with transportation time.
Yan et al. [4] and Zhu et al. [5] investigated the cracking resistance of AC13 in STOA
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and conditions through a disk-shaped compact tension (DCT) test (—12°C). The results
show that STOA can accelerate the cracking propagation regardless of the increased effect
on the tensile strength. Song et al. [6] conducted a trabecular bending beam test (0 °C,
—10 °C, —20 °C) on a warm mixed asphalt mixture to investigate aging degree variation
and discovered that cracking resistance at low temperatures deteriorated more severely in
LTOA than STOA. This accordingly emphasized the need for research on asphalt mixtures
under LTOA conditions. Bonaquist et al. [7], Chen et al. [8], Wang et al. [9], and Wu [10]
examined the effects of different degrees of aging (LTOA and STOA) on cracking resistance
by semi-circular bending (SCB) test (15 °C, 20 °C and 25 °C). They all concluded that the
cracking process can be sped up with the increase in aging degree. Islam et al. [11] studied
the effect of aging duration on the indirect tensile strength of AC at 20 °C and highlighted
that tensile strength increased with the extension of LTOA duration, but first increased and
then decreased with the extension of STOA duration. Similarly, Radeef et al. [12] adopted
an indirect tension (IDT) test (25 °C) to study the rubberized asphalt mixture under LTOA
and STOA conditions. They found that STOA can enhance the cracking resistance and
LTOA can degrade it in reverse.

Moreover, some researchers took test temperature into consideration, as well as the
degree of aging. Omranian et al. [13] used the SCB test (10 °C, 20 °C and 30 °C) to evaluate
the cracking resistance of treated AC-14 exposed to different STOA durations. The results
showed that mixtures exposed to longer aging durations were more prone to cracking at
lower test temperatures and that the regulation is reversed at high temperatures. Ye [14]
evaluated the cracking resistance of AC-13 treated with different degrees of aging (UA,
STOA, LTOA) by the application of the SCB test (0 °C, —5 °C, —10 °C, —20 °C). It was
found that the mixture was more susceptible to cracking when treated by deeper degrees of
aging at the discussed test temperature region. Wang et al. [15] compared the significance
of LTOA and test temperature on the cracking resistance of AC-13 under unaging and
LTOA conditions using the SCB test (—20 °C. —10 °C. 0 °C. 25 °C). It was concluded
that cracking resistance was more remarkably affected by test temperature than LTOA.
Hamedi et al. [16] studied the impact of short-term aging on the cracking resistance of
asphalt mixture using the SCB test (—10 °C to —22 °C). It was demonstrated that the
short-term aging asphalt mixture exhibited a superior cracking resistance to that of the
mixture under unaging conditions at a lower test temperature, which was captured by the
elevation in the surface free energy of the asphalt binder caused by aging.

As described in the above literature, a majority of the current experimental research
on cracking resistance that considers different degrees of aging is limited to low or medium
temperatures. However, cracking can also occur at high temperatures [17]. Therefore, it
is necessary to test cracking resistance at high temperatures. Even so, it is worth noting
the cracking resistance of asphalt mixture considering a high temperature (30 °C) was only
reported in one study [13]. As the highest temperatures can reach about 40 °C in most parts
of southern China, it seems that the highest test temperature should be set at 40 °C instead.

Furthermore, as asphalt mixture is a kind of multi-phase composite material, its
overall mechanical properties are bound to be associated with its internal structure, such
as its gradation. On this basis, a few studies have been launched to probe the effect
of gradation on the cracking resistance of asphalt mixture. Li et al. [18] employed the
SCB test at different test temperatures below 0 °C on both continuous gradation and gap
gradation asphalt mixtures (AC-16, SMA-16, AC-20). Additionally, test results were more
influenced by gradation than test temperature. Yin et al. [19] conducted an indirect tension
low-temperature creep test (0 °C, 10 °C, and —20 °C) on AC-20 with different gradations
(coarse, medium, and fine). It was revealed that medium gradation showed the best
cracking resistance at 0 °C, medium gradation at —10 °C, and coarse gradation at —20 °C.

There are five main types of indoor evaluation method for the cracking resistance of
asphalt mixture: semi-circular bending test, indirect tension test, trabecular bending test,
disk shaped compact tension test [20,21] and direct tension test. Among them, the direct
tension test is simpler regarding the specimen preparation as well as loading mode, more
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direct regarding the stress—strain data acquisition and better regarding the reflection of
actual stress state of the asphalt mixture. Therefore, it is more suitable to be employed than
the other four test methods [22-24]. As mentioned in the literature review, however, only
the direct tension test was reported [3].

In terms of evaluation indexes, tensile strength, peak deformation, and modulus are
most widely used. Nevertheless, Wang et al. [25] believed that conflicting conclusions
could be drawn based on the three indexes mentioned above, and a single tensile strength
index and failure strain sometimes cannot fully reflect the cracking resistance of the asphalt
mixture. Based on this situation, Yang et al. [26] evaluated the cracking resistance by
calculating the strain energy density. The result showed that the cracking resistance
decay rate of the asphalt mixture prepared by the oven heating method was equivalent
to that prepared by the delayed mixing method. Furthermore, Zheng [27] revealed that
it is difficult to judge the cracking resistance of asphalt mixture using only the fracture
energy index and established a more comprehensive evaluation index by determining the
weight of each index through the analytic hierarchy process (AHP). However, the weight
definition is susceptible to the decision-makers’ preference for the AHP method, leading
to less convincing evaluation results. In contrast, the entropy weight TOPSIS method, a
combination of the entropy weight method and TOPSIS method, cannot only avoid the
influence of human subjectivity on the evaluation results but also has the advantages of
less information loss and flexible computation, meaning that it is widely used in economic,
management and other scientific fields, but is less applied in the pavement engineering
material field [28-30].

Therefore, in this paper, SMA-13 and AC-13 were selected as they are commonly used
in road engineering. Additionally, monotonic tensile tests were conducted on these two
asphalt mixtures with different thermo-oxidative aging degrees at different test tempera-
tures. The change rule of commonly used indexes (tensile strength, ultimate strain, and
pre-peak and post-peak strain energy density) was obtained with different aging degrees,
test temperatures, and mixture gradations. Finally, the comprehensive cracking resistance
index (CRI) was established by the entropy weight TOPSIS method to evaluate the cracking
resistance of asphalt mixture with different thermo-oxidative aging degrees.

2. Materials and Test Protocol
2.1. Materials

The styrene-butadiene-styrene (SBS)-modified asphalt was used and purchased from
Shell (Xingyue) Co., Ltd., located in Foshan City, Guangdong Province, China. Its fun-
damental performance parameters were tested. The results are shown in Table 1. The
diabase, limestone, and limestone powder were selected for the coarse aggregate, fine
aggregate, and filler, respectively, sourced from a test section of the highway in Foshan
City, Guangdong Province, China. Their fundamental performance parameters were tested.
The results are summarized in Table 2. Furthermore, the aggregate gradation of AC-13 and
SMA-13 is presented in Table 3.

Table 1. Basic performance parameters test results of SBS-modified asphalt.

Performance Parameters Unit Test Result Method

Density g/cm3 1.051 ASTM D70-17a

Penetration (25 °C, 100 g, 5 s) 0.1 mm 441 ASTM D5-13
Ductility (5 °C, 5 cm/min) cm 25.8 ASTM D113-17b

Softening point °C 93.6 ASTM D36-14

Flash point °C >230 ASTM D92-12b

Mass loss of residue after TFOT o
(Thin-film oven test) o 04 ASTM D6-11

Penetration ratio of residue after TFOT (25 °C) Y% 725 ASTM D5-13

Ductility of residue after TFOT m 71 ASTM D113-17b

(5 °C, 5 cm/min)
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Table 2. Basic performance parameters test results of coarse aggregate, fine aggregate and filler.

Performance Parameters Unit Coarse Aggregate Fine Aggregate Filler Method
Los Angeles abrasion % 10.9 ASTM C131-14
Flat and elongated particles % 1.4 ASTM D4791-19
Fine aggregate angularity % 38 AASHTO T304-17
Specific gravity g/cm? 2.762 ASTM C127-15
Specific gravity g/cm3 2.73 ASTM C128-15
Specific gravity g/cm? 2.704 ASTM D854-14

Table 3. Mineral aggregate gradation.

Passing Percentage/%

Sieve Size/mm

AC-13 SMA-13
16 100 100
13.2 95 90
9.5 76.5 50
475 53 20
2.36 37 15
1.18 26.5 14
0.6 19 12
0.3 13.5 10
0.15 10 9
0.075 6 8

2.2. Specimen Preparation

Compared with existing compaction methods, the wheel-rolling method was selected
for the compact asphalt mixture plate specimen (300 mm x 300 mm x 50 mm) by virtue
its better field simulation [31]. Then, each plate specimen was cut into a beam specimen
(250 mm x 50 mm x 50 mm) by a rock-cutting machine.

The Strategic Highway Research Program (SHRP) proposed oven-heating, delayed
mixing, and microwave-heating methods to simulate the thermos-oxidative aging of asphalt
mixture. Among them, the oven-heating method is the most effective and common one.
Therefore, this method was used in this study.

(1) STOA: put the mixed loose asphalt mixture in the oven with a temperature con-
trolled at 135 °C for 4 h and stir hourly; then, mold the specimen according to the chapter
mentioned above.

(2) LTOA: based on STOA, the beam specimen should be placed in the oven with
temperature controlled at 85 °C for the intended number of days (2, 5 and 8 days).

2.3. Monotonic Direct Tension Test

The monotonic direct tension test was conducted by the material test systems (MTS)
810 machine imported from MTS Company located in Eden Prairie, MN, USA. For each
specimen, each of the two ends was bonded with a round steel loading plate by steel glue.
Then, after at least 3 days, specimens were moved into a temperature-controlled cabinet at
the corresponding target test temperature for 4 h. Subsequently, specimens were shifted
out and clamped onto the loading platform to be tested at a loading rate of 5 mm/min [32].
Pretension was performed at the beginning of each test to prevent eccentric phenomena
from occurring during the test process. All the test results were acquired through the
built-in computer system at a sampling frequency of 10 Hz. The relative indexes were
calculated according to the following equations.

EF
Omax = lr)nsx 1)
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Emax = €1max '; €2max @)
€max
Eo= % O'max
Wpost :/ ode 4)
€

max

where omax denotes the tensile strength (MPa); Fnax denotes peak loading value (N); b and
d denote the width and the height of the specimen, respectively (mm); emax denotes the
ultimate strain (107°) €1max, €2max denote the strain value of extensometers corresponding
to the loading value, respectively (107°); wpre denotes the pre-peak strain energy density
MJ/m3); Wpost denotes the post-peak strain energy density (M] /m3); £ % Omax denotes
the strain at which the corresponding stress drops to half of the tensile strength (10~°);
o denotes stress in the tension process (MPa); ¢ denotes strain in the tension process (107°).

2.4. Entropy Weight-TOPSIS Method

The idea of the entropy weight TOPSIS method is to use the entropy weight method
to determine the weight of each index and then use the TOPSIS method to calculate the
value of the comprehensive indexes. The specific steps are described below.

2.4.1. Establish the Initial Evaluation Matrix

There were 40 evaluation objects and 3 evaluation indexes in this study. The initial

evaluation matrix A = (aij)mxn(m = 40; n = 3) is depicted in the following equation:

aj1 Az - An
a1 ax» -+ axn

A= . S ©)
Aml am2 °°° amn

where ajj denotes the jth evaluation index value of the ith evaluation object.

2.4.2. Standardize the Initial Evaluation Matrix

In view of the different dimensions among the three kinds of indexes, the standardized

evaluation matrix B = (bjj) _ is expressed as follows:

b — aij — minj (6)

7 maxj — min;
where b;; denotes the jth evaluation index value of the ith evaluation object after standard-

ization; miny denotes the minimum value of the jth evaluation index; max; denotes the
maximum value of the jth evaluation index.

2.4.3. Calculate Entropy Weight of Each Index

The entropy and entropy weight of each index can be calculated according to the
following equations:

b b

- " " @)

®)

where e; denotes the entropy of each evaluation index and wj denotes the entropy weight
of each evaluation index.
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2.4.4. Establish Weighted Standardization Evaluation Matrix

The weighted standardization evaluation matrix C = (cij)
to the following equation:

is established according
mxn

Gj = bl] X Wwj (9)

where ¢;; denotes the jth evaluation index value of the ith evaluation object after being weighted.

2.4.5. Determine the Ideal Solution and Calculate the Euclidean Distance

The positive and negative ideal solution can be defined as follows:

" = [max(cj)] = [¢f o ... off (10)

¢ = [min(cy)] = [ o ... o (11)
The Euclidean distance between the evaluation object and the positive and negative
ideal solution can be measured as follows.

2

s =4/o4 (Cij_C;_) (12)

s; =1/, (cij - c]f)2 (13)

where ¢t and ¢~ denote the positive and negative ideal solution, respectively; S;" and S;”
denote the Euclidean distance between the evaluation object and the positive and negative
ideal solution for each evaluation object.

2.4.6. Calculate the Closeness of Each Evaluation Object to the Ideal Solution

The closeness of each of each evaluation object to the ideal solution can finally be
defined as follows and can be regarded as the CRI value of each evaluation object.

S
CRI=F; = 1 14
bSt+s 14

where E; denotes the closeness of each evaluation object to the ideal solution.

3. Results and Discussion
3.1. Stress—Strain Plot

Figures 1-4 show the stress—strain curves in the direct tension test process for AC-13
and SMA-13 with different aging degrees at 10 °C, 20 °C, 30 °C, 40 °C, respectively.

As shown in Figures 14, the overall shape of these plots can all be divided into three
similar stages and the plot of AC13-UA in Figure 3 is taken as an example for the illustration.
(1) Elastic stage: the plot in the initial loading phase is approximately a straight line, and
the stress linearly increases with the increase in strain. (2) Strain-hardening stage: with the
elevation of strain, the plot begins to deviate from the straight line in the former stage and
to stretch as an approximate arc. With the elevation of strain, stress continues to nonlinearly
climb to a peak value with a speed slower than that in the former stage. (3) Strain-softening
stage: with the continuous elevation of strain, stress shows a remarkable downward trend
as soon as stress reaches over the peak value.

For both AC-13 and SMA-13, the stress—strain plots exhibit similar a change with the
increase in degree of aging at the same test temperature. The plots of AC13-UA, AC13-
STOA, AC13-LTOA2d, AC13-LTOA5d and AC13-LTOAS8d in Figure 1 are as shown in
Figure: With the increase in aging degree, each plot shifts upward and is left as a whole.
Particularly, the slope of the straight line in the elastic stage becomes steeper, which means
that the elevation of the degree of aging can increase the rigidity of the asphalt mixture.
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The arc length and the radius of curvature of the hardening stage curve decrease. At the
same time, the downward trend of the strain-softening stage becomes sharper.

For both AC-13 and SMA-13, the stress—strain plots present a few changes with the
elevation of test temperature under the same degree of aging. The plots of SMA13-UA
in Figures 14 are used as an example. Each entity generally tends to shift downward
and to the right. Specifically, the slope of the elastic stage decreases, which indicates that
the rigidity of the asphalt mixture can be weakened with the increase in test temperature.
The deviation of the strain-hardening stage curve from the former straight line tends to be
more pronounced. Furthermore, the downward trend of the strain-softening stage curve
becomes gentler.

There are also differences between stress—strain curves of AC-13 and SMA-13 when the
same aging degree and test temperature are considered. The plots of AC13-LTOA2d and
SMA13-LTOA2d in Figure 4 are taken as an example. The coverage height of the plot of
SMA-13 is lower than that of AC-13. However, the coverage width of the plot of SMA-13 is
remarkably greater than that of AC-13, which causes the whole plot of SMA-13 to be plumper.

1.8 - —— ACI13-UA
L6k — AC13-UA
: e AC13-STOA
14k — AC13-LTOA2d
ACI13-LTOASd
Ss12F = AC13-LTOASd
S SMA13-UA
S0 e SMA 13-STOA
s m— SMA13-LTOA2d
»n 0.8 | m— SMA13-LTOASd
0.6 |
0.4 H
02 | \
0.0 L L
0 10,000 20,000 30,000
Strain (10°)

Figure 1. Stress—strain plots of AC-13 and SMA-13 under different aging degrees, plotted at 10 °C.

1.6
L4k — AC13-UA
' s AC13-STOA
oL = AC13-LTOA2d
: m— AC13-LTOA5d
= AC13-LTOASd
& 1O | e SMA13-UA
< SMA13-STOA
8081 = SMA13-LTOA2d
A m— SMA13-LTOAS5d
0.6 — SMA13-LTOASd
0.4 H
0.2

0 10,000 20,000 30,000 40,000
Strain (10°)

Figure 2. Stress—strain plots of AC-13 and SMA-13 under different aging degrees, plotted at 20 °C.
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1.4
— AC13-UA
12 F m— AC13-STOA
—— AC13-LTOA2d
= ACI3-LTOAS5d
1O - AC13-LTOAS8d
- —— SMAI13-UA
Eo.s L SMA13-STOA
< —— SMA13-LTOA2d
§ s SMA13-LTOAS5d
0.6 —— SMA13-LTOAS8d
0.4
02
0.0 | 1 1
0 10,000 20,000 30,000 40,000 50,000 60,000

Strain (10°)

Figure 3. Stress—strain plots of AC-13 and SMA-13 under different aging degrees, plotted at 30 °C.

0.5
— AC13-UA
= AC13-STOA
04 === AC13-LTOA2d

== AC13-LTOASd
AC13-LTOAS8d
m— SMA13-UA
SMA13-STOA
=== SMA13-LTOA2d
= SMA13-LTOASd
= SMA13-LTOA8d

Stress (MPa)
<
(98]
T

S
o
T

0.1

0 15,000 30,000 45,000 60,000 75,000
Strain (10°)

0.0

Figure 4. Stress—strain plots of AC-13 and SMA-13 under different aging degrees, plotted at 40 °C.
3.2. Tensile Strength

Table 4 and Figures 5 and 6 present the tensile strength results versus test temperature
for AC-13 and SMA-13 under different degrees of aging. As shown in Figures 5 and 6,
the tensile strength of both SMA-13 and AC-13 gradually increases with the increase
in aging degree when test temperature remains the same. This phenomenon can be
explained as follows: under a thermo-oxidative aging environment, light components
can be transformed into asphaltene by the chemical reaction between the hydrocarbon
(derivatives) in asphalt and oxygen, which undoubtedly increases the number of polar
molecules in bitumen. A high temperature can also enhance the polarity of aggregate
molecules [33]. It is worth mentioning that the adhesion between asphalt and aggregate
is generated by the linkage of polar molecules. Therefore, it follows that the adhesion
between bitumen and aggregate can be strengthened and the load-bearing capacity of the
asphalt mixture can be enhanced after thermo oxidative aging.
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Table 4. Tensile strength at different test temperatures of AC-13 and SMA-13 under different aging degrees.

Aging Degree
Test .
Gradation Temperature 5]\}1’3:‘::‘ UA STOA LTOA2d LTOA5d LTOAS8d
°
¢a Sample Average Standard Sample Average Standard Sample Average Standard Sample Average Standard Sample Average Standard
Value (MPa) Value (MPa) Deviation Value (MPa) Value (MPa) Deviation Value (MPa) Value (MPa) Deviation Value (MPa) Value (MPa) Deviation Value (MPa) Value (MPa) Deviation
1 0.84 1.10 121 135 1.42
2 0.90 1.10 1.21 1.29 1.40
10 0.90 0.040 _ 1.10 0.013 _ 1.20 0.004 _ 1.31 0.031 _ 1.40 0.051
3 0.93 1.09 120 1.30 1.49
4 0.93 112 1.20 1.28 137
1 0.71 0.72 0.92 115 116
2 0.70 0.74 091 11 118
20 0.69 0.018 _ 0.73 0.025 _ 0.92 0.006 _ 1.12 0.034 _— 116 0.013
3 0.66 0.70 091 114 115
4 0.68 0.76 0.92 1.07 115
AC-13
1 0.62 0.60 0.69 0.76 0.81
2 0.57 0.56 0.68 0.78 0.81
30 0.58 0.027 _ 0.60 0.030 _ 0.69 0.015 _ 0.77 0.021 _ 0.80 0.017
3 0.57 0.62 071 0.79 0.78
4 0.57 0.63 0.67 0.74 0.81
1 0.11 0.29 0.33 0.35 0.40
2 0.12 0.30 0.36 0.35 0.44
40 0.13 0.027 _ 0.27 0.028 _ 0.34 0.015 _ 0.35 0.002 _— 043 0.041
3 0.13 0.25 0.32 0.35 039
4 0.17 0.24 0.34 0.36 0.48
1 0.53 0.68 0.83 0.96 120
2 0.54 0.68 0.77 0.84 1.26
10 0.55 0.035 _— 0.69 0.020 _— 0.78 0.038 _— 0.90 0.055 _— 1.22 0.062
3 0.53 0.66 0.76 0.87 128
4 0.60 0.71 0.74 0.93 1.14
1 0.34 048 0.54 0.72 0.89
2 0.34 0.51 0.56 0.72 0.94
20 0.35 0.014 _ 0.50 0.019 _ 0.55 0.009 _ 0.71 0.022 _ 0.88 0.057
3 0.35 049 0.54 071 0.86
4 0.37 053 0.54 0.68 0.81
SMA-13
1 0.15 0.35 0.52 0.53 0.61
2 0.16 0.36 047 0.54 0.58
30 0.16 0.005 _ 0.35 0.026 _ 0.49 0.021 _ 0.55 0.021 _ 0.60 0.012
3 0.16 0.38 048 0.58 0.60
4 0.15 0.32 0.50 0.56 0.61
1 0.12 0.19 0.26 0.29 0.37
2 0.10 0.22 0.25 0.26 0.40
40 0.10 0.015 _— 0.23 0.040 _— 0.25 0.009 _— 0.31 0.036 _— 0.40 0.019
3 0.10 022 0.24 0.34 0.39

4 0.08 0.29 0.25 0.34 0.42




Appl. Sci. 2023, 13,8578 10 of 26

—_
N

—_
N

—_—
[\S]

—_
(=)

Tensile Strength (MPa)
o =)
(@)} oo

<
~

20 30
Temperature (°C)

Figure 5. Tensile strength versus test temperature for AC-13 under different degrees of aging.

1.4

Tensile Strength (MPa)
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0.0
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Figure 6. Tensile strength versus test temperature for SMA-13 under different degrees of aging.

For AC-13, the increase trend of the tensile strength becomes weaker with the overall
elevation of aging degree. At 10 °C and 30 °C, STOA presents the most obvious increasing
effect on tensile strength, with a growth gradient of 22% (10 °C) and 99% (40 °C). With
the increase in aging degree, the growth gradient drops to 10% (10 °C) and 55% (40 °C).
Comparatively, there are fluctuations in AC-13 at 20 °C and 30 °C, which means that the
LTOA2d condition presents the most obvious increasing effect on tensile strength by a
growth gradient of 29% (20 °C) and 15% (30 °C). Similarly, the growth gradient drops to
6% for the LTOA8d condition. At 10 °C and 20 °C, the elevation effect of aging degree on
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tensile strength of SMA-13 fluctuates, but it is worth noting that the LTOAS8d condition
exhibits the most remarkable elevation effect by a growth gradient of 20% (10 °C) and
13% (20 °C). At 30 °C and 40 °C, while the STOA condition presents the most obvious
increasing effect on the tensile strength of SMA-13 by a growth gradient of 20% (30 °C)
and 13% (40 °C). The growth gradient declines with the increase in aging degree at 30 °C;
however, it fluctuates at 40 °C.

With the elevation in test temperature, the tensile strength at each degree of aging
shows a decreasing trend for both AC-13 and SMA-13. The cause of the phenomenon may
be illustrated as follows: the increase in test temperature can intensify the periodic thermal
movement of macromolecules inside the asphalt mixture, thus enlarging the distance be-
tween the macromolecules, weakening the mutual attraction between the macromolecules,
and eventually reducing the load required to destroy the structure of the asphalt mix-
ture [34]. For AC-13 under LTOA2d, LTOA5d and LTOAS8d conditions, tensile strength
decreases approximately linearly, with an average decline rate of 24% with every increase
of 10 °C. Comparatively, for AC-13 under STOA conditions, tensile strength decreases
unsteadily by 12% (from 10 °C to 20 °C), 30% (from 20 °C to 30 °C) and 21% (from 30 °C
to 40 °C). When it comes to AC-13 under UA conditions, tensile strength decreases by an
average decline rate of 18% with every increase of 10 °C when temperature is in the range
of from 10 °C to 30 °C; however, a sharp drop in tensile strength by 50% appears when
temperature goes up from 30 °C to 40 °C. Similarly, for SMA-13 under UA, STOA, LTOA5d
and LTOAS8d conditions, tensile strength steadily decreases with an average decline rate
of 36% (UA and STOA), 22% (LTOA5d and LTOA8d) with every increase of 10 °C. When
it comes to SMA-13 under LTOA2d conditions, volatility occurs in the tensile strength
descent trend by 29% (from 10 °C to 20 °C), 7% (from 20 °C to 30 °C) and 31% (from 30 °C
to 40 °C).

Additionally, it is easy to see that the tensile strength of AC-13 is higher than that
of SMA-13 when the aging degree and test temperature remain the same and the value
of the gap can be up to 2.8 times as high (UA, 30 °C). This may be attributed to the
following causes: the higher admixture of AC-13 aggregate renders a thicker asphalt mortar
film, which has a correspondingly stronger ability to grip the aggregate than SMA-13. In
addition, the higher distribution uniformity of air voids in AC-13 means that it performs
better regarding the overall structural uniformity of the mixture, thus endowing AC-13 with
a higher tensile strength at the macroscopic level [35,36]. Furthermore, the gap between the
tensile strength of AC-13 and SMA-13 is narrowed by the elevation of aging degree and
test temperature.

3.3. Ultimate Strain

Table 5 and Figures 7 and 8 display the ultimate strain results versus test temperature
for AC-13 and SMA-13 under different degrees of aging. As shown in Figures 7 and 8, the
ultimate strain of both SMA-13 and AC-13 gradually descends with the increase in aging
degree at the same test temperature. The reason for this phenomenon may be that during
thermos-oxidative aging, long-term exposure to a high temperature increases the kinetic
energy of light molecules in asphalt and further widens the diffusion rate gap between
light and heavy molecules, thus weakening the intermolecular attraction and reducing the
stability of asphalt mortar or even the overall structure of the asphalt mixture [37].
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Table 5. Ultimate strain at different test temperatures of AC-13 and SMA-13 under different degrees of aging.

Aging Degree
. Temperature Specimen UA STOA LTOA2d LTOA5d LTOAS8d
Gradation o
©Q Number
Sample Average Standard Sample Average Standard Sample Average Standard Sample Average Standard Sample Average Standard
Value (1076)  Value (10-6) Deviation Value (107%)  Value (10-6) Deviation Value (1076)  Value (1076) Deviation Value (1076)  Value (10-6) Deviation Value (107%)  Value (10-6) Deviation

1 6587 5335 3172 1534 1503
2 6651 5337 4148 1688 1304

10 6740 151.43 _ 5400 165.07 _ 3600 407.14 _ 1604 85.92 _ 1400 96.82
3 6797 5645 3485 1668 1332
4 6925 5284 3595 1526 1461
1 9310 7895 5585 3148 1719
2 9328 7714 5554 3126 1859

20 9620 414.83 _ 7837 212.89 _ 5460 248.89 _ 3070 109.06 _ 2003 272.33
3 9644 8110 5088 3097 2095
4 10,198 7629 5613 2909 2339

AC-13

1 10,037 9101 5844 3341 3280
2 10,195 8778 5859 3331 2888

30 10,505 657.86 _ 8974 155.44 _ 5814 46.14 _ 3560 288.88 _ 3098 219.75
3 10,310 9097 5794 3941 3295
4 11,477 8920 5759 3627 2928
1 15,108 9480 8710 6845 3853
2 16,978 9533 8731 6104 3904

40 15,875 117251 _ 9578 85.35 _ 8885 204.57 _ 6484 35242 _ 3951 123.69
3 16,770 9654 9142 6273 3915
4 14,643 9645 8957 6714 4132
1 11,807 11,723 7997 6226 5259
2 12,431 11,330 7917 6263 4943

10 12,000 34271 _— 11,515 173.98 _— 7840 146.21 _— 6210 102.64 _ 5009 201.56
3 11,656 11,583 7668 6061 5056
4 12,106 11,423 7778 6289 4779
1 17,722 16,081 13,181 10,439 6711
2 17,025 15,035 11,831 9214 6548

20 17,075 455.24 _ 15,730 471.07 _ 12,135 861.21 _ 9130 951.75 _ 6401 329.60
3 16,882 15,913 11,146 8318 5945
4 16,671 15,891 12,382 8549 6400

SMA-13

1 17,905 17,012 13,624 11,896 6494
2 18,114 17,152 14,354 12,677 7006

30 17,943 159.40 _— 17,007 175.60 _— 13,476 689.62 _— 12,324 360.91 _— 6800 338.53
3 18,011 17,106 13,195 12,562 6532
4 17,741 16,759 12,731 12,162 7168
1 18,299 17,881 14,445 12,757 7536
2 18,684 17,297 14,116 12,633 7466

40 18,703 405.98 _— 17,543 245.39 _— 14,610 422.88 _— 12,961 312.65 _— 7377 303.22
3 18,567 17,469 14,785 13,264 6927

4 19,262 17,525 15,094 13,190 7578
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Figure 7. Ultimate strain versus test temperature for AC-13 under different degrees of aging.
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Figure 8. Ultimate strain versus test temperature for SMA-13 under different degrees of aging.

For AC-13, the ultimate strain of the mixture undergoing STOA, LTOA2d, LTOA5d,
and LTOAS8d is 19-40%, 43-46%, 59-76%, and 75-80% lower than that of the unaging
mixture, respectively. For SMA-13, the ultimate strain of the mixture undergoing STOA,
LTOA2d, LTOA5d, and LTOAS8d decreases by 4-12%, 21-35%, 31-48%, and 58-64%, re-
spectively, compared with that of the unaging mixture. Additionally, the attenuation effect
of aging on the ultimate strain of AC-13 is significantly greater than that of SMA-13. For
AC-13 at 10 °C, 20 °C and 40 °C, the ultimate strain decreases linearly when aging degree is
confined to LTOA2d conditions by a decrease gradient of 23% (10 °C), 31% (20 °C) and 22%
(30 °C). When the degree of aging continuously deepens, the ultimate decrease recedes. It
is worth noting that the decrease gradient drops to only 3% (10 °C), 4% (20 °C) and 16%
(30 °C) when the degree of aging reaches LTOA8d. When the test temperature is 40 °C,
AC-13 treated by STOA conditions shows a dramatic drop in ultimate strain, by 40%. Then,
the ultimate strain exhibits an approximate linear descent trend with a decrease gradient of



Appl. Sci. 2023, 13, 8578

14 of 26

16%. For SMA-13 at 10 °C and 20 °C, the ultimate strain decreases slightly, by 3% (10 °C)
and 8% (20 °C), under STOA conditions, and when aging degree reaches LTOA2d, there
is a sharper descent with a decrease gradient of 23% (10 °C) and 21% (20 °C). However,
when the degree of aging further decreases, the descent of the ultimate strain slows down
and becomes steadier, with a decrease gradient of 9% (10 °C) and 17% (20 °C). For SMA-13
at 30 °C and 40 °C, the descent of the ultimate strain exhibits slight fluctuations, with an
average decrease gradient of 5% (STOA), 18% (LTOA2d), 8% (LTOA5d) and 30% (LTOAS8d).

With the elevation of test temperature, the ultimate strain under each aging degree
shows an increasing trend for both AC-13 and SMA-13. The cause of this phenomenon may
be explained as follows: the Brownian motion in asphalt molecules becomes more active,
and free volume between molecules increases under the impact of rising temperature,
which reduces the viscous flow of asphalt mortar and the eventual enhancement in ultimate
strain [38]. For AC-13 under STOA and LTOAS8d conditions, the ultimate strain grows
nearly proportionally by an average increase rate of 26% (STOA) and 61% (LTOA8d) with
every increase of 10 °C. Comparatively, for AC-13, under the other aging conditions,
ultimate strain increases unsteadily. However, when test temperature climbs from 30 °C to
40 °C, the sharpest variation in ultimate strain can be seen, with an average increase rate of
80% (UA), 85% (LTOA2d) and 182% (LTOA5d). For SMA-13, the increasing tendency of
the ultimate strain is weakened with the elevation of test temperature. For SMA-13 under
LTOAS5d conditions, ultimate strain steadily increases, with an average increase rate of 50%
with every rise of 10 °C, when the discussed test temperature is in the range of from 10 °C
to 30 °C. When test temperature increases from 30 °C to 40 °C, the average increase rate
drops to only 10%. At the same time, for SMA-13 under the other four aging conditions,
ultimate strain lifts by 42% (UA), and only 37% (STOA), 55% (LTOA2d) and 28% (LTOA8d),
with the elevation of test temperature from 10 °C to 20 °C. With further elevations in test
temperature, the ultimate increasing tendency becomes flat, with an average increase rate
of 7% (UA), 8% (STOA), 16% (LTOA2d), 10% (LTOAS8d).

Moreover, it is apparent that the ultimate strain of SMA-13 is higher than that of AC-
13. This can be explained by the following causes: one is that the contact action between
coarse aggregates is more prominent in SMA-13 than AC-13. Furthermore, the lignin fiber
in SMA-13 can fully contact and fuse with asphalt to form a wet surface under its large
surface area and excellent bitumen-absorbing property, which strengthens the viscosity
of the bitumen film wrapped around the aggregate [39,40]. The combined action of the
above two aspects can better restrain the sliding between aggregates and then improve the
overall deformation of the mixture to a certain extent. In addition, the gap between the
ultimate strain of AC-13 and SMA-13 is narrowed with the elevation of test temperature.
Furthermore, whatever the test temperature, the largest gap between the ultimate strain
of AC-13 and SMA-13 exists under LTOA5d conditions by 3 times (10 °C), 2 times (20 °C),
2.5 times (30 °C) and 1.1 times (40 °C).

3.4. Pre-Peak Strain Energy Density

Table 6 and Figures 9 and 10 show the pre-peak strain energy density results versus
test temperature for AC-13 and SMA-13 under different degrees of aging. As shown in
Figures 9 and 10, at the same test temperature, the strain energy density of AC-13 and
SMA-13 both increase after short-term aging and gradually decay as the aging degree
deepens into long-term aging. The reason for this phenomenon may be as follows: after
thermo-oxidative aging, the content of the carbonyl group, carbonyl group, sulfoxide group,
and aromatic group increases to some degree. During short-term aging, the content of the
former two groups, which are beneficial for boosting the association between molecules,
jumps with a greater degree so that the toughness of the overall structure of the asphalt
mixture is enhanced, and more energy is required for cracking [41]. In comparison, the
growth of the aromatic group, which has a high rigidity, dominates in the long-term aging
process. The results may reduce the toughness of the overall structure of the asphalt
mixture and the energy required for cracking under external loads. Specifically, for AC-13,
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the pre-peak strain energy density under short-term aging ascends by 2% (10 °C), 14%
(20 °C), 17% (30 °C) and 35% (40 °C). When the degree of aging extends to LTOA2d, there is
a descent in the pre-peak strain energy density by 10% (10 °C and 40 °C), 16% (20 °C) and
19% (30 °C). However, when the degree of aging extends further, the tendency to decrease
slows down and becomes steadier, with a decrease rate of 11% (10 °C), 13% (20 °C and
30 °C) and 20% (40 °C). Likewise, for SMA-13, the pre-peak strain energy density under
short-term aging ascends by 35% (10 °C), 60% (20 °C) and 39% (30 °C) and 62% (40 °C).
When the degree of aging extends to LTOA2d, there is a violent descent in the pre-peak
strain energy density, by 11% (10 °C and 20 °C) 21% (30 °C) and 34% (40 °C). With the
continuous deepening of the degree of aging, the decrease trend becomes steadier by a
decrease rate of only 8.5%.
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Figure 9. Pre-peak strain energy density versus test temperature for AC-13 under different degrees
of aging.
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Figure 10. Pre-peak strain energy density versus test temperature for SMA-13 under different degrees
of aging.
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Table 6. Pre-peak strain energy density at different test temperatures of AC-13 and SMA-13 under different degrees of aging.

Aging Degree
Test Specimen UA STOA LTOA2d LTOA5d LTOASd
Gradation Temperature Number
o
C
(] Sample Average Standard Sample Average Standard Sample Average Standard Sample Average Standard Sample Average Standard
Value Value Deviation Value Value Deviation Value Value Deviation Value Value Deviation Value Value Deviation
(MJ/m3) (MJ/m3) (MJ/m3) (MJ/m3) (MJ/m3) (MJ/m3) (MJ/m3) (MJ/m3) (MJ/m3) (MJ/m3)
1 3775 3675 3342 3059 2640
2 3774 4084 3555 3184 2526
10 3753 28 _ 3816 470 _ 3346 149 _ 3095 66 _— 2484 125
3 3748 3222 3276 3034 2364
4 3715 4282 3211 3102 2406
1 3879 4410 3404 3140 2463
2 4088 4556 3670 3349 2740
20 3901 131 _— 4463 240 _— 3744 303 _— 3288 99 _— 2649 227
3 3855 4160 4137 3330 2928
4 3782 4727 3764 3333 2465
AC-13
1 3475 3791 3194 2603 1841
2 3432 3185 2900 2473 2087
30 3046 552 _ 3555 262 _ 2875 268 _ 2550 100 _ 1953 110
3 2286 3578 2539 2665 1890
4 2990 3667 2866 2459 1994
1 2179 2671 2440 1859 1065
2 1629 2445 2009 1825 1041
40 1779 279 _ 2400 252 _ 2167 188 _ 1893 110 _ 1194 178
3 1754 2422 2110 2056 1423
4 1554 2061 2109 1832 1247
1 2566 3248 2487 3277 2161
2 2654 3164 3154 3058 2297
10 2697 116 _— 3625 618 _— 3231 552 _— 3026 189 _— 2282 128
3 2728 4425 3541 2918 2215
4 2839 4061 3742 2850 2455
1 2739 4666 4382 3364 2834
2 2820 4565 3961 3355 3387
20 2830 76 _ 4517 121 _ 4192 203 _ 3414 175 _ 3131 230
3 2743 4410 4083 3268 3198
4 2900 4427 4342 3669 3105
SMA-13
1 2204 3331 2405 2223 1768
2 2254 2882 2383 1977 1932
30 2196 44 _— 3040 348 _ 2400 100 _ 2287 325 _ 1850 76
3 2173 2624 2284 2203 1807
4 2153 3323 2528 2745 1893
1 1247 2121 1425 1500 1173
2 1286 2436 1390 1605 1298
40 1363 163 _— 2210 247 _— 1458 61 _— 1611 96 _— 1009 271

3 1315 2381 1521 1605 724

4 1604 1901 1495 1734 841
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For asphalt mixtures with the same aging duration, the pre-peak strain energy den-
sity of AC-13 and SMA-13 slightly increases as the test temperature rises from 10 °C to
20 °C, while it descends as the test temperature continues to rise to 40 °C. The reason
for this phenomenon may be that the increase in temperature can increase the amplitude
of molecular motion, and thus cause a corresponding increase in the heat energy, which
activates the rotation of the segment around the main chain axis and exhibits a crimped
and stretched conformation [26]. Thus, more energy is required to fracture the overall
macrostructure of the asphalt mixture. Furthermore, asphalt mixture exhibits a leather state
in the temperature range of 2040 °C, in which there is a mutual slide between molecules,
and the slip becomes more intense with the increase in temperature [33]. Therefore, the
energy required to break the interaction between molecular chains eventually drops. As
the test temperature rises from 10 °C to 20 °C, the pre-strain energy density of AC-13 grows
slightly by 4% (UA), 17% (STOA), 12% (LTOA2d), 6% (LTOAS5d) and 3% (LTOAS8d). When
the test temperature continues to rise, the pre-strain energy density is nearly proportional,
with an average decrease rate of 27% (UA), 23% (STOA), 21% (LTOA2d and LTOA5d) and
27% (LTOA8d) with every increase of 10 °C. Analogously, the pre-strain energy density
of AC-13 grows slightly by 4% (UA), 17% (STOA), 12% (LTOA2d), 7% (LTOAS5d) and 3%
(LTOAS8d). Analogously, for SMA-13, the pre-strain energy density slightly increases by
5% (UA), 25% (STOA), 20% (LTOA2d), 13% (LTOA5d) and 37% (LTOA8d) when the test
temperature rises from 10 °C to 20 °C. Furthermore, it descends nearly linearly, with an
average decrease rate of 26% (UA, STOA and LTOA5d) and 33% (LTOA2d and LTOAS8d)
with every increase of 10 °C.

Furthermore, when test temperature is 10 °C, 30 °C and 40 °C, the pre-peak strain
energy density of AC-13 is higher than that of SMA-13 and the gap reaches about 37%
on average. However, the pre-peak strain energy density of AC-13 is lower than that of
SMA-13 under both short-term and long-term aging conditions when the test temperature
is 20 °C.

3.5. Post-Peak Strain Energy Density

Table 7 and Figures 11 and 12 illustrate post-peak strain energy density results for
AC-13 and SMA-13, respectively. Similar to the pre-peak strain energy density, as shown
in Figures 11 and 12, at the same test temperature, the post-peak strain energy density of
AC-13 and SMA-13 both increases under short-term aging and gradually decrease as the
degree of aging moves toward long-term aging. Concretely, for AC-13, the post-peak strain
energy density under short-term aging ascends by 53% (1 °C), 42% (20 °C) and 53% (30 °C)
and 63% (40 °C). When the degree of aging extends to LTOA2d, there is a violent drop
in the post-peak strain energy density by 36% (10 °C, 20 °C and 40 °C) and 31% (20 °C).
However, when the degree of aging deepens further, there is a tendency to decrease more
flatly, with a decrease rate of 14% (10 °C and 30 °C), 11% (20 °C) and 12% (40 °C). In the
same way, for SMA-13, the post-peak strain energy density under short-term aging ascends
by 29% (10 °C), 25% (20 °C and 30 °C) and 34% (40 °C). When degree of aging extends to
LTOAZ2d, there is a dramatic drop in the post-peak strain energy density by 20% (10 °C),
31% (20 °C) and 38% (30 °C and 40 °C). With the continuous deepening of the degree of
aging, the descent trend becomes steadier, with a decrease rate of 6% 10 °C), 3% (20 °C),
10% (30 °C) and 13% (40 °C).
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Table 7. Post-peak strain energy density at different test temperatures of AC-13 and SMA-13 under different degrees of aging.

Aging Degree
Test Speci UA STOA LTOA2d LTOA5d LTOAS8d
Gradation Temperature pecimen
rada 15 Number
“O Sample Average Standard Sample Average Standard Sample Average Standard Sample Average Standard Average Sample Standard
Value Value Deviation Value Value Deviation Value Value Deviation Value Value Deviation Value Value Deviation
(MJ/m3) (MJ/m3) (MJ/m3) (MJ/m3) (MJ/m3) (MJ/m3) (MJ/m3) (MJ/m3) (MJ/m3) (MJ/m3)
1 2022 2876 2376 1373 1284
2 1833 2962 1678 1091 914
10 1953 98 _— 2990 323 _ 1907 422 _ 1349 188 _ 1067 173
3 2043 2681 2127 1393 943
4 1914 3441 1446 1540 1127
1 2651 4044 2369 2310 1647
2 2748 3638 2832 2283 1780
20 2763 155 _— 3912 185 _— 2687 256 _— 2009 337 _— 1753 91
3 2986 3969 2494 1651 1723
4 2667 3997 2895 1792 1862
AC-13
1 2000 3095 1892 1216 1021
2 1860 2977 1800 1293 1326
30 1867 119 _ 2854 219 _ 1831 98 _ 1383 153 _ 1000 253
3 1712 2626 1707 1486 938
4 1896 2717 1924 1536 715
1 1625 2474 1656 1434 914
2 1497 2253 1430 1291 943
40 1534 92 _ 2507 202 _ 1567 146 _ 1285 137 _ 947 116
3 1593 2740 1457 1311 1104
4 1422 2560 1726 1103 828
1 2591 3263 2610 2137 2274
2 2534 2697 2454 2003 2161
10 2336 274 _— 3031 239 _— 2423 152 _— 2154 111 _— 2077 180
3 2204 3094 2384 2230 2013
4 2015 3069 2244 2246 1859
1 3580 3930 3051 2917 2948
2 3688 4326 2653 2833 2561
20 3500 310 _ 4361 590 _ 3027 574 _ 2905 49 _ 2800 192
3 3690 3983 2575 2924 2964
4 3041 5206 3829 2944 2727
SMA-13
1 2710 3178 2223 1973 1377
2 2539 3671 1902 1900 1536
30 2699 122 _ 3380 213 _ 2134 430 _— 2005 92 _— 1487 134
3 2713 3393 2698 2031 1655
4 2834 3278 1714 2116 1380
1 2486 3304 1999 1653 1235
2 2545 3387 2098 1998 1001
40 2506 32 _— 3353 102 _— 2039 199 _— 1695 207 _— 1199 154

3 2520 3477 2268 1542 1187

4 2473 3243 1791 1587 1372
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Figure 11. Post-peak strain energy density versus test temperature for AC-13 under different degrees
of aging.
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Figure 12. Post-peak strain energy density versus test temperature for SMA-13 under different
degrees of aging.

Moreover, when the aging degree remains the same, as the test temperature increases
from 10 °C to 20 °C, the post-strain energy density of AC-13 grows slightly, by 41% (UA
and LTOA2d), 31% (STOA), 49% (LTOA5d), 64% (LTOAS8d). When the test temperature
reaches t30 °C, the post-strain energy density drops dramatically, with a decrease rate of
32% (UA, LTOA2d and LTOA5d), 27% (STOA) and 43% (LTOA8d). Comparatively, the
descent trend of the post-strain energy density becomes stable, with a decrease rate of 12%
(UA and LTOA2d), 17% (STOA) and 22% (LTOA5d LTOAS8d). Ulteriorly, the post-strain
energy density of SMA-13 grows slightly, by 50% (UA), 44% (STOA), 25% (LTOA2d) and
35% (LTOA8d), as the test temperature climbs from 10 °C to 20 °C. Furthermore, when the
test temperature reaches 30 °C, a sudden drop appears in the post-strain energy density of
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SMA-13, with a decrease rate of 23% (UA and STOA), 30% (LTOA2d and LTOA5d) and 47%
(LTOAS8d). Furthermore, when test temperature rises from 30 °C to 40 °C, it also decreases
more steadily, with a decrease rate of 6% (UA) 2% (STOA), 4% (LTOA2d), 11% (LTOA5d
and LTOAS8d).

When the aging degree and test temperature both remain the same, the post-peak
strain energy density of SMA-13 is higher than that of AC-13, and the value of the gap
can reach up to 95% (LTOAS8d, 10 °C). The causes of the phenomenon can be explained
as follows: There are more coarse aggregates in SMA-13, which provides it with a better
skeleton action between coarse aggregates than AC-13. Additionally, a favorable skeleton
action can produce a certain hoop effect on asphalt mortar and hinder asphalt mortar from
peeling from aggregates [35]. Furthermore, due to the addition of fiber with a superior
tensile performance, the fiber in SMA-13 acts as a reinforcement to the effective transfer of
stress when exposed to an external load, thus delaying cracking propagation [42]. Therefore,
more energy is needed to destroy the structure of SMA-13.

3.6. Analysis of CRI and Aging Coefficient

Previous analyses have shown that different conclusions may be drawn when different
indicators are used to evaluate the cracking resistance of the asphalt mixture. In order
to make up for the defects in single-indicator evaluation, the above four indicators are
combined to propose a comprehensive indicator. Table 8 shows the weight of each indicator,
calculated by the entropy weight method, and Table 9 shows the calculation results of the
entropy weight TOPSIS method.

Table 8. Calculation results of entropy weight of four direct tension test indexes.

Index Entropy Entropy Weight
Tensile strength 0.942 0.259
Ultimate strain 0.936 0.286
Pre-peak strain energy density 0.958 0.187
Post-peak strain energy density 0.940 0.268

Table 9. Calculation results of CRI for AC-13 and SMA-13.

Item Sy S, CRI
SMA13-UA (10 °C) 0.162751 0.108509 0.458683
SMA13-STOA (10 °C) 0.155920 0.116939 0.567867
SMA13-LTOA2d (10 °C) 0.167548 0.102847 0.456206
SMA13-LTOA5d (10 °C) 0.173033 0.100674 0.447181
SMA13-LTOAS8d (10 °C) 0.176295 0.100589 0.438167
AC13-UA (10 °C) 0.186440 0.093445 0.447045
AC13-STOA (10 °C) 0.166225 0.129966 0.538652
AC13-LTOA2d (10 °C) 0.175259 0.129923 0.438717
AC13-LTOA5d (10 °C) 0.192069 0.144165 0.412537
AC13-LTOAS8d (10 °C) 0.209025 0.154525 0.402688
SMA13-UA (20 °C) 0.136039 0.160869 0.587750
SMA13-STOA (20 °C) 0.128158 0.177350 0.686738
SMA13-LTOA2d (20 °C) 0.130483 0.162080 0.575787
SMA13-LTOA5d (20 °C) 0.153985 0.126742 0.502843
SMA13-LTOAS8d (20 °C) 0.172785 0.108632 0.487106
AC13-UA (20 °C) 0.159100 0.110554 0.521773
AC13-STOA (20 °C) 0.152127 0.148879 0.602039
AC13-LTOA2d (20 °C) 0.155233 0.136729 0.500042
AC13-LTOA5d (20 °C) 0.178280 0.127625 0.440272
AC13-LTOAS8d (20 °C) 0.189027 0.131564 0.393792

SMA13-UA (30 °C) 0.161795 0.162015 0.491779
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Table 9. Cont.

Item st S, CRI
SMA13-STOA (30 °C) 0.141363 0.168257 0.567763
SMA13-LTOA2d (30 °C) 0.162611 0.115018 0.444624
SMA13-LTOA5d (30 °C) 0.177390 0.100384 0.410339
SMA13-LTOASd (30 °C) 0.213595 0.053093 0.272547
AC13-UA (30 °C) 0.175088 0.097908 0.414888
AC13-STOA (30 °C) 0.146474 0.127872 0.474235
AC13-LTOA2d (30 °C) 0.191802 0.077588 0.322393
AC13-LTOAS5d (30 °C) 0.204788 0.083801 0.278172
AC13-LTOA8d (30 °C) 0.216290 0.087031 0.265904
SMA13-UA (40 °C) 0.175162 0.173909 0.478719
SMA13-STOA (40 °C) 0.161526 0.168348 0.545364
SMA13-LTOA2d (40 °C) 0.182497 0.122690 0.419226
SMA13-LTOA5d (40 °C) 0.191950 0.103701 0.355926
SMA13-LTOASd (40 °C) 0.226150 0.048751 0.197862
AC13-UA (40 °C) 0.191654 0.153199 0.386046
AC13-STOA (40 °C) 0.171434 0.116590 0.399729
AC13-LTOA2d (40 °C) 0.184130 0.095429 0.296814
AC13-LTOA5d(40 °C) 0.207889 0.060709 0.211021
AC13-LTOASd (40 °C) 0.241313 0.031141 0.143421

As shown in Table 8, the CRI of SMA-13 is larger than that of AC-13, suggesting that
the former has superior cracking resistance to the latter. The main reason for this is that
ultimate strain and post-peak strain energy density are given greater weight among the
four indexes, as shown in Table 8. Furthermore, the CRI of AC-13 and SMA-13 under
STOA conditions increases by 4-20% and 14-24%, respectively, compared with the unaging
condition. The results show that STOA improves the cracking resistance of both AC-13
and SMA-13. In addition, the benefit is weakened with the increase in the test temperature.
In contrast, the CRI under LTOA conditions is lower than that under unaging conditions
for both AC-13 and SMA13, suggesting that long-term aging weakens their cracking
resistance. Furthermore, this weakening effect becomes more pronounced as the test
temperature increases.

Figures 13 and 14 depict the aging coefficient results versus test temperature for AC-13
and SMA-13 under different degrees of aging. The aging coefficient is defined as the ratio
of CRI under aging conditions compared to that under unaging conditions, which can
eliminate the impact of CRI under unaging conditions. Figures 13 and 14 illustrate the
aging coefficient versus test temperature for AC-13 and SMA-13, respectively. As shown in
Figures 13 and 14, the aging coefficient of SMA-13 is higher than that of AC-13 by 1.4-36%
when aging degree and test temperature remain the same, which means that SMA-13 is
superior to AC-13 in terms of aging resistance. In addition, for both AC-13 and SMA-13,
the aging coefficient under STOA condition is above 1, which demonstrates that STOA can
have an increasing effect on the cracking resistance of AC-13 and SMA-13. For AC-13, the
aging coefficient increases by 20%, 15%, 13%, 4%, respectively, at 10 °C, 20 °C, 30 °C and
40 °C; for SMA-13, this increases by 24%, 17%, 16%, 14%, respectively, at 10 °C, 20 °C, 30 °C
and 40 °C. It is apparent that the increase amplitude of the aging coefficient of SMA-13
is bigger than that of AC-13, which demonstrates that the gaining effect of STOA is more
prominent on SMA-13. Furthermore, it is not difficult to determine that the gaining effect
can be lowered with the elevation of test temperature.

Under LTOA conditions, the aging coefficient is below 1, and the aging coefficient
decreases with the deepening of the degree of aging. This shows that LTOA conditions
can have a weakening effect on the cracking resistance, and the weakening effect becomes
increasingly prominent with the deepening of aging degree. For AC-13, the aging coeffi-
cient decreases by 2-23% (LTOA2d), 7-45% (LTOA5d), 10-63% (LTOAS8d). For SMA-13,
the aging coefficient decreases by 1-12% (LTOA2d), 2-25% (LTOA5d), 4-59% (LTOAS8d).
Additionally, the decrease amplitude of the aging coefficient of SMA-13 is smaller than that
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of AC-13, which indicates that the weakening effect of LTOA is more prominent on AC-13.
Similarly, it is not difficult to find that the gaining effect can be lowered by the elevation of
test temperature.
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0.5

0.0
10 20 30 40

Temperature (°C)

Figure 13. Aging coefficient versus test temperature for AC-13 under different degrees of aging.
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Figure 14. Aging coefficient versus test temperature for SMA-13 under different degrees of aging.

Meanwhile, a non-linear surface fitting method was applied to better describe the rela-
tionship between the aging coefficient and long-term aging duration and test temperature.
Figure 15 and Table 10 depict the corresponding fitting result. The correlation coefficient
of the fitting result of AC-13 and SMA-13 is 0.95 and 0.94, respectively, which reveals that
the formula that is used can describe the relationship between the aging coefficient and
the long-term aging duration and test temperature, where ¢ denotes aging coefficient, d
denotes long-term aging duration, and T denotes test temperature.
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Figure 15. Non-linear surface fitting graph: (a) AC-13; (b) SMA-13.

Table 10. Non-linear surface fitting result.

0.4320
0.4898
0. 5476
0. 6054
0.6632
0.7210
0.7788
0. 8366
0.8944
0. 9522
1.010

Item Fitting Formula R?
AC-13 ¢ = 0.999 — 0.017d 4 0.003T + 0.003d* — 9.590x10~5T? — 0.002dT 0.95
SMA-13 ¢ =0.976 4 0.038d + 7.414x 10~*T — 0.003 + 4.200x 10~ 7T — 0.002dT 0.94

In conclusion, SMA-13 is superior to AC-13 regarding the cracking resistance when
considering different aging degrees and test temperatures. However, in practical engineer-
ing, economic cost is a necessary factor to be considered, so a brief cost analysis is given in
Table 11. Table 11 shows that the annual expenses are 16.5 RMB-m 2 for AC-13 pavement;
however, they are 11.4 RMB-m~2 on SMA-13. Apparently, the application of SMA-13 can

save costs by 44% when compared with AC-13.

Table 11. Cost calculation of AC-13 and SMA-13 [43].

Material Name

Item
AC-13 SMA-13

Height/cm 4 4

Initial cost/RMB-m 2 unit cost/RMB-cm~1-m~2 10 12
Total initial cost/RMB-m 2 40 48

Paving times 3 2

Maintenance paving cost/RMB-m~2 120 96
cost/RMB-m ™2 Extra maintenance cost/RMB-m~2 100 100
Total maintenance cost/RMB-m 2 220 196

Residue value/RMB-m~2 13 16
Total cost/RMB-m 2 247 228
Annual Total cost/RMB-m—2 16.5 114

4. Conclusions

A direct tension test was conducted on two kinds of asphalt mixture (AC-13 and SMA-
13) with five degrees of aging (UA, STOA, LTOA2d, LTOA5d and LTOAS8d) at different test
temperatures (10 °C, 20 °C, 30 °C, 40 °C). The objective is to comprehensively investigate
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the effect of aging degree/test temperature/gradation on the cracking resistance of the
asphalt mixture. The main findings of this paper are as follows:

1.  For both AC-13 and SMA-13, the tensile strength gradually ascends as the degree of
aging progresses further, but descends as test temperature rises. Additionally, AC-13
has a higer tensile strength than SMA-13. The ultimate strain increases as the degree
of aging degree progresses further, but decreases as the test temperature increases.
SMA-13 can produce a higher ultimate strain compared with AC-13.

2. For both AC-13 and SMA-13, the pre-peak strain energy density increases as the
degree of aging progresses further, but goes down as the test temperature increases.
SMA-13 can produce a higher ultimate strain than AC-13. STOA conditions can boost
the pre-peak and post-peak strain energy density, while LTOA conditions can reduce
them. Additionally, the pre-peak and post-peak strain energy density both exhibit a
tendency to increase first and then decrease, with their maximum occurring at 20 °C.
Moreover, the superiority of SMA-13 lies in the post-peak strain energy density rather
than the pre-peak strain energy density.

3. Inthe discussed region of aging degree and test temperature, SMA-13 has a higher
CRI and aging coefficient value than AC-13 by 3-69%; this means that SMA-13 is
endowed with a better cracking resistance whether it is under aging conditions or not.

4. STOA can enlarge the aging coefficient of the asphalt mixture, which means that
STOA can increase cracking resistance even under aging conditions. Additionally, this
positive effect can be weakened by an elevation in test temperature. LTOA can lower
the aging coefficient, which indicates that LTOA can weaken the cracking resistance
and the lowering effect can be boosted by elevations in the test temperature

5. The relationship between aging coefficient and the two factors (aging degree and test
temperature) can be reflected by the functional expression of the non-linear surface
(R? = 0.95 for AC-13 and R? = 0.94 for SMA-13).
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