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Laboratory of Road Structure and Materials, Ministry of Communication, PRC, Chang'an University,
Xi'an, China, *College of Management, Xi'an University of Finance and Economics, Xi'an, China

To avoid deviations in volumetric parameters and improve correlation with field
performance, a balanced mix design for AC-5 was made in this article. The three
initial asphalt contents were determined based on engineering experience. An
overlay tester (OT) test was applied to all asphalt contents. The load loss rate,
crack resistance index, and critical fracture energy were selected to determine
the asphalt content range, combined with the Technique for Order Preference
by Similarity to Ideal Solution (TOPSIS) method. The freeze—thaw splitting
test was verified. For further mechanical research, the dynamic mechanical
analyzer (DMA) dynamic modulus and fatigue tests were carried out. Finally,
the hysteresis curve of a single cycle was analyzed. Based on the results, the
following conclusions were obtained. Through the balanced mix design and
TOPSIS analysis, the optimal asphalt content range was found to be 8.8%—-9.1%.
The asphalt mixture at 9.0% possessed the lowest load loss rate and crack
resistance index. The critical fracture energy decreased with the reduction in
the asphalt content. The split tensile strength without freeze—thaw decreased,
and the freeze—thaw split tensile strength increased with increasing asphalt
content. The AC-5 (9.0%) mixture possessed the highest dynamic modulus
and lowest microstrain, illustrating that the mixture had the best strength
and anti-reflection cracking performance. In addition, the power exponential
function could be applied to predict fatigue life. Finally, the asphalt mixture
at 9.0% had sufficient asphalt content, meaning that the mixture had the best
bonding strength between aggregates. Higher asphalt content prevented water
erosion and improved the bonding area between the asphalt and aggregate. The
hysteresis curve varied according to different conditions. The stored energy W,
dissipative energy AW and internal friction Q! indices were applied to evaluate
the AC-5 performance through the Pearson correlation analysis. The indices had
obvious regularity with stress and temperature.

KEYWORDS

balanced mix design, AC-5 mixture, overlay test, mechanical analysis, hysteretic curve

1 Background

The Marshall and Superpave design methods are widely applied nationally. Volumetric
design methods determine the proportion based on the volumetric parameters. The
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TABLE 1 Technological indices of SBS (I-C) modified asphalt.

10.3389/fbuil.2025.1675597

TABLE 3 Technological indices of fine aggregates.

ltems Unit  Criterion ‘ Results Aggregate size range
Penetration (25 °C, 100 g, 5 s) 0.1 mm 60-80 75 0 mm-2.36 mm

Penetration index (PI) — >-0.4 0.2 Bulk volume relative density 2.631

Ductility (5 °C, 5 cm/min) cm =30 40 Apparent relative density 2.676
Softening point, 5 °C °C 255 66.8 Soundness, % 6.6
Dynamic viscosity, 135 °C Pa-s <3 1.6 Methylene blue value, g/kg 44
Flash point, 5 °C °C =230 300 Water absorption rate, % 0.88
Solubility of trichloroethylene, % % >99 99.58 Sand equivalent proportion, % 63

Elastic recovery ratio, 25 °C % =265 94

Mass loss rate after aging, % 0.025 TABLE 4 Technological indices of limestone powder.

Penetration after aging (25 °C, 41 Items Criterion Results ‘

0.1 mm)
Apparent relative density, g/cm’ >2.50 2.708
Penetration ratio of aged asphalt 71
residue (%) <0.6 mm 100 100
Ductility after aging (15 °C, cm) 5.0 Particle size range, % <0.15 mm 90-100 95
<0.075 mm 75-100 83.9
TABLE 2 Technological indices of coarse aggregates. Water absorption rate, % <1 04
Aggregate size range
9greg 9 Hydrophilicity coefficient <1 0.65
9.5mm-16 4.75mm-9.5 2.36 mm-4.75 sticity ind
mm Plasticity index <4 3.6
Bulk volume 2731 2.734 2.679
relative
density
appropriately conditioned specimens that address multiple modes

Apparent 2.790 2.815 2726 of distress, taking into consideration mix aging, traffic, climate,

relative and location within the pavement structure” AASHTP PP 105-

density 20 offers a detailed standard including four approaches. Many

Crushing 21.8 _ _ departments of transportation have explored the BMD. Texas

value, % determined the asphalt content through the Hamburg wheel track

test (HWTT) and the overlay tester (OT) (Zhou et al, 2014).

];)OS IIXngleles 189 190 - Oregon determined the asphalt content through the flexibility
abrasion 1oss, .

o index (FI) and the HWTT (Sreedhar et al., 2021). The BMD

was used in cold recycled asphalt mixture (Ning et al., 2025),

Water 0.776 1.071 0.651 warm asphalt mixture (Yousefi et al., 2023), and stone matrix

absorption asphalt (SMA) (Lin et al., 2025). In addition, the reclaimed asphalt

te, % .

e pavement (RAP) content, asphalt type, and gradation could be
Elongated and 106 6.9 _ balanced through the BMD (Li et al,, 2023). The AC-5 mixture
flaky particle is designed as a flexible, stress-absorbing layer with mechanical

content, % properties. Cracks should not occur in the stress-absorbing

optimal volumetric parameters do not optimize pavement
performance (Li et al., 2023). Therefore, a balanced mix design
(BMD) was proposed to determine the proportion based on the
pavement performance instead of volumetric parameters. The
definition is “asphalt mix design using performance tests on
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layer due to the effects of loading and temperature. Mechanical
strength and deformation resistance are required. Mechanical
analysis has been applied to various asphalt mixtures, including
recycled asphalt mixtures (Wu et al, 2024), fiber-reinforced
asphalt mixtures (Wang et al., 2025), and hot asphalt mixtures
(Chen et al., 2023).

This paper first made a balanced mix design for the AC-
5 mixture and conducted mechanical analysis. Through the
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FIGURE 1
AC-5 gyration.
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FIGURE 2
OT equipment and specimen size. (@) OT equipment and (b) specimen plane size.
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FIGURE 3
OT test waveform and specimen. (a) Loading wave and (b) specimen.
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FIGURE 4
Paste and fix the OT specimen.
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FIGURE 5
Critical fracture energy.
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engineering experiences, the optimal asphalt content was found to
be between 8.5% and 9.5%. Three initial asphalt contents (8.5%,
9.0%, and 9.5%) were determined. Performance tests with less
operation time, higher accuracy, and compliance with laboratory
conditions are preferred. A Superpave gyratory compactor (SGC)
is considered to be better related to field pavement performance.
Therefore, SGC was applied in mixture molding. According to traffic
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volume, 75 gyrations were selected for the AC-5 asphalt mixture.
The OT test was applied. Load loss rate, crack resistance index,
and critical fracture energy were selected as the evaluation indices.
Then, the TOPSIS analysis method was applied to determine the
optimal asphalt content range. The dynamic mechanical analyzer
(DMA) was used for mechanical analysis and fatigue analysis. In
addition, a hysteresis curve was drawn, and the stored energy W,
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Normalized peak load vs Number of Cycles curve
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FIGURE 6
Crack resistance index.
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FIGURE 7
DMA equipment.

dissipative energy AW, and internal friction Q') indices were
proposed. Pearson’s correlation analysis was conducted. Finally, the
indices at different stress and temperature were analyzed.

Frontiers in Built Environment

TABLE 5 DMA parameters.

Indices Formula

Stress o(t) = 0, sin wt = f sin wt
Strain &(t) = &4 sin(wt +0) = ';—*(wt+ 8)
0
Complex modulus M (0) = 22 = M sin wt + M" cos wt

e

Complex modulus value M=%

€A

Storage modulus M (w) = & cos &
€4

Loss modulus M"(w) = :—" sin &
A

M (@)

Damp factor tan 0

2 Materials

The SBS(I-C) modified asphalt was chosen. Its technological
indices are shown in Tables 1-3.

The technological indices of the applied limestone powder
are shown in Table 4.

Designed gradation is shown in Figure 1.

3 Test methods
3.1 Overlay test

An overlay tester (OT) was applied to evaluate the anti-reflection
cracking performance of the stress-absorbing layer through cyclic
horizontal loads applied on the specimen’s base (Zhou et al,

frontiersin.org



https://doi.org/10.3389/fbuil.2025.1675597
https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org

Lietal.

10.3389/fbuil.2025.1675597

(a)

FIGURE 8
DMA specimens. (a) Specimen and (b) Size.
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FIGURE 9
Fatigue test of AC-5 asphalt.

2007), as shown in Figure 2a. A Superpave gyratory compactor
was used to mold a specimen with a 150 mm diameter. The
specimen was cut at a height of 38 mm. The plane size is shown in
Figure 2b.

The OT equipment applied cyclic tensile loading. The loading
curve is shown in Figure 3. The slit width between the baseplate

Frontiers in Built Environment

was 2 mm, and the temperature was 25 °C. When the loading times
reached 1,200 or the load loss rate reached 93%, the test was
ended.

The test specimen was fixed using epoxy resin, and a
weight was placed on the specimen to ensure complete bonding,
as shown in Figure 4. The specimen was allowed to equilibrate at
room temperature for 12 h. Before the test, the specimen was placed
in a 25 °C incubator for 3 h.

The load loss rate after 1,200 cyclic loads and the critical
fracture energy in the first cycle were selected as indices. The
load loss rate is calculated by comparing the residual load at the
end of the cycle to the peak load. The critical fracture energy is
calculated through Formula 1.

G = 1

In Formula 1:

G,—Critical fracture energy, ]-mm™2;

W .—Fracture work, J;

b—Specimen width, m;

h—Specimen height, m.

The critical fracture energy in the first cycle is shown in Figure 5.

The crack resistance index was chosen to evaluate the anti-
fatigue cracking performance, as shown in Figure 6.

Technique for Order Preference by Similarity to Ideal Solution
(TOPSIS) is a common intra-group comprehensive evaluation
method that utilizes raw data to react to the differences between
schemes and select the optimal solution from multiple options.
After determining the scheme, the ideal optimal solution and
the ideal worst solution were selected. The ideal optimal solution
is a hypothetical solution where each indicator attains the
best value among all the criteria evaluated in the system.
The ideal worst solution is a hypothetical solution where each
indicator takes the worst value among all the criteria evaluated
in the system. The comprehensive distances of the ideal optimal
solution and the ideal worst solution are selected to evaluate
the scheme.
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TABLE 6 Parameters of the Marshall design method.

10.3389/fbuil.2025.1675597

Asphalt content/% | AV/% Relative density of  VMA/% Marshall stability/kN Flow
gross volume number/0.1 mm
8.5 2.81 2.342 18.38 84.74 8.84 31.89
9.0 1.58 2.362 18.15 91.28 10.60 38.77
9.5 2.69 2.355 18.84 85.74 9.23 43.01
—u— Load loss rate (%)
—e— (ritial fracture energy (J-mm™2)
—a— Crack resistance index
- 0.10
o, - 0.34
50 4
- 0.08
- 0.33
40 -
- 0.06
] F0.32
301 L 0.04
F0.31
[ 2
20 4 - 0.02
° - 0.30
T T T T T T
8.4 8.6 8.8 9.0 9.2 9.4 9.6
Asphalt content (%)
FIGURE 10
Performance space diagram of the AC-5 mixture.

3.2 Dynamic modulus test

The DMA was applied to conduct the middle-temperature
dynamic modulus test (Masad et al., 2008), as shown in Figure 7.
In DMA, periodic stress F(t) is determined using Formula 2.
F(t) =F, sin wt ()
In Formula 2:
F,—Stress amplitude;
w—Angle frequency, w = 27f;
f—Vibration frequency.
Stress is shown in Formula 3.
L(t) = L, sin (wt+6) (3)
In Formula 3:
L,—Displacement amplitude;

6—The phase displacement of stress caused by deformation.
The DMA parameters are shown in Table 5.

Frontiers in Built Environment
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Cylindrical specimens with 100 mm height and 25 mm diameter
were cored from the SGC specimen. The specimens were bonded
to the top and the bottom of the mold with epoxy binder,
as shown in Figure 8.

Cylindrical specimens with 100 mm height and 25 mm diameter
were cored from the SGC specimen. The master curves were
drawn from the time-temperature superposition shift. The shift
factors were obtained through the Williams-Landel-Ferry (WLF)
equation, and a sigmoidal model was applied to fit the master curves,
as shown in Formula 4.

loglE| = 6+ (4)

o
1 + efrogfirar)

In Formula 4:

|E|—Dynamic modulus of asphalt mortar;
d—Minimum dynamic modulus value;
f,—Frequency;

a—Range of dynamic modulus;

f and y—Regression parameters;

ar—Shift factors correlated with temperature.
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TABLE 7 TOPSIS results.

Asphalt Crack Load loss Critical Distance to Distance to Relative Sort
content (%) resistance rate (%) fracture positive ideal negative closeness
index energy solution D+ ideal coefficient
(I-mm~3) solution D- C
8.5 0.039 34 0.341 0.129 0.185 0.588 8
8.6 0.0338 30.66 0.3338 0.103 0210 0.669 6
8.7 0.0286 27.32 0.3266 0.077 0.235 0.751 5
8.8 0.0234 23.98 0.3194 0.051 0.260 0.834 3
8.9 0.0182 20.64 0.3122 0.026 0.286 0917 2
9.0 0.013 17.3 0.305 0.0001 0312 0.999 1
9.1 0.0282 24.4 0.304 0.062 0.249 0.799 4
9.2 0.0434 315 0.303 0.124 0.187 0.599 7
9.3 0.0586 38.6 0.302 0.187 0.124 0.399 9
9.4 0.0738 457 0.301 0.249 0.062 0.199 10
9.5 0.089 52.8 0.300 0311 0 0 11

TABLE 8 The results of the freeze—thaw split tensile strength test.

Asphalt mixture Split tensile strength without Freeze—thaw split tensile Freeze—thaw split tensile
freeze—thaw (MPa) strength (MPa) strength ratio (%)
AC-5 (8.5%) 0.807 0.548 72
AC-5 (9.0%) 0.692 0.559 80
AC-5 (9.5%) 0.623 0.579 92
2.5%108 5
1 —aAcs585%
1083 [ AC-59.0%
] |[—AC-59.5%
1.5%10° 3
~ ]
&
ERtE
3
Qo
=
(0]
)
g
2
= ]
5%107 o
T N T N L T N T N e
0.1 1 10

Frequency (Hz)

FIGURE 11
Storage modulus master curves.
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FIGURE 12
Loss modulus curves. (a) AC-5 mixture at 15 °C. (b) AC-5 mixture at 25 °C. (c) AC-5 mixture at 40 °C.

3.3 Fatigue test

DMA  direct test
as shown in Figure 9. The temperature was 15 °C, the frequency was
15 Hz, the stress was 0.0001 MPa, and the test time was 2 h. When
the specimen broke or the test time ended, the test was concluded.

tensile  fatigue was  conducted,

4 Analysis of the OT test and
mechanical test

4.1 Overlay test results

The volumetric parameters and Marshall stability test results
are shown in Table 6.

As seen in Table 6, AC-5 had the lowest air voids (AVs) and
the highest Marshall stability. However, the volumetric parameters
had a lower correlation with field performance. Marshall stability

Frontiers in Built Environment
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could not reflect the performance of AC-5 as a stress-absorbing layer.
Therefore, the BMD was applied. The performance space diagram
obtained from the results is shown in Figure 10.

The results indicated that AC-5 (9.0%) possessed the lowest
load loss rate and crack resistance index, which means the mixture
had the best anti-fatigue performance. The critical fracture energy
decreased with reduced asphalt content, which means that the anti-
cracking performance became weaker with the reduced asphalt
content. The load loss rate and crack resistance index of AC-5 (9.5%)
are higher than those of the 8.5% mixture. AC-5 (9.0) had the best
bonding strength between aggregates because of sufficient asphalt.
Meanwhile, the aggregate structure was not apparently influenced.

The TOPSIS of the AC-5 mixture
are shown in Table 7.

analysis  results

The analysis results indicate that the best asphalt content is 9.0%,
while the asphalt mixtures between 9.3% and 9.5% are the worst.
The top four asphalt contents were sorted, and the optimal asphalt
content range was found to be 8.8%-9.1%.
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FIGURE 13
Phase angle curves. (a) AC-5 (8.5%) mixture,
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(b) AC-5 (9.0%) mixture, and (c) AC-5 (9.5%) mixture.
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FIGURE 15
Fatigue curves of the AC-5 mixture.
TABLE 9 Fitting parameters. Based on the Formula 4, the storage modulus master curves
are shown in Figure 11.
Mixture types a b R?
yP Although the storage modulus curves of different asphalt
AC-5 (8.5%) 303.257 0.406 0.998 contents had a similar trend, there was a large difference among
them. The sort is as follows: AC-5 (9.0%) > AC-5 (8.5%) > AC-5
AC-5(9.0%) 212.129 0.272 0.996 (9.0%). The storage modulus decreased with increasing frequency.
When asphalt mixtures are subjected to repeated dynamic loads,
AC-5 (9.5%) 1,395.178 0.179 0.992 . . . .
materials with a higher storage modulus can store more elastic

Finally, the freeze-thaw splitting test was applied to verify the
moisture resistance. The results are shown in Table 8.

The split tensile strength without freeze-thaw decreased with
increasing asphalt content. The freeze-thaw split tensile strength
increased with increasing asphalt content. At 8.5% asphalt content,
the mixture had a lower asphalt content, and the interlocking force
between the aggregates was the highest. Therefore, the mixture had
the highest split tensile strength without freeze-thaw. However,
the mixture had insufficient asphalt content, reducing the bonding
strength between aggregates. Therefore, the split tensile strength
decreased quickly after freeze-thaw. The higher asphalt content
prevents water erosion and improves the bonding area between the
asphalt and aggregate. Therefore, the moisture performance became
better with higher asphalt content.

4.2 Analysis of storage modulus
Many samples were tested, and three mixtures had similar

regularity. The typical modulus curves were analyzed to calculate
conveniently and observe data more intuitively.
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energy. After the load is removed, their deformation recovery
ability is strong, and the pavement is less likely to develop
permanent deformation. The AC-5 (9.0%) had the best deformation
recovery ability.

4.3 Loss modulus

The results of AC-5 loss modulus are shown in Figure 12.

At 15°C, the loss modulus of the AC-5 (9.0%) mixture is
higher than that of the AC-5 (8.5%) or 9.5%. The loss modulus
of the AC-5 (9.0%) mixture decreased with increasing frequency.
Meanwhile, the minimum values of the AC-5 (8.5%) and the
AC-5 (9.5%) mixtures emerged at 10 Hz. At 25°C, the curves
of AC-5 (9.0%) and AC-5 (9.5%) mixtures had maximum values
at 0.5Hz and 1Hz, respectively. However, the curve of AC-5
(8.5%) is an “S” type, which had a maximum value at 1 Hz
and a minimum value at 10 Hz. At 40 °C, only the AC-5 (9.0%)
completed the dynamic modulus test. The loss modulus increased
with higher frequency. Loss modulus represents a material’s ability
to dissipate energy caused by internal friction under cyclic dynamic
loads. Therefore, AC-5 (9.0%) had the best resistance to energy
dissipation.
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FIGURE 16
Stress—strain hysteretic curve.

4.4 Phase angle

The phase angle results are shown in Figure 13.

According to the results, there were minimum values of
the 25°C AC-5 (8.5%) mixture and 15°C AC-5 (9.5%) mixture
curves. The phase angle of the AC-5 (9.0%) mixture at 40 °C
decreased first, then increased, and finally decreased with increasing
frequency. An inflection point occurs at 0.5Hz. The phase
angle of other mixtures increased with increasing frequency.
At 15°C and 25°C, the AC-5 mixtures were elastomers. The
mixtures at 40°C were viscoelastic materials, and only the
dynamic modulus test of the AC-5 (9.0%) mixture could be
performed.

Phase angle represents the time difference between “stress” and
“strain” When the phase is lower, the mixture tends to be “elastic”
with a stronger energy storage capacity. Therefore, the AC-5 (9.0%)
had better deformation recovery performance and greater resistance
to permanent deformation.

4.5 Dynamic modulus test results

The results of the dynamic modulus test are shown in Figure 14.

The dynamic modulus reflects the material's comprehensive
ability to resist elastic and viscous deformation. The sort of
AC-5 dynamic modulus is AC-5 (9.0%) > AC-5 (8.5%) > AC-
5 (9.5%). Therefore, AC-5 (9.0%) had the best mechanical
properties. Combined with the OT test results, at 25°C, the
AC-5 (9.0%) mixture possessed the highest dynamic modulus,
showing that the mixture possessed the highest ability to
resist load deformation. In addition, the mixture possessed
the lowest load loss rate and crack resistance index, meaning
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that the mixture had the best anti-cracking performance.
The AC-5 (9.0%) was recommended in the mixture design.
The AC-5 (9.5%) mixture possessed the lowest dynamic
modulus. Therefore, the mixture had the highest load loss
rate and crack resistance index. The critical fracture energy
is correlated with peak load. At 8.5% asphalt content, the
interlocking structure between aggregates is stronger. Therefore,
the mixture possessed the highest peak load and critical
fracture energy. With increasing asphalt content, the asphalt
lubrication effect between aggregates is enhanced, making aggregate
particles slide more readily. Therefore, with increasing asphalt
content, the critical fracture energy and dynamic modulus
became lower.

4.6 Fatigue test results

According to the results (Figure 15), the AC-5 (8.5%)
mixture had the worst anti-fatigue performance, and the
specimen broke after 61,406 cycle loads. The fatigue lives of
AC-5 (9.0%) and AC-5 (9.5%) are longer than that of the AC-
5 (8.5%). The mixtures did not break after 133,383 cycle loads.
In addition, AC-5 (9.0%) had lower strain at the same cycle
load, meaning the mixture had better anti-fatigue performance.
There is insufficient asphalt between aggregates at 8.5% asphalt
content, causing insufficient adhesion. A crack developed rapidly
and broke at an early stage. At 9.5% content, although the
mixture had a longer fatigue life, it had a higher strain. The
mixture had the highest asphalt content, and the redundant
asphalt made the aggregate slide more easily. The mixture
at 9.0% asphalt content had sufficient asphalt to guarantee
the mixture was fully bonded.
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FIGURE 17
Dynamic modulus data of AC-5.
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The final microstrain values of the AC-5 (8.5%), AC-5 (9.0%),
and AC-5 (9.5%) mixtures are as follows: 8,040, 2,320, and 6,760.
Power exponential function fitting was performed on the fatigue
curves: y = ax’, where a and b are fitting parameters. The results
are shown in Table 9.

According to the results, fatigue life has a high correlation with
the power exponential function. The power exponential function
could be applied to predict fatigue life. In the low strain condition,
the sort of fatigue life is: AC-5 (9.0%) > AC-5 (8.5%) > AC-5 (9.5%).
With increasing loading times, the strain curve of the AC-5 (9.5%)
mixture gradually slowed, with a rapid decreasing trend. The AC-5
(8.5%) mixture did not slow its decreasing trend and broke at 61,406
loading. Combined with OT test results, AC-5 (9.0%) possessed the
lowest load loss rate and crack resistance index, meaning that the
mixture had the best anti-fatigue performance.
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5 Stress—strain hysteretic curve
5.1 Analysis of hysteretic curves

At alternating stress, the stress—strain curve forms a closed
hysteresis loop during cyclic loading and unloading, which is called
a hysteretic curve. Internal friction refers to the energy loss in
the material during mechanical vibration. Assume that dissipative
energy AW is the consumed energy of unit volume in a cycle. Storage
energy is the maximum stored energy of unit volume. Internal
friction is defined using Formula 5.

1 AW
- =.2% (5)
2 W

This article applied another method to calculate the

internal friction of stress-strain at cyclic load, as shown

Qfl
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FIGURE 18

Hysteretic curves of AC-5 mixture. (a) Hysteretic curves at 25 °C and 0.01 MPa and (b) Hysteretic curves at 15 °C and 0.03 MPa.

TABLE 10 Indices of AC-5 hysteretic curves.

Asphalt Crack Load loss rate Critical
content (%) resistance (%) fracture
index energy
(I-mm=2)
8.5 425E+06 = 830E+06 | 0.6 | 545E+06 | 235E+06 | 0.74 0.039 34 0.341
9.0 291E+06 = 937E+06 | 010 | 449E+06 | 197E+06 | 0.72 0.013 17.3 0.305
9.5 9.68E+06 1.19E+07 0.26 1.10E+07 | 3.54E+06 0.99 0.089 52.8 0.300
1
Crack 08 Crack
N 009 08 1 098 0.99 0.96 | ISR
index index
04
0.2
Load Load
PN 0.95 0.7 0.99 0.93 0.96 0.91 °©  loss
rate rate
04
Critical Critical
fracture fracture
energy 08 energy
-1
< N < < N
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Correlation analysis Significance analysis
FIGURE 19
Pearson correlation analysis.
in Figure 16. At single periodic loads, the area of the and internal friction Q7' were selected as evaluation
stress—strain  hysteretic curve represents the dissipative  indices.
energy AW. The shadow area represents the maximum @0 e
stored energy W of unit volume. Thus the internal Q= 1 AW _ 6)
friction could be calculated using Formula6 (Zhu et al, 2 W J' /2 ode
1988). The stored energy W, dissipative energy AW wt=0
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Hysteretic curves at different stress levels.
TABLE 11 Hysteretic curve indices. fracture energy had the most significant negative correlation with
Stress AW W Qt 15 °C W. The results show that indices of AC-5 hysteretic curves had
S R a high correlation with pavement performance. The fatigue and anti-
0.01 2.01E+05 9.76E+05 0.0328 reflective crack performances of AC-5 became better with higher
Q! and AW. The anti-cracking performance became better with
0.02 9-84E+05 3-99E+06 00393 a lower 15 °C W. Combined with fatigue data, 9.0% AC-5 had the
0.03 2 87E+06 0.17E+06 0.0498 lowest AW and Q”', meaning that the mixture had the best fatigue
performance. Meanwhile, the 8.5% AC-5 had higher AW and Q*,
0.04 3.48E+06 1.42E+07 0.0390 but the mixture had the lowest W, meaning that the mixture had the
worst cracking performance.
0.06 5.94E+06 2.91E+07 0.0325

5.2 Hysteretic curves of AC-5 mixtures

The test data of dynamic modulus at 25 °C are shown in Figure 17.

The hysteretic curves are shown in Figure 18.

At 0.01 MPa, there were no complete hysteretic curves, but
there were obvious hysteretic curves. With increasing asphalt
content, the hysteretic curves tended to be annular. The stored
energy W, dissipative energy AW, and internal friction Q'
are shown in Table 10. At 25 °C and 0.01 MPa, the minimum values
of W, AW and Q! emerged at 9.0%. At 15°C and 0.03 MPa, W
increased with increasing asphalt content. However, the minimum
values of AW and Q! emerged at 9.0%.

A Pearson correlation analysis was conducted between the
indices of the hysteretic curve and the OT indices. The results
are shown in Figure 19.

Based on the results, the crack resistance index had the most
significant positive correlation with 15 °C Q7' 15°C AW, and
25°C W. The load loss rate had the most significant positive
correlation with 15°C Q7', 15°C W, and 25°C W. The critical
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5.3 Hysteretic curves analysis at different
stress levels

The AC-5 (9.0%) hysteretic curves of different stresses at 15 °C
are drawn in Figure 20.

The indices of hysteretic curves are calculated in Table 11.

The results show that the main curve spindles of different
stress were approximately parallel. However, the area of the
hysteretic curve became larger with higher stress. At 0.01 MPa,
the hysteretic curve was not obvious. The hysteretic curve became
more obvious with increasing stress. The W and AW became larger
with increasing stress. The maximum value of Q! emerged at
0.03 MPa.

5.4 Hysteretic curve analysis at different
temperatures

The hysteretic curves of different temperatures and stresses are
drawn in Figure 21, and the indices are calculated in Table 12.
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Hysteretic curves at different conditions.
TABLE 12 Hysteretic curve indices. asphalt prevented water erosion and improved the bonding
Temperature and stress AW w ‘ at area between the asphalt and the aggregate.
2. Through the DMA dynamic modulus test and the fatigue
15°C 0.03 2.87E+06 9.17E+06 0.10 test, the AC-5 (9.0%) mixture was found to have the
highest storage modulus, the lowest loss modulus, the highest
25°C00 449E+06 3395406 042 dynamic modulus, and the lowest microstrain, suggesting that
259 0.03 LO6E+07 L69E+07 020 the mixture had the best strength, anti-reflection cracking
performance, and fatigue performance. In addition, the
25°C 0.05 6.44E+07 6.97E+07 0.29 power exponential function could be applied to predict
fatigue life.
407C0.005 370E+06 1.37E+06 086 3. The hysteresis curves of three AC-5 mixtures were significant

At 25°C and 40 °C, only the strain hysteresis was shown, and
the hysteresis curve did not emerge. When the temperature was
increased, the Q! increased gradually, and the fatigue performance
became weaker. In addition, the main axis tended to be vertical.

6 Conclusion

Through the balanced mix design and mechanical analysis, the
following conclusions are proposed.

1. The article made a balanced mix design for the AC-5 mixture
instead of the volumetric design method. The final optimal
asphalt content range was determined based on the OT
performance results. Through the interpolation method and
the TOPSIS analysis of asphalt mixtures, the optimal asphalt
content range is 8.8%-9.1%. AC-5 (9.0%) possessed the lowest
load loss rate and crack resistance index. The critical fracture
energy decreased with a reduction in asphalt content. Higher
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at different conditions. The stored energy W, dissipative energy
AW, and internal friction Q! indices were applied to evaluate
the AC-5 pavement performances through the Pearson
correlation analysis. The indices had obvious regularity
with stress and temperature and are recommended as
evaluation indices.
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