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Abstract: Due to the harsh climatic conditions in high altitude and cold regions with large temperature
differences, asphalt pavement is generally prone to cracking, and the cracks propagate rapidly, which
reduces the service life and service level of the road. The factors influencing the fracture characteristics
of asphalt mixtures were analyzed in this paper, and the mixtures with different aggregate gradations
from various types of asphalt were prepared. The fracture characteristics were explored using the
thermal stress restrained specimen test (TSRST) and low-temperature bending test, and the good
consistency of the low-temperature fracture performance was identified according to the results of
frost-break temperature, flexural strength, and fracture toughness. The frost-break temperature was
confirmed as the best indicator of the material crack resistance and could be used as the index to
evaluate the performance of asphalt mixtures at low temperatures. The frost-break temperature of
matrix asphalt mixture is 8-10 °C higher than that of modified asphalt mixture, and AC asphalt
mixture is 2-4 °C higher than that of SMA asphalt mixture. The excellent asphalt performance has a
more important influence on the fracture characteristics of asphalt mixture. The asphalt mixture of
the same type had similar fracture toughness at varying notch depths, the most deviation is 3.78%
which shows that the initial crack depth has little effect on the fracture toughness of asphalt mixture
at low temperature. The results of the study can provide a basis for the selection of asphalt pavement
surface materials and the optimization of mixtures in high altitude and cold regions with large
temperature differences.

Keywords: asphalt mixture; high altitude and cold regions; large temperature differences; fracture;
TSRST; flexural strength; fracture toughness

1. Introduction

With a climate featuring cold weather, long duration of low temperature, and large
temperature differences, the asphalt concrete pavement in the high altitude and cold
regions with large temperature differences is generally vulnerable to severe cracks and other
distress. Moreover, natural factors such as the strong ultraviolet light, lead to premature
aging of the surface layer of the asphalt pavement. This thus greatly shortens the service
life of the pavement, increases the maintenance cost of the road, and restricts the highway
development in the Qinghai Tibet Plateau and other high altitude and cold regions with
large temperature differences.

The factors affecting the low-temperature fracture characteristics of asphalt mixtures
can be divided into two categories: internal and external factors. The internal factors refer
to the material and structural characteristics of asphalt mixture components, including
the aggregate type, asphalt type, asphalt content, gradation type, admixture material, etc.
External factors include the traffic load, environmental factors, etc. Vinson et al. claimed
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that low-temperature cracking and rutting were two temperature-related asphalt concrete
pavement damage forms in cold regions. They proposed a design method based on the
asphalt binder and aggregate test results, and this method could reduce the occurrence of
low-temperature cracks and ruts in asphalt pavement structures [1]. Guy Dore believed
that the asphalt concrete pavement in cold regions mainly suffered from low-temperature
and frost heaving cracking [2].

In high altitude and cold regions with large temperature differences, owing to the
long duration of low temperature, the temperature stress accumulates, and the mixture is
in a tensile state for a long period of time. Consequently, the mixture strength decreases
continuously, eventually leading to damage. On account of large temperature differences
and repeated heating and cooling cycles in this area, the failure strain of the material is
reduced despite the small temperature stress. In addition, the aging effect of the material
further gives rise to fatigue cracking. The faster the cooling rate, the greater the shrinkage
strain rate of the mixture, the more difficult it is to exert the stress relaxation of the material,
and the higher the accumulated temperature stress, the more likely it is to be destroyed.
Different types of asphalt have varied viscosities and toughness. The asphalt with a greater
viscosity exhibits better toughness under low-temperature conditions, and it can bond more
tightly to aggregates. Besides, asphalt mixtures made from high-viscosity asphalt have
better low-temperature performance. Aggregate is the skeleton and main body of asphalt
mixtures. Asphalt mixtures prepared from mineral aggregates with different gradation
designs are composed of particles of various sizes, and they have different asphalt contents.
In addition, the embedded extrusion force and internal friction resistance between mineral
aggregates of different size also vary. Therefore, the gradation design directly affects the
performance of asphalt mixtures [3].

Research on temperature fatigue of asphalt mixtures began in the 1970s in the United
States. Shahin et al. established the temperature fatigue damage model of asphalt pavement
by using the phenomenon method [4]. Mahboub et al. studied the formation process of
temperature fatigue cracks in asphalt pavement, as well as the factors contributing to
fissure generation. Their research results showed that the crack development process
notably influenced the prediction of pavement fatigue life [5]. Lytton et al. analyzed the
fatigue mechanism of pavements with increasing number of temperature fatigue effects and
established the corresponding temperature fatigue life equation. According to their study
result, the temperature fatigue was ascribed to both thermal fatigue and low-temperature
cracking [6,7]. Eshan V. Dave held that the one-dimensional stress evaluation model
of temperature cracks in the AASHTO Mechanical Experience Pavement Design Guide
was oversimplified and unable to characterize the nonlinear fracture behavior of asphalt
concrete, so it was not sound. Based on the nonlinear finite element method, he proposed
an interactive temperature cracking prediction model. This model included a time and
temperature-dependent viscoelastic material model, as well as a viscous material fracture
model that could accurately simulate the initiation and propagation of temperature load-
induced cracks [8].

Wei Youpo et al. simulated the high and cold conditions in Qinghai-Tibet region
with large temperature differences and conducted indoor flexural strength tests of asphalt
mixtures. They also studied how the flexural strength of asphalt mixtures changed with dif-
ferent gradations, oil-stone ratios, temperatures, etc. Their research results help perfect the
current asphalt pavement design method, improve the performance of asphalt pavement in
permafrost areas, and prolong the service life of asphalt pavement. Moreover, their findings
take on great application value to construction projects, and can guide the design of asphalt
pavement structures in the cold highland [9,10]. Guo Bo and Li Donggqing et al. investi-
gated the influence of different material compositions on the high- and low-temperature
performance and water stability of asphalt mixtures in regions with large temperature dif-
ferences. They evaluated the high temperature stability, low-temperature crack resistance,
and water stability of asphalt mixtures using the dynamic stability, low-temperature failure
strain, and freeze-thaw splitting strength indexes, respectively. Through range analysis
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and experimental verification, the order of sensitivity of factors affecting the high- and
low-temperature performance of asphalt mixtures was determined. Finally, the optimal
mix proportion was obtained, which provided a basis for the raw material selection and
composition design of asphalt mixtures in areas with large temperature differences [11,12].
In the research of Hao Peiwen, the crack resistance of asphalt mixtures was assessed by the
low-temperature crack resistance coefficient. A larger crack resistance coefficient suggested
better low-temperature crack resistance [13]. Lu Songtao et al. explored the temperature
fatigue life of asphalt concrete through low circle temperature fatigue testing, and made
an analysis using the temperature fatigue damage model based on dissipated energy. The
results revealed a linear relationship between the dissipated energy and the plastic strain
of asphalt mixtures [14]. Guo Weiwei et al. examined the influence of different aging
degrees on the low-temperature performance of asphalt mixtures through the splitting
test, beam bending test and low-temperature shrinkage test. They also characterized the
low-temperature crack resistance of asphalt mixtures under different aging conditions [15].

Zhang Yi studied the asphalt mixture after short-term aging and long-term aging with
0 °C bending creep test and —10 °C bending test, and analyzed the low-temperature crack
resistance of asphalt mixture under different aging conditions. Based on the experimental
results, the key properties of low-temperature cracking resistance, aging resistance and
frost resistance in permafrost areas were combined to propose the design method of asphalt
mixture ratio for permafrost areas [16]. Fu Qiang et al. constructed a numerical simulation
finite element model based on fracture mechanics to analyze the propagation process of
surface cracks and base reflection cracks. The results suggested a nonlinear relationship
between surface cracks and the stress intensity factor in the propagation process when
the reference temperature was lower than 5 °C. The comprehensive research results above
show that the asphalt mixture will produce temperature fatigue when the temperature cycle
changes, and the effect of temperature fatigue is greater when the reference temperature
is lower, so the role of temperature in the analysis of the effect of freeze-thaw cycles on
asphalt mixtures cannot be ignored [17].

In high altitude and cold regions with large temperature differences, asphalt mixtures
are apt to crack, so the low-temperature crack resistance of mixtures has vital influence on
asphalt pavement performance in such areas. Existing domestic and abroad methods for
assessing the low-temperature performance of asphalt mixtures mainly include the low-
temperature bending test, notch low-temperature bending test, asphalt mixture splitting
test, shrinkage coefficient test, relaxation test, and the thermal stress restrained specimen
test (TSRST). The United States Highway Strategic Research Program (SHRP) examined
the performance of the above-mentioned approaches in simulating field conditions, the
applicability of their test results to the mechanical model, their practicality in aging and wet
conditions, their operation, and the instrument cost. The results show that the TSRST can
well simulate the field conditions and accurately evaluate the low-temperature cracking
performance of the asphalt mixture. Meanwhile, the TSRST can directly measure the
temperature-stress curve of the asphalt mixture during the cooling process, and obtain the
values of such indices as frost-break temperature and frost-break stress [18-20].

Previous research results have shown that severe cold and large temperature difference
conditions have a notable effect on the low-temperature performance of asphalt mixtures.
However, further research on the fracture characteristics of asphalt mixtures under said
conditions is still needed. In this paper, we simulated the conditions in the high altitude and
cold regions with large temperature differences, and prepared a variety of asphalt mixtures
with different aggregate gradations from various types of asphalt. Then the TSRST and
low-temperature bending test were carried out to study how the fracture characteristics of
asphalt mixtures varied with the asphalt type, mixture type, and cooling rate. This study
provides a foundation for the optimal design of asphalt pavement surface mixtures in high
altitude and cold regions with large temperature differences.
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2. Asphalt Mixture Composition Design

In this study, the effect of cold and large temperature differences on the fracture
performance of fine-graded asphalt mixture (AC-13), medium-graded asphalt mixture
(AC-16), and stone matrix asphalt (SMA-13) was investigated. These three materials are
widely applied to the asphalt pavement upper layer. Matrix asphalt and SBS-modified
asphalt were selected as binders.

2.1. Raw Material Technical Standard

The raw materials used in this research mainly included matrix and modified asphalt,
coarse and fine aggregates.

No. 90 matrix asphalt (unmodified asphalt) and SBS-modified asphalt widely used in
high altitude and cold regions in China were compared in this study. The specific technical
indicators of the two types of asphalt are shown in Table 1.

Table 1. Technical index value of asphalt.

Asphalt Type
Test Content Unit -
No. 90 SBS Modified

Penetration (25 °C) 0.1 mm 89.3 73.3
Softening point (Ring-ball method) °C 46.0 64.0
Ductility (10 °C) cm 92.0 79.0
Density (25 °C)/ g-cm™3 0.998 1.101
Solubility (trichloroethylene) % 99.8 99.21
Quality loss % 0.23 0.06

o Penetration ratio % 77 73

RTFOT (163 °C) Ductility (10 °C) cm 32 26
Softening point °C 50.3 68.7

The basalt stone and 0-3 mm machine-made sand were taken as coarse and fine
aggregates, respectively. The performance of the coarse and fine aggregates was measured.
Their main technical indexes are listed in Table 2, which meet the technical requirement.

Table 2. Technical index value of aggregates.

Technical Aggregate Specifications/mm
Test Content .
Requirement 132-16  9.5-132  4.75-9.5  2.36-4.75  0-3.00
Apparent relative density #£2.6 2.954 2.956 2.948 2.932 2.726
Needle-like content/ % #15 5 6 3 / /
Soft stone content/ % #3 1.8 0.8 / / /
Crushing value of stone/% #26 14 13 / / /
Sturdiness/ % #12 3 3 3 3 14
Water absorption/% #2 0.82 0.79 091 0.76 /
Sand equivalent/% £60 / / / / 87

2.2. Mix Design

The mix ratio design method for asphalt mixtures in “Technical Specification for
Construction of Highway Asphalt Pavement” (JTG F40-2004) [21] was adopted in this
study. According to the screening results of raw materials and the grading range and
mineral aggregate grading selection method stipulated in the current specification, the
gradations of the three types of asphalt mixtures were determined. The design gradations
of asphalt mixture are shown in Table 3.
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Table 3. Gradation range.

Mixture Mass Percentage (%) Passing through Each Hole Sieve (mm)
Type 19.0 16.0 13.2 9.5 4.75 2.36 1.18 0.60 0.30 015  0.075
AC-13 100 100 94.2 76.4 442 31 24 17 123 9.5 7.4
SMA-13 100 100 90.3 61.3 29.7 21.7 18.6 15.7 13.8 119 10.3
AC-16 100 96.9 87.6 73.7 52.9 29.2 19.7 14.8 10.1 8.3 72

The Marshall test was carried out, and the asphalt content in each mixture was
obtained. The results are shown in Table 4.

Table 4. Marshall test results.

No. Asphatt  APRAIBIOne vy vMa®)  VEAGH o
o w3 B @ m o
s Mm@ 2 mowm o
o M E @ w omow

From the test results, it can be seen that under the same mix type, the asphalt dosage,
stability and asphalt saturation of the modified asphalt mix were higher than those of the
matrix asphalt mix, and the asphalt dosage of SMA-13 was higher than those of AC-13
and AC-16. The Marshall test results met the requirements of “Technical Specification
for Construction of Highway Asphalt Pavement” (JTG F40-2004). The asphalt mixture
specimens were prepared according to the determined mineral aggregate gradation and
asphalt content. Then their fracture characteristics under large temperature differences
were investigated.

3. Fracture Characteristics of Asphalt Mixtures
3.1. Test Scheme

(1) Thermal stress restrained specimen test (TSRST) for asphalt mixtures

The TSRST device consists of a refrigeration system, a load /displacement system, a
data acquisition and control system, and a high-precision displacement sensor, with test
accuracy higher than 0.0025 mm. This TSRST instrument could simulate the actual temper-
ature change and the forces acting on the mixture, and well reflect the low-temperature
cracking performance of the asphalt mixture.

According to the mix proportion determined in Section 2.2, the beam specimens of
AC-13, SBS-modified AC-13, AC-16, SBS-modified AC-16, SMA-13, and SBS-modified SMA-
13 asphalt mixtures were prepared. All samples had a size of 40 mm x 40 mm x 200 mm.
Before the test, the beam specimen was suspended inside the TSRST device. The tempera-
ture of the specimen was measured in real time by four temperature sensors attached to
the four surfaces of the specimen. A temperature sensor was clamped by a fixed clip and
hung inside the TSRST device to measure the internal ambient temperature. Displacement
sensors were installed on both sides of the specimen. During the test, the liquid nitrogen
tank kept introducing liquid nitrogen to the interior of the TSRST instrument, so as to
constantly lower the internal temperature. As the temperature declined, the beam specimen
continued to shrink. Once the temperature contraction stress of the specimen was greater
than the ultimate tensile strength of the beam, the specimen cracked.

During the experiment, the specimen was cooled at different cooling rates (5 °C/h,
10 °C/h, and 15 °C/h). The initial temperature of the test was set at 10 °C and the test was
conducted after the temperature stabilized. In the cooling process, the lowest temperature
reached —50 °C. The test ceased if the specimen fractured. If the specimen did not brake, it
was left in the —50 °C environment for an hour, and then the test automatically stopped.
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(2) Low-temperature bending test

Under the action of environmental factors in high altitude and cold regions with large
temperature differences, small cracks may occur after the asphalt mixture pavement is
laid. These small cracks result in stress concentration at the bottom of the mixture, and
then expand due to the influence of prolonged low temperature and large temperature
differences. In order to simulate this phenomenon, the low-temperature bending testing of
pre-cracked beams was conducted to evaluate the low-temperature crack resistance of the
mixture in the paper. The test process is detailed in Standard Test Methods of Bitumen and
Bituminous Mixtures for Highway Engineering (JTG E20-2011) [22].

In accordance with the mix proportion determined in Section 2.2, the beam specimens
of SBS-modified AC-13, SBS-modified AC-16, and SBS-modified SMA-13 asphalt mixtures
were manufactured. All samples had a size of 250 mm x 30 mm x 35 mm. In addition, the
beam specimens were subject to pre-cracked treatment according to the test requirements.
There were five notch depths: 0, 4, 8, 12, and 16mm. The test temperature were 20, 10, 0,
—10, and —20 °C. The test loading rate was 50 mm/min.

3.2. Thermal Stress Restrained Specimen Test (TSRST) for Asphalt Mixture Specimens
3.2.1. TSRST Results and Evaluation Indicators

Four evaluation indexes, namely, frost-break temperature, frost-break stress, transfor-
mation point temperature, and temperature curve slope dS/dT, were obtained by TSRST.
The frost-break temperature is the temperature when the asphalt mixture breaks, and it
is the minimum temperature that the mixture may withstand. The lower the fracture
temperature, the better the low-temperature crack resistance of the mixture. The frost-break
stress is the maximum stress when the asphalt mixture breaks during the cooling process,
which reflects the mixture strength in low-temperature shrinking. The transition point tem-
perature can reflect the rheological properties of asphalt mixtures during cooling. Asphalt
mixtures with a lower transition point temperature have a stronger stress relaxation ability
and better low-temperature performance. The temperature-stress curve slope dS/dT refers
to the slope of the linear part, which represents the temperature stress growth rate. The test
results are summarized in Table 5.

Table 5. TSRST results of asphalt mixture specimens.

Frost-Break Frost-Break  Transition Point
Cooling Rate ~ Mixture Type Temperature Stress Temperature ds/dT
0 (MPa) (@)
AC-13 —25.80 3.62 —19.20 0.24
SBS-AC-13 —36.10 3.52 —20.70 0.23
°C/h AC-16 —23.54 3.23 —15.20 0.21
5°¢/ SBS-AC-16 —3241 4.14 —20.30 0.28
SMA-13 —29.01 3.53 —19.80 0.23
SBS-SMA-13 —38.35 4.95 —21.20 0.25
AC-13 —24.50 3.56 —18.63 0.31
SBS-AC-13 —31.62 491 —20.47 0.26
10°C/h AC-16 —22.89 4.07 —18.90 0.28
SBS-AC-16 —30.67 4.53 —19.60 0.23
SMA-13 —26.24 3.14 —17.70 0.24
SBS-SMA-13 —35.58 4.24 —20.20 0.25
AC-13 —23.83 3.35 —15.20 0.23
SBS-AC-13 —30.06 4.45 —19.30 0.21
15°C/h AC-16 —22.30 3.82 —19.70 0.30
SBS-AC-16 —28.70 4.11 —20.80 0.26
SMA-13 —26.01 2.82 —15.70 0.36
SBS-SMA-13 —33.15 4.97 —18.70 0.27
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Each of the four evaluation indexes obtained has its own significance. To simplify
the analysis, the most representative index was used to evaluate the low-temperature
performance of the mixture. While choosing the most representative analysis index, we
tried to minimize the loss of information contained in the original index. Therefore, based on
the test results, the frost-break temperature, frost-break stress, transition point temperature,
and temperature curve slope were analyzed using the principal component analysis method.
The analysis results are shown in Tables 6 and 7.

Table 6. Correlation coefficient matrix.

Frost-Break Frost-Break Transition Point

Index Temperature Stress Temperature ds/aT

Frost-break temperature 1.000 —0.535 0.608 —0.019
Frost-break stress —0.535 1.000 —0.689 0.121

Transition point temperature 0.608 —0.689 1.000 —-0.177
ds/dT —0.019 0.121 —0.177 1.000

Table 7. Variance decomposition principal component extraction analysis results.

Initial Eigenvalue Extract Square and Load
Principal Component Percentage ~ Summation Percentage ~ Summation
Value . Total .
of Variance Percentage of Variance Percentage
Frost-break temperature 2252 56.290 56.290 2.252 56.290 56.290
Frost-break stress 1.002 24.804 81.094 0.992 24.804 81.094
Transition point temperature  0.462 11.562 92.656 - - -
ds/dT 0.294 7.344 100.000 - - -

In some cases, eigenvalues can be regarded as an indicator to measure the influence
of principal components. Therefore, the principle of extracting the number of principal
components is that the corresponding eigenvalue of the principal components is greater
than 1 and the cumulative percentage is greater than 80%. According to the analysis results,
the first principal components (Frost-break temperature) reflected 56.290% of the informa-
tion, and the first two principal components reflected 81.094% of the information, and their
eigenvalues were both greater than 1. Among the four indexes, the frost-break temperature
had the largest weight coefficient. This suggests that the frost-break temperature is the
best indicator of low-temperature performance and can be used to evaluate the mixture
specimens in TSRST. Meanwhile, considering that the frost-break temperature is directly
related to the low-temperature cracking of asphalt pavement and has a clear physical
significance, it is recommended to use the frost-break temperature as the evaluation index
of the low-temperature performance of asphalt mixtures.

3.2.2. Effect of the Asphalt Type

The influence of the asphalt type and cooling rate on the frost-break temperature of
mixtures was studied. The covariance analysis was performed by taking the frost-break
temperature as the dependent variable. The analysis results are shown in Table 8.

Table 8. Covariance analysis of the influence of the asphalt type (AC-13).

Source of Variance Quadratic Sum Degree of Freedom  Mean Square F Value  p Value
Asphalt type 33.704 2 16.852 17.915 0.021

Asphalt type x 4799 2 2.400 2551 0.225
Cooling rate

a = 0.05 was considered statistically significant. According to the above table, the
p value for the interaction between the asphalt type and cooling rate is p = 0.225 > 0.05, so
the covariance analysis was made. In the meantime, the asphalt type has a p = 0.021 < 0.05,
indicating that the asphalt type greatly affects the frost-break temperature.
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Based on the test and analysis results, the asphalt type notably affected the frost-break
temperature of mixtures. The matrix asphalt had a higher frost-break temperature than
the modified asphalt. Compared with the matrix asphalt, the modified asphalt had a
higher viscosity, as well as better toughness at low temperatures. In addition, the mixture
prepared from modified asphalt had relatively larger viscous resistance. The modified
asphalt could improve the adhesion between asphalt and aggregates, so the mixture
prepared from modified asphalt had better low-temperature performance than that made
from matrix asphalt.

3.2.3. Effect of the Mixture Type

The impact of the mixture type and cooling rate on the frost-break temperature of
mixtures composed of the same asphalt type was examined. The frost-break temperature
was taken as the dependent variable for variance analysis. The analysis results are described
in Table 9.

Table 9. Covariance analysis of the effect of the mixture type (matrix asphalt).

Source of Variance Quadratic Sum Degree of Freedom  Mean Square F Value  p Value
Mixture type 7.607 2 3.804 9.992 0.047

Mixture type x 0.782 2 0.391 1.027 0.457
Cooling rate

A significance level of a = 0.05 was used. In the above table, the interaction between
the mixture type and the cooling rate has a p = 0.457 > 0.05, so the covariance analysis of
the data was adopted. Meanwhile, the mixture type has a p = 0.047 < 0.05, suggesting that
the mixture type significantly influences the frost-break temperature.

According to the test and analysis results, the mixture type had a marked effect on
the frost-break temperature. The frost-break temperature of the SMA asphalt mixture was
lower than that of the AC asphalt mixture, and the AC-13 mixture had a lower frost-break
temperature than that of the AC-16 asphalt mixture. The reason is that the SMA asphalt mix-
ture has a dense skeleton structure, and it is formed by a large number of coarse aggregates,
filled by sufficient fine aggregates. Due to the high content of coarse aggregates, mineral
powder, and asphalt, the SMA asphalt mixture has better low-temperature performance
than the AC asphalt mixture with a suspended-dense structure. The gradation of AC-16
mixtures is thicker than that of AC-13 mixtures. Previous studies have confirmed that
asphalt mixtures with a smaller nominal maximum particle size and a finer aggregate
gradation have better low-temperature crack resistance. Therefore, the AC-13 asphalt
mixture has a lower frost-break temperature than the AC-16 asphalt mixture.

3.2.4. Effect of the Cooling Rate

The effect of the mixture type and cooling rate on the frost-break temperature of
mixtures made of the same asphalt type was analyzed. The oblique variance analysis was
performed by taking the frost-break temperature as the dependent variable. The analysis
results are summarized in Table 10.

Table 10. Covariance analysis of the effect of the cooling rate (SBS-modified asphalt).

Source of Variance Quadratic Sum Degree of Freedom  Mean Square F Value  p Value
Cooling rate 37.250 1 37.250 77.115 0.003

Mlxtm're type x 1392 2 0.696 1.441 0.364
Cooling rate

o = 0.05 was taken as the significance level in this study. It can be seen from the above
table that the p value of the interaction between the mixture type and the cooling rate
is p = 0.364 > 0.05, so the covariance analysis was made. At the same time, the cooling
rate has a p = 0.003 < 0.05, indicating that the cooling rate has marked influence on the
frost-break temperature. As the cooling rate increases, the frost-break temperature of the
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mixture shows an ascending trend, because the stress accumulates faster in the mixture. The
temperature stress generated in the mixture cannot be released in time through deformation.
As a result, the mixture fractures earlier.

3.3. Low-Temperature Bending Test for Pre-Cracked Asphalt Mixture Beams
3.3.1. Load Deflection Curve Analysis

(1) Testresults at different temperatures
SBS-modified AC-13, SBS-modified AC-16, and SBS-modified SMA-13 asphalt mix-
tures were tested for the notched beam bending analysis. The beam notch was 4 mm deep

and the test temperatures were 20, 10, 0, —10 and —20 °C. The load deflection curve is
drawn in Figures 1-3.
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Figure 1. Load-displacement diagram of AC-13 at different temperatures.
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Figure 2. Load-displacement diagram of AC-16 at different temperatures.
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Figure 3. Load-displacement diagram of SMA-13 at different temperatures.
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As shown in the above figures, the change rate of the load-displacement curves
increases with the declining temperature, and the mixture transforms from the viscoelastic
state to the elastic state. At —20 °C, both AC-13 and AC-16 break. As the temperature
continues to rise, the three curves tend to coincide before the specimen failure. This
demonstrates a large difference in the deformation ability and crack resistance among
the three types of asphalt mixtures at low temperatures. At high temperatures, their
deformation ability is similar. According to the change trend of load-displacement curves
at different temperatures, and the maximum load and displacement at failure, it is found
that the SMA-13 mixture has the best low-temperature performance (Compared with AC-13,
the performance is improved about 6.48%), followed by AC-13 and AC-16 successively.

(2) Testresults at different notch depths

The pre-cracked beam bending test of SBS-modified AC-13, SBS-modified AC-16, and
SBS-modified SMA-13 asphalt mixtures was conducted at the temperature of —10 °C. The
depths of the beam notch were 0, 4, 8, and 12 mm. The load deflection curve is shown in
Figures 4-7.
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Figure 4. Load-displacement diagram of asphalt mixture beams with a notch depth of 0 mm.
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Figure 5. Load-displacement diagram of asphalt mixture beams with a notch depth of 4 mm.
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Figure 6. Load-displacement diagram of asphalt mixture beams with a notch depth of 8 mm.
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Figure 7. Load-displacement diagram of asphalt mixture beams with a notch depth of 12 mm.

In the above figures, no evident change is observed in the variation rate of the three
load-displacement curves at different notch depths. This shows that the deformation
resistance and low-temperature crack resistance of mixtures are not correlated with the
notch depth. When the un-notched asphalt mixture specimens and the specimens with
shallow notches break, their displacement is discrete. However, as the notch depth increases,
the displacement tends to concentrate. The load values at the failure of the three asphalt
mixtures are close at different notch depths. Specifically, SMA-13 has the largest load at
failure, followed by AC-13 and AC-16 successively.

3.3.2. Flexural Strength Analysis

(1) Testresults at different temperatures

The flexural strength of the three asphalt mixtures with a notch depth of 4 mm at
different test temperatures is illustrated in Figure 8.

11
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Figure 8. Flexural strength of asphalt mixtures at different test temperatures.

According to the above figure, the flexural strength of AC-13, AC-16, and SMA-13
asphalt mixtures has a similar change trend with temperature. Specifically, their flexural
strength increases first and then decreases with the reducing temperature. Their flexural
strength is ranked as AC-16 < AC-13 < SMA-13. In the range of —20 °C~ —10 °C, the flexural
strength increases with the rising temperature. As the temperature climbs from —10 to
10 °C, the flexural strength decreases. When the temperature rises from 10 to 20 °C, the
flexural strength decreases at a faster speed. Therefore, it can be considered that 10~20 °C
is a sensitive temperature range for flexural tensile strength. At —10 °C, the flexural tensile
strength of asphalt mixture reaches the maximum, which can be called embrittlement
temperature. When the temperature is higher than the embrittlement temperature, the
material shows notable yield failure characteristics. In the crack propagation process, when
the flexural strength increases with the dropping temperature, there is a relatively slow
subcritical expansion stage. When the temperature is reduced below the embrittlement
temperature, the material has remarkable brittle failure features. The subcritical expansion
stage lasts for a short time, and the flexural strength decreases as the temperature declines.
At a temperature above 10 °C, the asphalt mixture is viscoelastic, with strong rheological
properties. The decrease rate of the flexural strength with the increasing temperature above
10 °C is different from that below 10 °C.

(2) Testresults at different notch depths

The flexural strength of three asphalt mixtures with different notch depths at the test
temperature of —10 °C is shown in Figure 9.
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Figure 9. Flexural strength of asphalt mixtures at different notch depths.
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It can be seen from the above figure that the flexural strength of the mixtures decreases
with the increasing notch depth, and the difference in flexural strength among the three
asphalt mixtures gradually narrows.

3.3.3. Fracture Toughness Analysis

Fracture toughness is defined as the toughness of the material to resist crack propaga-
tion fracture. The bending test of the pre-cracked beam specimens was carried out, and the
fracture toughness was calculated.

(1)  Asphalt mixture fracture toughness at different temperatures

The fracture toughness of three asphalt mixtures with a notch depth of 4 mm at
different temperatures is demonstrated in Table 11.

Table 11. Fracture toughness of asphalt mixtures at different temperatures (MPa/mm).

Temperature (°C) AC-13 AC-16 SMA-13
20 10.67 10.08 12.16
10 28.17 22.24 32.61
0 32.61 25.20 33.50
-10 33.80 26.09 36.76
—20 19.57 23.42 31.43

In the above table, SMA-13 has the largest fracture toughness at different test tempera-
tures, followed by AC-13 and AC-16 successively. This shows that SMA-13 has the best
crack resistance, followed by AC-13. AC-16 has the worst crack resistance. Based on the
variation in fracture toughness with temperature, the three types of asphalt mixtures have
the maximal fracture toughness at the test temperature of —10 °C.

(2)  Asphalt mixture fracture toughness at different notch depths

The fracture toughness of three asphalt mixtures with different notch depths at the
test temperature of —10 °C is described in Table 12.

Table 12. Fracture toughness of asphalt mixtures at different notch depths (MPa/mm).

Notch Depth (mm) AC-13 AC-16 SMA-13
4 33.80 26.09 36.76
8 29.19 27.92 31.73
12 35.35 29.74 38.15
16 37.84 28.76 37.84

According to the above table, for AC-13 asphalt mixtures, except for the fracture
toughness with 8mm notch depth, the fracture toughness with other notch depths is close.
The deviation between the maximum and minimum values is 11.95%. For AC-16 asphalt
mixtures, the fracture toughness values at different notch depths are close, and the deviation
between the maximum and the minimum is 14.00%. For SMA-13 asphalt mixtures, the
fracture toughness values at notch depths of 0, 4, and 12 mm are similar, but differ from
that at the notch depth of 8 mm. The deviation between the maximum and the minimum is
3.78%. Excluding the influence of test errors, the same type of asphalt mixture has similar
fracture toughness at different notch depths. The results show that the initial crack depth
has little effect on the fracture toughness of asphalt mixture at low temperature.

4. Conclusions

In this paper, we analyzed the factors influencing the facture characteristics of asphalt
mixtures in high altitude and cold regions with large temperature differences, and simulated
the conditions in these regions. A variety of asphalt mixtures with different aggregate
gradations were manufactured from various asphalt types. Besides, the TSRST and low-
temperature bending test were conducted to study the fracture characteristics of asphalt

13
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mixtures in high altitude and cold regions with large temperature differences. The main
conclusions are as follows:

(1)  The low-temperature performance of asphalt mixture evaluated according to the frost-
break temperature, flexural strength, and fracture toughness is in good consistency.
The low temperature, large temperature differences, cooling rate and mixture raw ma-
terials have an important influence on the fracture characteristics of asphalt mixtures.

(2) The weight coefficient of the frost-break temperature obtained by the TSRST test
is 56.290%, which can best reflect the crack resistance of the material. Moreover,
the frost-break temperature is directly related to the low-temperature cracking of
asphalt pavement, and it has a specific physical significance. Therefore, the frost-
break temperature is recommended to assess the low-temperature performance of
asphalt mixtures.

(3) The asphalt type and mixture type have a significant effect on the fracture charac-
teristics of asphalt mixture. The frost-break temperature of matrix asphalt mixture
is 8-10 °C higher than that of modified asphalt mixture, and AC asphalt mixture is
2—4 °C higher than that of SMA asphalt mixture. The excellent asphalt performance
has a more important influence on the fracture characteristics of asphalt mixture.

(4) In the low-temperature bending test of notched beams, the flexural strength decreases
with the increasing notch depth. SMA-13 has the best low-temperature performance,
followed by AC-13 and AC-16 successively. The fracture toughness values of the same
asphalt mixture at different notch depths are close, and the deviation between the
maximum and the minimum is 3.78%, so the initial crack depth has little effect on the
fracture toughness of asphalt mixture at low temperature.
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Abstract: The internal pavement structure is a “black box”; an accurate strain response for the
pavement interlayer structure under vehicle load is hard to obtain by conventional road surface
detection methods. This is due to the true strain field of the pavement structure, which means that
the service state of the pavement cannot be accurately evaluated. This paper proposes an innovative
strain sensor based on a carbon nanotube and epoxy (CNT/EP) composite to solve the current strain
monitoring problem in asphalt pavement health monitoring. The CNT/EP composite encapsulation
method was proposed, and the I-shaped strain sensor for asphalt pavement structure was developed.
The strain-resistance response characteristics of the self-developed sensor were further investigated
using a universal testing machine. The encapsulated sensor was used to monitor the strain of the
asphalt mixture by means of a laboratory asphalt concrete beam and a practical pavement field.
The results showed that the encapsulation method proposed in the study is suitable for CNT/EP
material, which could guarantee the survivability and monitoring effectiveness of the self-developed
sensor under the harsh environment of high temperature and pressure of asphalt mixture paving.
The resistance of encapsulated sensor presents a linear relationship with strain. The laboratory and
practical paving verified the feasibility of the self-sensor for strain monitoring of asphalt pavement.
Compared to other post-excavating buried sensors, the self-developed sensor can be embedded in
the pavement interlayer as the asphalt mixtures paving process, which can obtain the real strain
response of pavement structure and reduce the perturbation of the sensor to the dynamic response of
the pavement.
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1. Introduction

By the end of 2021, the total mileage of China’s road network will have reached
5.28 million kilometers and road maintenance expenditure will be approximately RMB
7.4 trillion [1]. Over the past few decades, approximately 90% of the work has involved
the maintenance and upgrading of existing roads. It is expected that more and more roads
will need to be maintained and upgraded in the future [2]. Thus, it is necessary to obtain
the road structure conditions to judge whether the road needs to be maintained or not.
Timely maintenance can help to reduce the maintenance and upgrading costs and extend
the life of roads from the view of the full life cycle [3,4]. A prerequisite for obtaining the
structure conditions is pavement monitoring. The growth of the traffic volume has forced
the world to focus on road surface monitoring and providing a sustainable transportation
network [5]. Generally, macroscopic surface investigation and external nondestructive
testing techniques are used to evaluate the performance of asphalt pavements. For example,
digital image processing techniques are used to assess pavement damage and surface
texture [6,7]. A falling weight deflectometer (FWD) is applied to detect road surface
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bending and further calculate pavement modulus [8-10]. In addition, ground penetrating
radar is used to detect the thickness and density of the pavement. However, pavement
structure is a “black box”; the traditional conventional external inspection methods cannot
obtain the real strain/stress condition of interlayer structure [11,12], which lacks the actual
pavement internal/interlayer structure stress—strain field. As a result, the traditional
detection methods from the road surface are not enough to accurately assess the pavement
conditions [13,14].

To obtain the interlayer strain/stress of road structures, many researchers proposed
embedding sensors in road structures [15-19]. Liu et al. [20] developed a new encapsulated
rubber strain sensor for asphalt pavement vertical strain monitoring. Their testing results
show that the sensor has good sensing performance, but the sensitivity of the sensor
is poor. Wu et al. [21] used a fiber-encapsulated long-range strain sensor with a larger
contact surface of the sensing part subjected to temperature, making it more sensitive to
temperature and more accurate in monitoring results. Liang et al. [22] used carbon fiber
composites to encapsulate the fiber optic sensor, and the results showed that the sensor has
good linearity and repeatability. Sohel et al. [23] developed carbon fiber composites for the
health monitoring of civil engineering structures, which were found to be highly ductile
and greatly prevented the sudden collapse of the structure. However, there is a lack of
sufficient information in the literature on the effect of environmental and service conditions
on the self-induced properties of the developed composite. Jiang Wei et al. [24] made use
of lead zirconate titanate (PZT) powder and PVDF to prepare composite sheet material
and then encapsulated the composite sheet material with 3D printed cylindrical packaging
structure to prepare a piezoelectric sensing device, which was buried in asphalt mixture
and tested the output effectiveness of its sensing signal by simulating vehicle load. These
reports indicated the good feasibility of applying sensors for civil structures, and the ideal
monitoring effect of the structure service state was obtained. However, the research on
asphalt pavement structure monitoring sensors was insufficient. Few studies concentrate
on preliminary embedding sensor techniques during the asphalt mixture paving process.
The embedded sensor in the asphalt pavement interlayer struggles to survive since the
temperature and pressure are high under the mixing, paving, and compaction of the
asphalt mixture.

In recent years, the development of composite materials with self-sensing proper-
ties has provided a new idea to address the above-mentioned limitations of traditional
strain sensors. Smart composite material is a new type of functional material that has
self-perception of external factors such as force, deformation, temperature, humidity, etc.
Composite materials could obtain information about the strain, stress, and other mechanical
parameters of the measured structure by means of establishing a correlation between exter-
nal factors and the electrical signal output of the composite smart material [25]. However,
the composite material would be limited according to its application environment. For
example, the harsh construction environment makes the survival rate of ordinary composite
smart-material-based sensors greatly reduced in the field of civil engineering monitoring.
In addition, the temperature and humidity of the environment in which the sensor’s work
environment varies greatly, which also has a greater impact on the accuracy of sensor signal
monitoring [26,27].

For the harsh monitoring environment of asphalt pavement, the authors have carried
out a series of related research in the development of new sensors for pavement [28-31].
Smart-material-based strain sensing elements have been developed, and the high accuracy,
as well as viability of the sensing elements, were verified. On the basis of our previous
research work, the encapsulation technique of smart composite materials and the shape
design of the resulting sensor were emphasized in this paper. Afterward, the response of
strain with resistance was measured by a universal testing machine. The encapsulated
smart composite materials-based sensor was used on a road construction site in order to
verify the viability and stability of the developed sensors. It is expected that this work will
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provide a new approach to asphalt pavement service state monitoring. The flowchart about
this paper’s methodology and the expected results, please see as Figure 1.
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Figure 1. Flowchart about this paper’s methodology and the expected results.

2. Preparation and Encapsulation of Smart Material-Based Strain Sensors
2.1. Preparation of Carbon Nanotube/Epoxy Resin (CNT/EP) Composites

Epoxy resin/multi-walled carbon nanotube (MWCNT) composites were prepared in
the study as the sensing materials. MWCNT is obtained from high-temperature cracking of
acetylene catalyzed by nickel-based catalysts. The selected MWCNT is of 95 wt% purity,
with a specific surface area greater than 165 m?/g. It is noteworthy that the MWCNT
shows excellent electrical conductivity of 200 s/cm, which is expected to be beneficial to
the conductivity sensitivity. The epoxy resin is bisphenol A type epoxy resin with an epoxy
value of 0.48-0.54 eq/100 g and a viscosity of 12,000 mPa.s.

In order to form an effective conductive network, the MWCNT should be uniformly
dispersed in the epoxy polymer matrix. The authors’ studies have shown that the dispersion
degree of CNT plays a key role in the response of strain-resistance [22]. Therefore, in order
to overcome the non-uniform dispersion phenomenon of MWCNT caused by the van der
Waals forces due to their huge specific surface area and nanoparticle size, the MWCNT were
firstly ground in an agate mortar for 30 min in this study, followed by thorough mixing
with the dispersant of N,N-Dimethylformamide(DMF). The MWCNT /DMF mixtures were
mixed with mechanical stirring for 20 min, and then sonicated for 1 h with an ultrasonic
disperser. After that, the mixed MWCNT/DMEF suspension was added to the epoxy resin
and continued to be sonicated for 1 h. The MWCNT/DMF/EP mixture was put in a
vacuum drying oven for 1 h at 80 °C for DMF evaporation. Finally, the curing agent was
added and stirred for 10 min to produce MWCNT/EP composites. The strain-resistance
response of the composites was tested on equipment shown in Figure 2 (equipment parts:
a—strain console, b—developed MWCNT /EP composite rod, c—strain gauge, d—resistance
measuring device, e—electrical resistance recorder, and f—strain gauge recorder).
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Figure 2. Testing equipment for strain-resistance response of CNT/EP composites.

2.2. Encapsulating MWCNT/EP Composite Rod by Epoxy for Manufacturing Strain
Sensing Element

The MWCNT/EP suspensions showed the viscous flow state before curing, and
they could be shaped with certain shape characteristics by casting and molding in the
mold. The molding and encapsulating procedure of the MWCNT/EP composite rod are
shown in Figure 3. The most common forming methods of conductive composite materials
include surface conductive film forming method, conductive filler dispersion coating
method, conductive material layer method, etc. However, when these methods are used
for performance testing after sample preparation, conductive glue such as silver adhesive
electrode, aluminum foil adhesive electrode, or the tin welding method is generally used
to connect the wires. The material samples prepared by this method may have some
shortcomings, such as uneven surface integrity, a long curing period of the conductive
adhesive, poor adhesion effect, unstable contact electrical signal, and so on. Moreover, the
production process is complex, and the production efficiency is low. So, in the preparation
device, conducting wires were embedded in the mold through cap plugs at both ends of the
mold. Both sides of the cover plug were provided with a feeding port and a discharge port
for the composite self-sensing material to enter and exit. The shape of the cured composite
was maintained by means of a fixed tube whose inner diameter was close to the outer
diameter of the formed tube.

semicircular epoxy shell encapsulating mold  evacuation method of encapsulation

Figure 3. The molding and encapsulating procedure of MWCNT/EP composite rod.

To ensure the co-axiality of the MWCNT/EP composite rod and its covered epoxy
shell, the semicircular epoxy was first pre-casted in the PTFE mold. The semicircular
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mold is designed to ensure that the semicircular epoxy has the same internal diameter
as the semicircular epoxy and the same thickness as the packaging layer to ensure that
the composite rod is at the center of the packaged sensing element. Three semicircular
epoxy parts were used to support the MWCNT /EP composite rod along the axial direction.
The two ends of the black rod prepared by MWCNT/EP were set with a cap plug with a
hole in the middle and, thus, the viscous epoxy could inject into one hole and outflow in
another hole through the cap plug with holes. The cap plug can be connected to the mold
to ensure the sealing effect. After the forming inner tube was installed, the lead outlet,
sample injection hole, sample outlet hole, cap plug, and the forming inner tube were sealed
by a vacuum sealant so as to prevent the packaging material from flowing out of the gap
resulting in an uneven surface of the sample. Lastly, the encapsulating epoxy materials
were injected into the hole and cured into shape to complete the sensor encapsulation. After
the sensor was assembled with the molding mold, it was put into the sealed vacuum bag
and connected to the vacuum pumping device. Then the vacuum pump was opened, and
the packaging material flowed through the injection hole on the cap plug structure. Under
the vacuum negative pressure condition, the gas inside the mold cavity was removed, and
the packaging material was driven to flow, infiltrate, and finally fill the entire cavity. In
the process of injection of packaging materials, the whole sensor and part of the electrode
wires at both ends were sealed in the air-tight packaging material through the molding
mold and the vacuum device so as to ensure that the sensor itself is completely isolated
from the influence of the external environment.

The encapsulation process, with the help of mold, makes the integrated sensing
element with the electrode wires at both ends within the encapsulation material. This
encapsulated structure could ensure the sensing element is completely insulated from
the influence of moisture from the external environment. The excellent waterproofness
and airtightness of the encapsulated materials can help to prevent the sensor from being
eroded by the harsh external environment during service, thus solving the problems of low
sensor survival rate, short survival period, the drift of the received electrical signal, and
undesirable measurement accuracy.

After curing at room temperature for 24 h, the