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Understanding the evolution of mechanical properties and pore structure of semirigid base under large temperature difference is
of great significance for evaluating the durability and safety of semirigid base structure and studying the damage cracking
mechanism and prevention technology of semirigid base induced by large temperature difference climate. This paper studies the
variation law of peak stress and dynamic modulus, the evolution characteristics of pore structure, and the pore size distribution of
semirigid base after different cycles at different temperature intervals. Based on the analysis of peak stress and dynamic modulus
test results, the degradation effect of freeze-thaw environment (-20°C~20°C) on semirigid base is far greater than that of high-
temperature environment (20°C~60°C) and low-temperature environment (-=5°C~—30°C). There are significant decreases in peak
stress and dynamic modulus of semirigid base in the late cycle (12 to 15 cycles). Under low-temperature and freeze-thaw
environments, the axial load resistance of semirigid base is significantly correlated with the deformation resistance, and the
correlation between the two is not significant under high-temperature environment. The variability of the thermal expansion and
contraction characteristics of the internal microscopic phases of the semirigid base and the force characteristics of the pore
interface phases are the root causes of the damage and cracking of the pavement base in a large temperature difference climate.

1. Introduction

Northwest China, influenced by topography, latitude, and
altitude factors, formed a more unique and typical temperate
continental cold and arid climate; in many areas, the
maximum temperature difference between day and night is
up to 25~30°C, the maximum annual temperature difference
is up to 70~80°C, and the characteristics of the large tem-
perature difference are obvious, so the durability of high-
grade highway infrastructure by the large temperature dif-
ference appeared to be a significant impact. Semirigid
materials, especially cement-stabilized materials, have a
strong sensitivity to temperature and humidity due to their
structural properties. Under the effect of continuous and
periodic high temperature in the summer in the northwest,

semirigid base materials inevitably produce drying shrink-
age cracking due to changes in humidity and moisture [1,2].
Continuous and cyclic low temperature in winter can easily
lead to brittle cracking of semirigid base material [3]. In early
spring, the alternating cycle effect of positive and negative
temperature is obvious, and the semirigid base material is
subject to temperature change and humidity change and
produces obvious temperature shrinkage cracking and
drying shrinkage cracking [4, 5]. It can be seen that the
violent fluctuation of temperature in the area of large
temperature difference has a very serious effect on the in-
ternal pore cracks of the semirigid base material.
Currently, in the field of road material and pavement
design, the main means of monitoring microscopic pore
cracks in inorganic solid material are CT techniques [6],
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electron microscopy scanning (SEM) techniques [7], digital
image correlation (DIC) techniques [8], acoustic emission
(AE) techniques [9], and so on. Hu et al. [10] used an X-ray
CT device to observe the internal pore space morphology of
porous asphalt concrete during their study of the clogging
resistance of porous asphalt concrete, thus establishing a link
between the pore characteristics and the clogging resistance.
Zhao et al. [11] further quantitatively described the pro-
portional pore size and spatial distribution of effective and
ineffective pores within porous asphalt concrete. Liang et al.
[12] studied the indoor preparation method and field
compaction process of cement-stabilized gravel (CSM)
material, and the three-dimensional internal structure, pore
number, and pore gradation of CSM were studied by in-
dustrial CT analysis. SEM techniques have been widely used
in recent years for the microstructure characterization of
road material and are often combined with X-ray diffraction
(XRD) and energy spectrometry (EDS) techniques to
characterize the mineral phase changes and elemental dis-
tribution of road concrete material [13, 14]. Liu et al. [15]
used a combination of SEM and EDS to characterize the pore
structure and elemental content of pavement base material
mixed with different contents of steel slag (30%, 50%, and
70%), and the results showed that the addition of steel slag
significantly improved the frost resistance and dry shrinkage
of the pavement base. DIC technology and AE technology
have a wide range of applications for the dynamic tracking
and quantitative monitoring of the cracking expansion of
microcracks throughout the road material [16-18]. How-
ever, the application of this technology often requires the use
of relevant mechanical tests (three-point bending test and
semicircular bending test) to study the mechanism of
cracking and expansion of microcracks in the fracture af-
fected area of asphalt concrete [19-21]. However, all of these
methods have many limitations, CT technique is costly, SEM
is cumbersome and can only be observed locally, DIC
technique is based on a macroscopic view of fractures, and
AE technique is an indirect study of microporosity through
acoustic parameters. Nuclear magnetic resonance (NMR)
techniques are fast, accurate, nondestructive, and inex-
pensive, and most importantly, NMR can quantitatively
characterize pore size changes and the number of pores [22].
The cracking of road pavements has been a long-standing
problem and has become one of the most serious types of
pavement engineering diseases. In recent years, the appli-
cation of NMR technology in rock, concrete, and even as-
phalt mixtures has certain significance [22-24]. Menapace
et al. [25, 26] used the NMR technique to develop a model
between RHI and T, values and viscosity as quantitative
characterization of asphalt mixture aging. Zhang et al.
[27, 28] used 29Si and 27Al MAS-NMR techniques to
characterize the amorphous phase Si and the low crystalline
phase Al in road-based material, thereby obtaining the
degree of polymerization and coordination of silicoalumi-
nate chains. Nicula et al. [29] investigated the freeze-thaw
damage condition and porosity magnitude of three blast
furnace slag road concrete under a freeze-thaw environment
using the NMR technique.
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However, in fact, the deterioration mechanism of
microcrack pores inside the semirigid base material is often
promoted by the mechanical behavior, so the macroscopic
mechanical behavior performance must have some inevi-
table connection with the microfine pore development
characteristics; an in-depth study of their relationship can
help to reveal the intrinsic cracking mechanism of the
material [22-24]. Most focus mainly on the study of ther-
modynamic parameters and properties of semirigid base
material [5,30-35]. Lv et al. [36] found that the strength and
frost resistance of cement-stabilized gravel material increase
with increasing curing time and cement content through
unconfined compressive test, flexural test, and freeze-thaw
test studies. Bai et al. [32] investigated the suitability of open-
graded cement-stabilized aggregates (OGCSM) produced
from recycled aggregates at different replacement rates based
on unconfined compressive strength test, indirect tensile
strength test, compressive rebound modulus test, dry
shrinkage test, frost resistance test, and infiltration test, and
the results showed that, with the addition of a certain
percentage of recycled aggregates, OGCSM has some po-
tential applications as a base material. However, few studies
have dealt with the effects of large temperature differences
on the mechanical properties and pore structure deterio-
ration of semirigid base.

This paper combined the local climatic conditions to
conduct high-temperature cycle, low-temperature cycle, and
freeze-thaw cycle tests on the original samples, respectively.
Then, the damage deterioration of the strength and modulus
of the semirigid base under the above environmental test
conditions was investigated and analyzed by means of the
unconfined lateral compressive strength test and dynamic
modulus test. Finally, the NMR technique and SEM tech-
nique were used to deeply analyze the pore size distribution,
pore content, pore structure evolution law with temperature
change, and temperature cycle number of semirigid base and
finally establish the relationship between strength damage
and pore change. The research results of this paper can
provide relevant data support and reference to reveal the
cracking mechanism of pavement cracks in large temper-
ature difference areas.

2. Materials and Methods

2.1. Materials and Sample Preparation. The samples required
for this experiment were obtained by drilling and core
sampling of the pavement along the Wumu section of the
Jing-Xin Expressway from the Qianshan Interchange
(K2 +690) to the Kusu Interchange (K22 +027). The spec-
imens were cement-stabilized gravel base material, con-
sisting of 0-5mm particle size fine aggregate, 5-10 mm
particle size coarse aggregate, 10-20 mm particle size coarse
aggregate, 20-30 mm particle size coarse aggregate, and
P.042.5 (five) of Portland cement prepared in accordance
with 27:18:34:12 (four). The cement comes from Hami
Tianshan Cement Co., Ltd. Details of the mineral grade are
shown in Table 1, and the physical parameters of raw ma-
terial are shown in Table 2.
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TaBLE 1: Semirigid base mineral grading table.
Sieve hole size 31.5mm 26.5 19 9.5 4.75 2.36 0.6 0.075
Quality pass percentage (%) 100 — 76.8 46.4 29.3 19.9 9.4 2.7
Tareet eradine range Upper limit 100 — 86 85 32 28 15 3
get graciiig rafig Lower limit 100 — 68 35 22 16 8 0
TaBLE 2: Table of physical parameters of semirigid base. Shanghai Jiezhun Instruments Equipment Co., Ltd. The test
Binding material dosage (%) =0 was carried out in different temperature ranges (20°C~60°C,
08 Sage , —-20°C~20°C, and —5°C~-30°C) and different cycles on UTM
Maximum dry density (g/cm”) 2.283 . « . oo .
Optimal water content (%) 50 according to “Test Regulations for Stabilizing Material of
Required compaction (%) 98 Inorganic Binders for Highway Engineering” (JTGE51-

The original sample in the field needs to be processed for
this test as follows: (A) According to the “Highway Engi-
neering Inorganic Binder Stabilized Material Test Specifica-
tion” (JTGE51-2009), the original sample is cut and polished
to the cylindrical sample. (B) Cut part of the cylindrical
sample in step 1 into cylindrical sample. (C) Polish and level
the cut cylindrical sample to make the upper and lower
surfaces smooth and flat. The process is shown in Figure 1.

2.2. Test Methods. The main test steps taken were as follows:
(a) The samples were dried and processed by an electric blast
dryer, and then the dried samples were soaked in a water tank
in combination with the on-site humidity monitoring data
until the samples reached the optimum moisture content
[32,37,38]. (b) Based on the local climatic and hydrological
conditions, this experiment set the temperature intervals as
60~20°C, 20~-20°C, and —5~-30°C, which simulated sum-
mer, early spring, and winter environments, respectively,
which often constituted a large temperature difference. The
temperature environment simulation in summer is 16 hours
at a constant temperature of 60°C, and then 8 hours at a
constant temperature of 20°C, a total of 24 hours as a cycle.
The temperature environment simulation in early spring was
-20°C constant temperature for 16 hours and then 20°C
constant temperature for 8 hours, a total of 24 hours as a cycle.
The temperature environment simulation in winter is —30°C
constant temperature for 16 hours, and then —5°C constant
temperature for 8 hours, a total of 24 hours as a cycle [4]. Put
the soaked sample into the constant temperature and hu-
midity test chamber after wrapping it with cling film. (c) T2
spectral scanning and pore structure analysis of specimens
using NMR microstructure analysis system. (d) Measure the
longitudinal wave velocity of the specimen using a nonme-
tallic ultrasonic monitoring analyzer. (e) The uniaxial com-
pression test adopts MTS2000kN universal testing machine,
and the loading rate is 1 mm/min. (f) Use a field emission
scanning electron microscope to observe the microstructure
and pore distribution of the sample after uniaxial compres-
sion failure. The detailed test procedure is shown in Figure 1.

3. Results and Discussion

3.1. The Peak Strength and Modulus of Semirigid Base
Material. 'The uniaxial compression test was conducted by
an MTS2000kN universal testing machine produced by

2009) uniaxial compression test with multiple times (0 times,
3 times, 6 times, 9 times, 12 times, and 15 times), the test
loading rate was 1 mm/min, and 3 sets of parallel tests were
carried out at each cycle number. The test results are shown
in Tables 3-5. The values in the table can be obtained from
equation (1):
4P

i~ (1)
where 0. is the peak stress in the semirigid base material,
MPa; P is the maximum pressure when the semirigid base
material fails, N; D is the diameter of semirigid base material,
mm.

3.2. The Effect of Temperature Interval. The variation pattern
of peak stress and difference (the difference of peak stress
before and after cycling) of semirigid base material under
different temperature intervals is shown in Figure 2(a). As
can be seen from the figure, when the number of cycles is
small, the peak stress of the semirigid base material is
significantly higher in the high-temperature environment
(20°C~60°C) than it is in the freeze-thaw environment
(-20°C~20°C) and the low-temperature environment
(=5°C~—-30°C). And when the number of cycles is higher,
the peak stress of the semirigid base material is signifi-
cantly higher in the low-temperature environment than it
is in the freeze-thaw environment and the high-temper-
ature environment. It can be seen that the low-temper-
ature environment is more significant for the peak stress
deterioration of the semirigid base material in the low
cycle region, and the high-temperature environment has a
certain improvement effect on the mechanical properties
of the semirigid base material. The damage effect of the
freeze-thaw environment on the peak stress of semirigid
base materials is gradually highlighted in the high-cycle
region, and the low-temperature environment has a
certain improvement effect on the mechanical properties
of semirigid base materials. The magnitude of the peak
stress variation in Figure 2(b) is given by equation (2);
from Figure 2(b), it can be seen that the mechanical
strength of the semirigid base material under freeze-thaw
environment shows an overall trend of accelerated de-
terioration with a deterioration rate of 3.89%/time. The
mechanical strength of the semirigid base material under
high-temperature environment showed an overall trend
of improvement followed by deterioration, the
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FIGURE 1: Specimen preparation and test procedure flow.

TaBLE 3: Uniaxial compression experimental results of semirigid base material under the temperature range of 20°C~60°C.

Parallel strength test

Number of cycles Intensity representative value (MPa) Standard deviation Coefficient of variation (%)

value (MPa)
0 10.61 12.82 14.06 12.50 1.75 13.95
3 1743 16.06 15.42 16.3 1.03 6.3
6 12.84 13.15 15.31 13.77 1.35 9.77
9 11.72  13.21 15.63 13.52 1.97 14.6
12 10.88 11.67 1391 12.15 1.57 12.93
15 11.94  9.55 10.22 10.57 1.23 11.66

TaBLE 4: Uniaxial compression experimental results of semirigid base material under the temperature range of —20°C~20°C.

Parallel strength test

Number of cycles value (Mpa)

Intensity representative value (MPa) Standard deviation = Coeflicient of variation (%)

0 10.61 12.82 14.06 12.50 1.75 13.95
3 11.00 11.50 13.49 12.00 1.32 10.98
6 9.61 12.61  9.79 10.67 1.68 15.77
9 8.61 8.72 8.89 8.74 0.14 1.61
12 7.47 8.21 6.78 7.49 0.72 9.55
15 6.59 5.38 6.53 6.16 0.67 10.93

TaBLE 5: Uniaxial compression experimental results of semirigid base material under the temperature range of —5°C~—-30°C.

Parallel strength test

Number of cycles Intensity representative value (MPa)  Standard deviation — Coefficient of variation (%)

value (MPa)
0 10.61 12.82 14.06 12.50 1.75 13.95
3 11.21 9.72 10.13 10.35 1.32 10.98
6 12.37 941 12.71 11.50 1.68 15.77
9 12.73  16.00 15.12 14.62 0.14 1.61
12 11.70  14.26 15.61 13.86 0.72 9.55
15 11.69 1456 14.12 13.46 0.67 10.93
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FIGURE 2: Peak strength of semirigid base at different temperature intervals. (a)Variation of peak stress at different temperature intervals.

(b) Variation of peak stress at different temperature intervals.

improvement effect gradually weakened, the deterioration
effect gradually increased, and the deterioration rate was
4.22%/time. The mechanical strength of semirigid base
material under low-temperature environment showed the
characteristics of first damage and then improvement, the
deterioration effect and improvement effect both gradu-
ally weakened, and the deterioration rate was —3.06%/
time. It can be seen that the damage effect of freeze-thaw
environment on the mechanical properties of semirigid
base materials is continuous.

. [Q} )

e % 100

where 7 is the change in peak stress of semirigid base
material before and after cycling, %; o, is the peak stress in
semirigid base material before cycling, MPa; 0, is the peak
stress of semirigid base material after cycling, MPa.

The longitudinal wave velocity detection of semirigid
base materials using MM-A4 nonmetallic ultrasonic mon-
itoring analyzer produced by Beijing Kekangrui Co., Ltd.
The link between the dynamic modulus Ep, of the semirigid
base material and the longitudinal wave velocity V), is
established by (3) [39]. The test results are shown in
Tables 6-8.

_[pvrt e ma -2
(1-p)

where Ep is the dynamic modulus, MPa; p is the density of
semirigid base material, g/cm’, and this paper takes
p=2.283; V, is the longitudinal wave speed of semirigid base
material, m/s;  is Poisson’s ratio of semirigid base material,
and this paper takes y=0.3.

Ep , (3)

The variation of dynamic modulus with the number of
cycles measured at different temperature intervals is shown
in Figure 3. As can be seen from the figure, the overall
dynamic modulus value of the semirigid base material in
low-temperature environment is low, and the average value
can reach 5500 MPa, which is much higher than the modulus
value in high-temperature environment (4800 MPa) and
freeze-thaw environment (4800 MPa). It can be seen that the
semirigid base material has better resistance to deformation
in low-temperature environment than in freeze-thaw en-
vironment and high-temperature environment. Based on the
expectation and standard deviation equation to evaluate the
damage factor of dynamic modulus of semirigid base ma-
terial under different environments (Figure 4(b)), it can be
seen that the damage degree of dynamic modulus of
semirigid base material under freeze-thaw environment is
generally more serious, and the damage impact area is
concentrated in 0.67~0.77. The high-temperature environ-
ment and low-temperature environment on the dynamic
modulus of semirigid base material have a wider range of
influence, and the damage impact area is 0.33~0.65 and
0.48~0.66, respectively; thus, it can be seen that the semirigid
base material deformation resistance under the action of the
periodic freeze-thaw environment is significantly reduced.

3.3. The Influence of the Number of Cycles. 'The influence of the
number of cycles on the peak stress of the semirigid base is
shown in Figure 4(a). Under the high-temperature environ-
ment, the peak stress of the semirigid base material increased
and then decreased with the increase of the number of cycles;
the peak stress reached the maximum value of 16.30 MPa after
3 cycles and decreased to the minimum value of 10.57 MPa
after 15 cycles, which reduced the stress intensity by 1.5 times.
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TaBLE 6: Experimental results of dynamic modulus of semirigid base material under the temperature range of 20°C~60°C.

Parallel modulus test

Number of cycles value (MPa)

Modulus representative value (MPa)  Standard deviation  Coefficient of variation (%)

0 8601 9361 10375 9445 889.91 9.42
3 8693 6440 7520 7551 1126.77 14.92
6 3585 4405 3468 3820 510.55 13.37
9 3165 2841 3468 3158 313.46 9.93
12 4774 4785 6300 5286 877.93 16.61
15 3548 4911 4758 4406 746.86 16.65

TaBLE 7: Experimental results of dynamic modulus of semirigid base material under the temperature range of —5°C~-30"C.

Parallel modulus test

Number of cycles value (MPa)

Modulus representative value (MPa) Standard deviation Coeflicient of variation (%)

0 11940 13290 12726 12652 678.12 5.36
3 5394 4928 4547 4956 424.18 8.56
6 4312 4367 5167 4616 478.48 10.37
9 8341 7009 8166 7839 723.48 9.23
12 5180 4722 6175 5359 742.88 13.86
15 4819 4132 5267 4739 571.98 12.07

TaBLE 8: Experimental results of dynamic modulus of semirigid base material under the temperature range of —20°C~20°C.

Parallel modulus test

Number of cycles value (MPa)

Modulus representative value (MPa) Standard deviation Coeflicient of variation (%)

0 17129 16249 18480 17286 1123.68 6.50
3 5483 6142 7250 6292 892.98 14.19
6 4453 4622 5678 4918 663.91 13.50
9 4034 4790 5029 4618 519.85 11.26
12 4834 3928 4333 4365 453.82 10.40
15 3783 3566 4717 4022 611.69 15.21
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FIGURE 3: Variation of dynamic modulus of semirigid base material under different temperature intervals. (a) Dynamic modulus stacking
diagram at different temperature intervals. (b) Temperature damage impact area.
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Under the low-temperature environment, the peak stress of
semirigid base material decreases and then increases with the
increase of the number of cycles, and the peak stress reaches the
minimum value of 10.35 MPa after 3 cycles and the maximum
value of 14.62 MPa after 9 cycles, which expands the stress
intensity by 1.4 times. Under the freeze-thaw environment, the
peak stress of the semirigid base material gradually decreased
with the increase of the number of cycles, from 12.50 MPa after
0 cycles to 6.16 MPa after 15 cycles, and the stress intensity was
reduced by a factor of 2. Accordingly, it can be seen that the
number of freeze-thaw cycles has the most significant dete-
rioration effect on the mechanical properties of the semirigid
base material.

The influence of the number of cycles on the dynamic
modulus of the semirigid base is shown in Figure 4(b). Under
the action of high-temperature cycling, the deformation re-
sistance of semirigid base material is very unstable, and the
deformation resistance first weakens, then strengthens, and
finally weakens with the increase of cycling times. Compared
with the dynamic modulus after 0 cycles, the decreases in
dynamic modulus after 3 to 15 cycles were 20.05%, 56.56%,
66.56%, 44.03%, and 53.36%, respectively. Under the action of
low-temperature cycling, the dynamic modulus of the semi-
rigid base material is basically maintained at about
5500~6000 MPa. Compared with the dynamic modulus after 0
cycles, the decrease of dynamic modulus after 3 to 15 cycles was
60.83%, 63.52%, 38.04%, 57.64%, and 62.54%, respectively.
Under the action of freeze-thaw cycling, the damage of the
dynamic modulus of the semirigid substrate is very serious;
compared with the dynamic modulus after 0 cycles, the de-
crease of dynamic modulus after 3~15 cycles is 63.60%, 71.55%,
73.29%, 74.75%, and 76.73% respectively.

3.4. Correlation Analysis of Peak Stress and Dynamic Modulus.
Based on the above analysis, this paper tries to establish the
relationship between peak stress o, and dynamic modulus
Ep of the semirigid base material by the number of cycles
under the effect of large temperature difference so as to
analyze the complex characteristics of semirigid base ma-
terial under large temperature difference [30,35]; its purpose
is as follows. First, the later study can predict the elastic-
plastic properties or mechanical behavior of the semirigid
base material under a large temperature difference envi-
ronment only by measuring the relevant test parameters
[40]. Secondly, it is convenient to analyze and reveal the pore
evolution characteristics and damage cracking mechanism
of semirigid base material later on [41]. Figures 5(a) to 5(c)
show the fitted curves of the peak stress and dynamic
modulus of the semirigid base material with the number of
cycles at different temperature intervals. The specific fitting
equations are shown in Table 9.

Analysis of Figures 5(a) to 5(c) shows that, under high-
temperature environment, the resistance to deformation of
semirigid base material first decreases and then increases as
the mechanical strength decreases. Under freeze-thaw
conditions, the resistance to deformation of semirigid base
material continues to weaken as the mechanical strength
decreases. Under low-temperature environment, the resis-
tance to deformation of the semirigid base material increases
with increasing mechanical strength and decreases thereafter
with decreasing mechanical strength, but the peaks of both
are not at the same number of cycles. Further analysis shows
that the peak stress of the semirigid base material shows a
certain positive correlation with the dynamic modulus, but
this correlation gradually becomes less obvious with the
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TaBLE 9: Fitting equations for semirigid base material under different temperature intervals.

Temperature interval Relationship Fitting equations
, , 0N 0.=18.445-1.007 N"*7*°

20°C ~60°C 2 3
Ep-N Ep=18788.943 — 5243.348 N + 558.736N* — 18.192 N

e . 0-N 0.=14.053 - 0.771 N*56¢!

20°C ~20°C Ep-N Ep = 8313.630 N0274

_5C ~e30°C 0N 0.=8.956+0.226 N + 0.097N” — 0.005 N°

Ep-N Ep=2277.745 + 981.578N — 55.255 N*

increase of the number of cycles, indicating that the semi-
rigid base material is not significantly correlated with the
axial deformation resistance and load resistance under high-
temperature environment, which may be caused by the

inhomogeneity of the semirigid base material. Under the
freeze-thaw environment, the peak stresses of the semirigid
base material showed a linear positive correlation with the
dynamic modulus, indicating a significant correlation
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between the axial deformation resistance and load resistance
of the semirigid base material under the freeze-thaw envi-
ronment. Under the low-temperature environment, the peak
stress of the semirigid base material and the dynamic
modulus show a linear positive correlation, which shows
that the semirigid base material has a certain significant
correlation in the axial antideformation ability and the
antiload ability under the low-temperature environment.

3.5. Analysis of Breakage Patterns and Microscopic Damage
Characteristics. Figure 6 shows the compression damage
patterns of the semirigid base specimens after different
number of cycles at different temperature intervals.
According to this figure, it can be seen that, under the high-
temperature environment, the semirigid base material is
damaged with cracks all around, and the cracks produced are
mainly vertical cracks, indicating that the semirigid base
material is damaged by tension along the interface phase
between the aggregate particles and the cement matrix.
There is a peeling phenomenon on the surface, and it be-
comes more and more obvious as the number of cycles
increases. Under low-temperature environment, the damage
of the semirigid base material is covered with vertical strip
cracks around the circumference, which indicates that the
semirigid base material produces tension failure along the
interfacial phase around the aggregate particles. There is a
peeling phenomenon on the surface, and the peeling phe-
nomenon is most serious when it is cycled 6 times to 9 times.
Under the freeze-thaw environment, the semirigid base
material is covered with cracks around the circumference of
the damage, the cracks produced are mainly vertical cracks,
and other secondary crack angles are between 0° and 15°,
indicating that the semirigid base material produces mixed
tensile-shear failure. The scale of surface material shedding
increases with the number of cycles. It is easy to see that the
damage characteristics of semirigid subgrade materials
under different environmental conditions are significantly
different, but the damage mode is mainly the tensile damage
of the weak interface phase.

The spatial variation and damage evolution of the in-
ternal pore structure of the material seriously restrict the
macroscopic mechanical properties of the material. In order
to better recognize the internal spatial damage condition of
the semirigid base material after uniaxial compression under
the condition of large temperature difference, SEM tests
were conducted on the semirigid material damaged by
compression after 12 cycles under different environments, as
shown in Figure 7. When the SEM is magnified 5000 times, it
can be seen that the drying shrinkage caused by the evap-
oration of water at high temperature leads to a few through
cracks on the surface of the cement matrix, and the through
cracks lead to the reduction of the material strength, as can
be well demonstrated in Figure 4(a). And a large amount of
flocculated C-S-H (calcium silicate hydrate) is produced on
the material surface under low-temperature environment,
which effectively fills the material microporous cracks and
increases the material denseness to some extent, which is
consistent with the analysis in Figure 4(a). Under the freeze-

thaw environment, the material is affected by the freezing
and swelling force generated by the action of the water-ice
phase and the contraction force induced by the temperature
change together to produce a large number of cracked pores,
and the increase of the pore content will inevitably lead to
the loss of its bearing capacity, which well explains the
deterioration of the peak stress under the freeze-thaw en-
vironment in Figure 4(a).

Based on the above analysis, it can be seen that, under the
condition of large temperature difference, the semirigid base
material is subject to different degrees of rupture damage
caused by the drying shrinkage stress induced by water
evaporation, the low-temperature shrinkage force induced
by temperature reduction, and the freeze-swelling force
caused by repeated freezing and thawing, and the degree of
damage is affected by the number of cycles and shows
significant variability. This damage variability is visualized in
the ups and downs of macroscopic mechanical properties
(strength and modulus) and fluctuations. Quantitative
analysis of the correlation between peak stress and micro-
scopic pore structure and pore size is of great importance to
reveal the damage evolution mechanism of semirigid base
material under large temperature difference environment.
The NMR technique was used to measure the NMR signal
intensity of semirigid base material under different envi-
ronments and after different number of cycles; according to
(4) [24,42], the relationship between material pore radius
and T, transverse relaxation time is established, as shown in
Figures 8 and 9. According to the research results of Zhang
etal. [23,43], the internal pores of the semirigid base material
can be classified into the following four classes, as shown in
Table 10.

Y = poF T, (4)

where y is the pore radius of semirigid base material, nm; p,
is the transverse relaxation strength of semirigid base ma-
terial, um/ms, and this paper takes p, = 0.003; F; is the shape
geometry factor, and this paper takes F;=3; T, is the
transverse relaxation time of semirigid base material, ms.

According to the analysis of Figures 8 and 9, it can be
seen that the lateral relaxation time T, distribution curve
contains 3~4 peaks, which correspond to less harmful pores,
harmful pores, and more harmful pores from left to right.
The specific analysis is as follows.

Under the high-temperature environment, the area
enclosed by the left peak is the largest, indicating that the
number of harmful pores accounted for a large proportion of
the material. At the beginning of the cycle (0 to 3 times), the
right peak and the middle peak area appeared to decrease,
and then the right peak area and the middle peak area
gradually increased with the increase of the cycle times,
indicating that the number of harmful pores and multiple
harmful pores of the semirigid base material first decreased
and then gradually increased. The reason is that, under the
action of high-temperature cycle in the early stage, semirigid
base material aggregate particles by thermal expansion make
the material primary cracks gradually closed, and at this
time, the material internal water evaporation effect is not
significant, so as to enhance the bond between the aggregate
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FiGure 7: SEM images of specimens damaged by compression after 12 cycles at different temperature intervals. (a) 20°C~60°C (x5000
times). (b) —5°C~-30°C (x5000 times). (c) 20°C~-20°C (x5000 times).

and cement matrix and improve the mechanical strength of
the material semirigid base material; with the increase of the
number of cycles and cycle time, the excessive expansion
thermal stress and the temperature stress generated by the
evaporation of a large amount of water make the concrete
aggregate particles between the extrusion breakage and
cement matrix shrinkage cracking, thus producing a large
number of harmful pores and multiharmful pores, which
eventually lead to the reduction of mechanical strength of
semirigid base materials [44].

Under the low-temperature environment, the sum of the
area occupied by each peak gradually decreases with the in-
crease of the number of cycles, indicating that the number of
pores of the material as a whole becomes a decreasing trend. At
the beginning of the cycle (3~6 times), the area occupied by the
right and middle peaks was the largest and then decreased with
the increase of the cycle number, indicating that the mechanical
strength of the semirigid base material was seriously damaged
at the beginning of the cycle and then slowly rebounded with
the cycle number. The precooling shrinkage of the aggregate
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F1GURE 8: Pore distribution characteristics of semirigid base material after different cycles at different temperature intervals. (a) 20°C~60°C.

(b) =5°C~=30°C. (c) 20°C~—20°C.

inside the semirigid base material at the early stage of the low-
temperature cycle makes the cracks near the interface phase
gradually expand; while the pore water is affected by the low
temperature to produce water-ice phase change, volume ex-
pansion leads to the pore wall extrusion breakage, resulting in a
significant reduction in strength compared to room temper-
ature; as the low-temperature cycle continues, the pore water-

ice phase change completely fills the internal pores of the
material, so that it forms an “organic whole” with the semirigid
base; in addition, the continuous low-temperature cycle leads
to a reduction in the difference between the contraction
characteristics of each microphase inside the semirigid base,
which eventually leads to an increase in the strength of the
semirigid base material [45].
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Under the freeze-thaw environment, the area occupied
by each peak shows an increasing trend with the increase of
the number of cycles, among which the number of harmful
pores and the number of multiharmful pores increase more
obviously, which shows that the freeze-thaw cycle has a more
significant effect on the change of pore results of the
semirigid base material. As a temperature-sensitive material,
the semirigid base is particularly sensitive to the freeze-thaw
environment, which can be seen from the above analysis.
The pore water in the material produces frost heaving stress

superposition on the pores under the repeated action of
“freeze-thaw,” the thermal expansion and cold contraction
characteristics of each microscopic phase are significantly
different under the repeated action of “freezing-thawing,”
which easily produces shrinkage stress superposition on the
interface phase, and the large increase of harmful pores leads
to significant deterioration of mechanical strength of the
base material [46].

The area distribution of T, spectrum is proportional to
the decay of free water inside the pores of different pore
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TaBLE 10: Pore grade classification (Liu et al. and Zhang et al.) [23, 43].
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FIGURE 10: Pore volume fraction distribution of semirigid base material under different cycle times. (a) 20°C~60°C. (b) —5°C~-30°C.
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TaBLE 11: NMR spectral area of semirigid base after different number of cycles at different temperature intervals.

Total area of T2

Temperature intervals (°C) Number of cycles (times)

Less harmful Harmful hole More harmful

spectrum (cm?) hole area (cm?) area (cm?) hole area (cm?)
0 905.89 823.738 40.939 41.213
3 360.64 339.023 19.824 1.793
20~60 6 1403.905 1257.177 121.987 24.742
9 858.835 764.234 66.805 27.796
12 390.767 332.972 37.589 20.207
0 1029.081 974.708 48.98 5.393
3 895.551 747175 65.314 83.062
—5~-30 6 890.148 765.157 80.847 44.144
9 872.389 781.408 66.951 24.03
12 501.842 476.357 25.485 0
0 894.658 806.581 88.077 0
3 1027.467 875.112 152.354 0
-20~20 6 869.981 726.762 103.12 40.099
9 1292.425 1010.037 162.551 119.837
12 1305.531 949.593 208.309 11.308
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FIGURE 11: Peak stress and effective porosity after different number of cycles.

sizes; thus, it can visually reflect the changes of the internal
structure of the pores [47], and the NMR spectral areas of the
semirigid base after different number of cycles at different
temperature intervals are detailed in Table 11. The per-
centage of T, spectral area of different pore classes (less
harmful pores, harmful pores, and more harmful pores) to
the total T, spectral area is approximated as the pore volume
fraction, as shown in Figure 10. Combined with the analysis
in Table 11 and Figure 10, it can be seen that, regardless of
the environment, the percentage of the number of less
harmful pores far exceeds the percentage of the number of
harmful pores and the percentage of the number of more

harmful pores. The freeze-thaw environment damages the
material more deeply, resulting in a significantly higher
percentage of harmful pore counts and more harmful pore
counts than those in high- and low-temperature environ-
ments. Specifically, the percentage of harmful pores and
multiple harmful pores under freeze-thaw environment
varied with the number of cycles as 9.85%, 14.83%, 11.85%,
12.58%, 15.96%, 0.00%, 0.00%, 4.61%, 9.27%, and 11.31%,
respectively. The percentage of harmful pores and multi-
harmful pores under high-temperature environment varied
with the number of cycles as 4.52%, 5.50%, 8.69%, 7.78%,
9.62%, 4.55%, 0.50%, 1.76%, 3.24%, and 5.17%, respectively.
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The percentage of harmful pores and multiharmful pores
varied with the number of cycles in low-temperature en-
vironment as 4.76%, 7.29%, 9.08%, 7.67%, 5.08%, 0.52%,
9.36%, 4.96%, 2.75%, and 0.00%, respectively.

Based on the above analysis, this paper defines the sum of
the percentage of harmful pores and the percentage of
multiple harmful pores as the effective porosity of the
semirigid base material &. This paper describes the evolution
of mechanical properties of semirigid base material after
different cycles under different environments based on the
change of pore content (Figure 11) so as to analyze the
macrofine scale linkage of damage characteristics of semi-
rigid base material under large temperature difference
conditions and provide relevant data support and reference
value for the subsequent study of this kind of pavement
engineering problems. According to the test results, the
relationship curve between the effective porosity of NMR
and peak stress was established, as shown in Figure 12.
Combining Figures 11 and 12, it can be seen that the peak
stress is negatively correlated with the change of effective
porosity as the number of cycles increases, and the effective
porosity shows a decreasing trend with the number of cycles
at low temperatures, and vice versa at high-temperature and
freeze-thaw environments. It is shown that the mechanical
properties of semirigid base material under freeze-thaw and
high-temperature environments decrease exponentially as a
function of the increase in effective porosity, while the
mechanical properties of semirigid base material under low-
temperature environments increase exponentially as a
function of the decrease in effective porosity. This is more
consistent with the results of Zhang et al. [23,48].

4. Conclusions

The variation patterns of peak stress and dynamic mod-
ulus of semirigid base materials under different temper-
ature intervals show significant variability. The freeze-
thaw environment shows an overall deterioration of the
peak stress of the material, and the dynamic modulus
damage temperature damage influence factor is as high as
0.67~0.77. The effect of freeze-thaw environment is the
most significant.

In a high-temperature environment, peak stress and
dynamic modulus show a power function and polynomial
functions, respectively, with respect to the number of cycles.
In a low-temperature environment, the peak stress, dynamic
modulus, and the number of cycles show polynomial
functions. In the freeze-thaw environment, both peak stress
and dynamic modulus show a power function with respect
to the number of cycles. There is a significant correlation
between the axial load resistance and deformation resistance
of semirigid base material under freeze-thaw and low-
temperature environments.

The differences in damage characteristics of the semi-
rigid base under different environments are mainly reflected
in the dynamic evolution of pore structure and pore size,
which are rooted in the differences in the expansion and
contraction characteristics of each microscopic phase of the
material and the differences in the mechanical interface
effects on the internal pores, but the macroscopic damage
mode is mainly based on tensile damage. The peak stress and
effective porosity of the semirigid base under different en-
vironments are exponentially related.
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