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&e coupling effect of freeze-thaw (F-T) temperature and dynamic load on the dynamic mechanical properties and fracture
mechanism of saturated yellow sandstone was experimentally investigated in this research.&e dynamic compression tests on the
specimen after different F-T temperatures (i.e., − 5°S, − 10°S, − 15°S, − 20°S, − 30°S, and 20°S) have been carried out with split-
Hopkinson pressure bar (SHPB) setup under eight F-T cycle numbers. &e density and P-wave velocity of the specimens were
obtained before and after the F-T tests. After the F-T tests, the specimen microstructures were examined via the scanning electron
microscope (SEM). &e dynamic fracture process was visualized by the high-speed camera. &e particle size distribution and
fragment shapes of the specimens were analyzed using a classifying screen. In addition, the energy dissipation law of specimens
during the impact test was also discussed. Experimental results show that the dynamic elastic modulus, strength of the specimen,
and the average particle size decrease with decreasing F-T temperature. SEM results reveal that low F-T temperature leads to
severer internal damage of the specimen by inducing freeze-swell holes, interconnected cracks, and pore clusters. In addition, the
fragmentation shapes of the failed specimens exhibit double-cone failure, single-side slope failure, double-side slope failure, and
split failure. &e energy dissipation increases gradually with increasing F-T temperature. &is study helps to prevent geological
disasters and optimize engineering design in cold regions.

1. Introduction

&e mechanical properties and fracture behavior of intact
rock have a big influence on engineering reliability and
stability in mining and civil engineering projects [1]. &ese
behaviors may be influenced by many factors such as ex-
ternal environment, loading conditions, and microstruc-
tures of intact rocks [2–7]. Among them, the freeze-thaw
(F-T) effect is one of the most representative external en-
vironmental factors. &e distribution area of permafrost and
seasonal frozen regions accounts approximately 23% of the
world’s total land area [8]. With the development of engi-
neering constructions in cold regions, the design and
maintenance of these engineering requires a more profound

understanding for the mechanical properties and fracture
mechanism of rocks under complex thermal-mechanical
conditions. In some special cases, excavation works in cold
region include blasting and other forms of the impact load.
For instance, rock slopes in open pit mines and tunnel
concrete coating located in cold region are subjected to the
deterioration caused by the coupling effects of impact load
and F-T effect. &us, a thorough understanding on the
mechanical and fracture behavior of rocks under dynamic
load after F-T treatment seems to be crucial for the safety and
stability of rock engineering in cold region engineering.

&e change in mechanical behavior is caused by the rock
pore structure deterioration under F-T conditions. In pre-
vious works, some attempts have been made to investigate
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the degradation and fracture behavior of F-T treated rocks
[9–16]. However, most of the previous reports mainly fo-
cused on the static mechanical research [17, 18]; and only a
few studies on coupled dynamic mechanical deterioration
and fracture behavior have been reported. Wen et al. [19]
discussed the relationship between dynamic mechanical
strength and the number of F-T cycles using the experi-
mental and LS-DYNA numerical simulation methods. &ey
found that the peak strength and the slope of the postpeak
stress-strain curve of samples were different before and after
F-T cycles. Yang et al. [20] carried out the dynamic me-
chanical testing on sandstone subjected to F-T cycles and
analyzed the evolution characteristics of peak strength, peak
strain, and dynamic stress-strain curve of the specimen with
the changing number of F-T cycles. From the microscopic
perspective, Zhou et al. [21] investigated the effect of F-T
cycles on the microscopic damage and dynamic mechanical
properties of sandstone. &e studies by Ke et al. [22] show
that the pore structure obviously changed with increasing
F-T cycles and then an evolution equation for predicting the
dynamic peak strength of sandstone after F-T cycles was put
forwarded. Based on the above summary, it is clear that the
number of F-T cycles was taken as a variable to study rock
mechanical and fracture behavior in cold region engineering
[23]. However, there are limited reports in the literature
which focus on the coupled effect of impact loading and F-T
temperature on the mechanical and fracture behavior of
rocks [17, 24].

As shown in Figure 1, it indicates a clear temperature
distribution from − 12°S in the south region to − 28°S in the
north region during winter, of which these areas cover more
than 85% of the total area in China. Hence, it is important to
consider the temperature fluctuations in engineering design
for preventing the occurrence of dynamic disasters in cold
regions. In relevant literature, Liao et al. [25] carried out the
impact test on dry and saturated sandstone under different
low temperatures and investigated the relationship between
dynamic mechanical properties, temperature, and moisture
content under low-temperature condition. &e results show
that the change law of saturated specimen peak strength is
initially increasing slowly and then dropping sharply in the
temperature range of 25°S to − 40°S with the turning point
temperature at − 30°S. Meanwhile, the trend of peak strain is
initially dropping rapidly and then increasing sharply with
the turning point temperature at − 10°S. &is work mainly
focuses on the following four aspects: (1) How does the F-T
temperature affect the dynamic mechanical parameters of
rocks subjected to the same strain rate? (2) How does the F-T
temperature damage the internal structure of rocks after F-T
treatment? (3) What is the relationship between F-T tem-
perature and particle size distribution of specimens after
impact test? and (4) How does the F-T temperature affect the
energy dissipation law of specimens?

Based on the above research interests, the mechanical
and fracture behavior of yellow sandstone under the cou-
pling effect of F-T temperatures and impact load is in-
vestigated through the split-Hopkinson pressure bar (SHPB)
at eight F-T cycles. A high-speed camera is used to capture
the fracture process of the specimens. &e macroscopic and

microscopic fracture morphology and the mechanical
properties under different F-T temperatures are discussed.

2. Experimental Study

2.1. Rock Specimen Preparation. As shown in Figure 1, the
rock specimens are yellow sandstone collected from the
Haerwusu open-pit coal mine in Inner Mongolia of China.
According to the requirements of rock dynamic mechanics
experiments, the specimens (shown in Figure 2) are prepped
and cored into cylinders which have a diameter of 50mm
and a height of 25mmwith the errors of height and diameter
less than 0.05mm and 0.02mm, respectively [26]. In ad-
dition, the uniaxial compression tests are carried out at 20°S,
and the basic mechanical parameters as well as stress-strain
curve of rock specimens are shown, respectively, in Table 1
and Figure 3. It can be seen that the average P-wave velocity
and density of the specimen are 2451m/s and 2329 kg/m3

with the average uniaxial compressive strength of 32.93MPa
and Young’s modulus of 4.40GPa.

2.2. F-T Experimental Equipment and Procedure.
Moisture content is an important factor affecting the
physical and mechanical properties of rock mass during F-T
process [9]. To eliminate the effect of moisture content, the
yellow sandstone is first fully saturated before carrying out
the F-T tests. &e specimens undergo the F-T treatment
through the JC-ZDR-5 automatic low-temperature testing
machine, which is mainly composed of the temperature
control system, F-Tcycle tank, and refrigeration compressor
(Figure 4(b)). &e freezing temperature, F-T time, and the
F-T cycle number can be automatically adjusted by the
operating panel of the temperature control system. &e
experimental procedure is as follows:

(i) First, the P-wave velocity of natural samples is
measured by the P-wave velocity monitoring system
(Figure 4(a)) and then the specimen with similar
wave velocities is selected and divided into six
groups with three specimens in each group. &e
selected specimens are dried in an incubator for 24
hours at 105°S and then placed in a sealed tank to
extract gas with water injection for 12 hours until
the bubble-free overflow from the surface of the
specimen.

(ii) &en, the air pressure is adjusted in the sealed tank
to the atmospheric pressure and kept for 12 hours. It
can be considered that rock samples are fully sat-
urated as the saturated moisture content was found
to be 3.17%. &e saturated samples are placed in the
F-T cycle tank (Figure 4(b)) and frozen at different
temperatures (− 5, − 10, − 15, − 20, and − 30°S) with
eight F-T cycles. &e number of F-T cycles in this
experiment is consistent with the seasonal F-Tcycles
number of the slope located in the Haerwusu open-
pit coal mine. &e detailed F-T test process is shown
in Figure 5 in which the freezing and thawing time
are both 6 hours.
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(iii) Finally, the P-wave velocity of specimens after the
F-T treatment is measured again, and the micro-
structural characteristics of specimens will be ob-
served by scanning electron microscope (SEM) after
F-T treatment (Figure 4(d)).

2.3. Impact Experimental Equipment and Procedure. As
shown in Figure 6, the impact tests are carried out on a
50mm diameter SHPB test system, which consists of a
loading drive device, pressure bar device, energy absorp-
tion device, a signal acquisition, and analysis device.
During the impact test, the specimen is initially placed
between the incident bar and transmission bar, and then an
impact loading is applied by colliding the striker bar with
the incident bar. �is impact will form an incident pulse or
stress plus in the incident bar which will be transmitted to
the free end of the rock sample. �e stress pulse will be
re�ected and transmitted many times at the specimen-
incident bar or specimen-transmission bar interface and
cause high-speed compression deformation of specimens.
Some incident pulses are returned to the incident bar as
re�ected pulse, while others are transmitted to the trans-
mission bar as transmitted pulse. �e pulses will be
recorded into a signal acquisition system by the strain

gauge on the elastic compression bar. Finally, the whole
deformation process of the specimen will be recorded by
the millisecond high-speed camera for analyzing the
macroscopic failure process of yellow sandstone. �e ex-
perimental procedure is as follows:

Table 1: Physical and mechanical properties of yellow sandstone
(50mm× 100mm).

Samples ρ (kg·m− 3) v (m·s− 1) σc (MPa) E (GPa) εc (%)
1# 2330 2450 34.32 4.64 1.31
2# 2324 2463 31.01 4.21 1.28
3# 2332 2441 33.46 4.35 1.35
Average value 2329 2451 32.93 4.40 1.31

0.0 0.4 0.8 1.2 1.6
0

10

20

30

40

σ 
(M

Pa
)

ε (10–2)

Sample 1
Sample 2
Sample 3

Figure 3: Uniaxial compression stress-strain curve of yellow
sandstone.

Figure 2: Yellow sandstone samples in this study.
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Figure 1: Cold region distribution in China.
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(i) Firstly, the impact tests of specimens under normal
temperature are carried out by using the SHPB test
system (Figure 4(c)) at the pressure range of 0.2–
0.40MPa. �en, it can be inferred from the frag-
ments collected after the impact test that the frac-
ture degree of specimens is severe when the air
pressure reaches 0.35MPa and has a smaller change
with the gradually increase in air pressure. Hence,
the air pressure 0.35MPa is selected as an impact
loading in this experiment. �e typical shaped
waveform measured in SHPB test is shown in
Figure 7.

(ii) �en, a series of impact tests are carried out to study
the dynamic mechanical and fracture behavior of
saturated yellow sandstone after F-T. During the
impact test, the striker bar velocity is measured by a
speedometer at di�erent F-T temperatures; mean-
while, the strain rates of specimens are obtained

(a)

Temperature
control system

Freeze-thaw
cycle tank

Refrigerating compressor

(b)

(c) (d)

(e)

Figure 4: Testing systems in this work. (a) P-wave velocity monitoring system. (b) Freeze-thaw cycle equipment. (c) Impact loading test
equipment. (d) SEM device. (e) Classifying screen.
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Figure 5: Temperature pro�le of the yellow sandstone samples
undergoing the F-T cycle.
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using a three-wave method [27]. &e striker bar
velocity and the strain rate in this experiment are
shown in Table 2. It can be seen that their values
change with varying F-T temperatures. &e average
striker bar velocity ranges from 9.33m/s to 9.67m/s
under the same impact load, indicating a relatively
stable loading condition. In addition, the average
strain rates are in the range of 72.88 s− 1 to 75.97 s− 1,
indicating the consistency at different temperatures.

(iii) Finally, the specimen fragments are collected after
impact tests and then the particle size is also
counted by using a classifying screen (Figure 4(e)).

3. Experimental Results Analysis

3.1. Influence of F-T Temperatures on Physical Parameters of
Yellow Sandstone. Figure 8 shows the variation in the P-
wave velocity (υ) and the density (ρ) of yellow sandstone
with varying F-T temperatures. It is noted that all data reflect
the average values of the physical parameters of yellow
sandstone. According to Figure 8, the F-T temperature has
an extremely important effect on the P-wave velocity and

density of the yellow sandstone. Compared with the normal
temperature, υ and ρ decreased by 35.58%∼49.69% and
34.52%∼50.11% from − 10°S to − 30°S, respectively. In addition,
the P-wave velocity increased linearly as the F-T temperature
rises, whereas the specimen density increased nonlinearly.

3.2. Influence of F-T Temperatures on Dynamic Stress-Strain
Curve. &e dynamic stress-strain curves under various F-T
temperatures are shown in Figure 9. Figure 10 illustrates
the typical dynamic stress-strain curve and fracture process
of the yellow sandstone. &e stress-strain curve first ex-
periences a very short nonlinear deformation where the
initial pores and microcracks are compressed under the
effect of impact loading. Afterwards, the stress-strain curve
shows linear change, indicating the rock mass enters the
dynamic elastic stage where no new microcracks propa-
gated. Later, the stress-strain curve starts to nonlinear

AbsorberAir gun Striker

Strain gauge I Strain gauge II

Incident bar Transmission bar Absorber bar

Digital oscilloscopeAmplifier Computer

High-speed camera

Laser light

Laser velocimeter

Specimen and shield

Figure 6: Structural characteristic of the SHPB.
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Table 2: Velocity of striker bar (]) and strain rate of specimen (_ε)
under different freezing temperatures.

Sample T
(°S)

] (m·s− 1) _ε (s− 1)
Each
sample

Average
value

Each
sample

Average
value

1
20

9.53
9.51

74.34
74.742 9.69 76.98

3 9.31 72.87
4

− 5
9.25

9.49
71.47

74.575 9.49 74.88
6 9.72 77.37
7

− 10
9.81

9.51
78.69

74.898 9.33 72.16
9 9.39 73.81
10

− 15
9.54

9.33
74.23

72.8811 9.19 71.59
12 9.27 72.82
13

− 20
9.71

9.67
76.80

75.9714 9.77 77.61
15 9.54 73.50
16

− 30
9.71

9.54
73.92

73.6017 9.74 75.26
18 9.17 71.63
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increase with the decreasing deformation speed rate, in-
dicating that the new microcrack within the rock appears
and gradually propagates to the rock surface. Finally, the
specimen enters the postpeak stage where splitting and
shear failure occur with the appearance of macroscopic
cracks. �e yellow sandstone deformation features the
following stages considering the in�uence of F-T tem-
peratures: (1) dynamic compaction stage, (2) elastic stage,
(3) dynamic hardening stage, and (4) postpeak attenua-
tion stage. Comparing with the dynamic stress-strain curve
under the normal temperature, the F-T temperature
has considerable e�ect on the curve characteristic of
specimen, i.e.,

(i) An obvious dynamic compaction stage after F-T
treatment. As the F-T temperature is decreased from
− 5°S to − 30°S, the percentage of dynamic com-
paction stage gradually increases in the prepeak
region of the curve. However, there is no obvious
dynamic compression under the normal tempera-
ture (20°S). It maybe because the internal cracks
and pores of specimens after F-T treatment grad-
ually increase compared with the normal temper-
ature, resulting in a relatively obvious dynamic
compression stage. �e research results in Section 5
can support the viewpoint.

(ii) �e phenomenon of postpeak strain softening ap-
pears for all the curves when the specimens are
exposed to various F-T temperatures. However, the
stress-strain curves from 20°S to − 20°S drop rap-
idly after dynamic hardening stage. When the F-T
temperature arrived − 30°S, the attenuation slope of
the postpeak stress strain curve slightly decreases. It
means that the ductility of the yellow sandstone
gradually increases.

(iii) �e strength parameters of the rock mass, such as
dynamic Young’s modulus (Ed), dynamic peak
strength (σd), and dynamic peak strain (εd), varied
as the F-T temperature changed.

3.3. In�uence of F-T Temperature on Dynamic Mechanical
Properties. As shown in Figure 9, the dynamic Young’s
modulus, dynamic peak strength, and dynamic peak strain
can be obtained as shown in Table 3.

�e dynamic elastic modulus re�ects the deformation
resistance of the specimen exposed to F-T treatment. In
general, there are many various methods to determine elastic
modulus, which mainly include secant modulus, tangent
modulus, average modulus, and so on. In this work, we take
the straight line slope of the stress-strain curve in elastic
stage as the elastic modulus of the specimen. �e methods
have already been used in other papers [28]. Figure 11
depicts the relationship between the dynamic elastic mod-
ulus (Ed) and the F-T temperatures (T). Generally, dynamic
Young’s modulus decreases with decreasing F-T tempera-
ture. For instance, the parameter Ed decreases by 54.91%
(from 27.57GPa to 12.43GPa) when the F-T temperature
decreases from − 10°S to − 20°S and then only decreases by
46.74% (from 12.43GPa to 6.62GPa) when the F-T tem-
perature drops from − 20°S to − 30°S. It means that the lower
the F-T temperature, the weaker the deformation resistance
of the yellow sandstone under the same F-T cycle number.

�e dynamic peak strength (σd) and peak strain (εd)
represent the ultimate bearing capacity and deformation
behavior of the yellow sandstone, respectively. Figure 12
reveals the relationships between the two parameters (σd and
εd) of the yellow sandstone and the F-T temperature. As the
F-T temperature decreases, the dynamic peak strength de-
creases linearly, whereas the dynamic peak strain increases
linearly. When the F-T temperature drops from − 10°S to
− 30°S, the dynamic peak strength is reduced from
61.97MPa to 37.51MPa with a considerable drop of 39.47%.
Moreover, the dynamic peak strain increases from 0.91% to
1.42% with an increase rate of 56.04%. It means that the
yellow sandstone specimen experiences brittle behavior to
ductile behavior transition as the F-T temperature decreased.
�e ultimate bearing capacity of specimens also gradually
dropped.

4. Lumpiness Distribution

4.1. E�ect of F-T Temperature on the Particle Size. �e
lumpiness distribution re�ects the macroscopic fracturing of
the specimen under di�erent F-T temperatures. �e
lumpiness distribution can be expressed by the average
particle size of the specimen. �e typical lumpiness distri-
bution and cross-section morphology of the yellow sand-
stone under di�erent F-T temperatures are shown in
Figures 13 and 14, respectively. �e particle sizes of each
specimen can be divided into eight groups through a clas-
sifying screen. �e gradient range of particle sizes are 0–1,
1–2.5, 2.5–4, 4–6, 6–8.5, 8.5–11, 11–13, and >13mm, and
they are represented by the notations 8, 7, 6, 5, 4, 3, 2, and 1,
respectively. �e di�erent particle size mass,Wn, of the same
specimen can be measured by the high-precision electronic
balance.�emass percentage,Wsn, of each particle size to the
total mass can be calculated. In Figure 15, it should be noted
that Wsn is the average values from multiple test samples
under the same experimental conditions.
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Figure 13 indicates that the rock fragments can be roughly
divided into two types: the main fragment and secondary
fragment in all fractured specimens when the strain rate is in
the range of 72.88 s− 1∼75.97 s− 1.�e cross section of the main
fragment always display an obvious circular grooves in the

middle of maximum particle size block no matter what the
F-T temperature is, which is termed the double-cone-failure
pattern. �e secondary fragment mainly includes the double-
side slope pattern, single-side slope pattern, and split failure
pattern. Technically, both the slope-failure pattern and
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Figure 10: Typical dynamic stress-strain curve and fracture process of yellow sandstone.

Table 3: Dynamic elastic modulus (Ed), peak strength (σd), and peak strain (εd) under di�erent freezing temperatures (σd is the peak stress of
dynamic stress-strain curve; εd is the strain corresponding to the peak stress; and Ed is the slope of the stress-strain curve in elastic stage).

Specimen T (°S)
Ed (GPa) σd (MPa) εd

Sample Average Sample Average Sample Average

1
20

36.71
38.29

72.06
74.02

0.0062
0.00642 38.42 73.94 0.0068

3 39.73 76.05 0.0063
4

− 5
37.21

34.00
67.73

70.49
0.0072

0.00755 30.79 72.88 0.0075
6 35.82 70.86 0.0079
7

− 10
28.74

27.57
62.10

61.97
0.0087

0.00918 29.78 57.38 0.0101
9 24.19 66.52 0.0085
10

− 15
17.13

19.07
53.78

53.74
0.0089

0.009311 20.37 57.55 0.0086
12 19.72 49.90 0.0104
13

− 20
12.67

12.43
45.58

46.44
0.0108

0.010414 13.04 45.26 0.0110
15 11.58 48.49 0.0093
16

− 30
6.85

6.62
36.35

37.51
0.0147

0.014217 6.52 37.12 0.0136
18 6.49 39.07 0.0142
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double-cone-failure pattern belong to the modes of shear
failure [29]. �erefore, the yellow sandstone presents the
split-shear combined failure form. As shown in Figure 15, the
mass percentage of minimum size particles (n� 8) gradually
increases with decreasing F-T temperature. On the contrary,
the mass percentage of maximum size particles (n� 1)
decreases.

To quantify the in�uence of the F-T temperature on the
fracture degree of the yellow sandstone, the particle size
coe¦cient r is introduced to represent the average particle
size of the specimen [28]:

r � ∑
8

n�1
Wsndms, (1)

where dms is the average particle size in each particle size
range. When n� 1, the minimum and maximum particle
sizes are, respectively, 13mm and 50mm. �e larger the
particle size coe¦cient is, the larger the average particle size
is, which means that the fracture degree of the specimen is
lower.

Table 4 shows the value of particle size coe¦cients under
di�erent F-T temperatures. Figure 16 shows the relationship
curve between particle size coe¦cient, r, and the F-T
temperature, T. As the F-T temperature rose from − 30°S to
− 20°S or from − 5°S to 20°S, the particle size coe¦cient
gradually increases with a smaller speed rate. However, when
the F-T temperature rose from − 20°S to − 5°S, the particle
size coe¦cient rapidly increased nonlinearly. For instance,
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Figure 13: Typical lumpiness distribution characteristic of yellow sandstone under different F-T temperatures.
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side slope failure; fragment III, double-side slope failure; fragment IV, split failure.
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when the F-T temperature increased from − 30°S to − 20°S or
from − 5°S to 20°S, the particle size coefficient only increased
1.31mm with an increase of 21.3% or 1.03mm. When the
F-T temperature grew from − 20°S to − 10°S, the particle size
coefficient rapidly increased to 5.09mm with a significant
rise of 68.23%.&us, the F-T temperature strongly affects the
lumpiness distribution (fracture degree) of the yellow
sandstone, particularly in the range of − 20°S to − 5°S. &e
lower the F-T temperature, the higher the dynamic damage
degree of rock.

Actually, the trend of particle size coefficient with in-
creasing F-T temperature is different from the mechanical
parameters (σd, Ed, εd). It may be because that the number of
microcracks may not be the only factor related to the

fracture degree of specimens. In addition, the distribution
form and propagation direction are also influencing the
trend. As shown in Figure 17, the main crack and inter-
connected crack begin to appear in large scale when the
temperature is below − 10°S, which may increase the fracture
degree of the specimens. As a result, the relationship curve
between particle size coefficient and F-T temperatures shows
a sharp decreasing trend.

4.2. Discussion on Relationship among Particle Size Co-
efficients and Mechanical Parameters. Figure 18 indicates
that the relationship among particle size coefficient and
elastic modulus as well as peak strength. Figure 19 shows the
change trend of peak strain with the particle size coefficient.
It can be seen from Figures 18 and 19 that the elastic
modulus and peak strength approximately linear increase
with increasing particle size coefficient, respectively, whereas
the peak strain gradually decreases nonlinearly. It means that
the change in mechanical parameters caused by F-T tem-
perature is closely related to the fracture degree of specimens
reflected by the particle size coefficient. In open-pit mines,
we may be able to optimize blasting parameters in advance
by the methods of using dynamic mechanical parameter
changes to predict the rock fracture degree under different
F-T environments. &at is useful for fast loading-unloading
and transporting coal or rock fragments.

5. Influence of F-T Temperature on the
Microfracture Morphology

&emechanical properties and macrofracture characteristics
of the rock mass are closely related to its microstructure.&e
scanning electron microscope (SEM) is used to reveal the
microstructural characteristics of the yellow sandstone
subjected to the different F-T temperatures from 20°C to
− 30°C. Figure 17 presents typical SEM surface images of
specimen under different F-T temperatures. It should be
noted that all SEM tests are performed before the impact
testing. &e results from the SEM are as follows:

(i) At the normal temperature, some initial pores,
microcracks, and inconspicuous defects, which are
closely related to the natural environment of yellow
sandstone, are distributed within the rock. &e in-
ternal matrix of the specimen is relatively dense.
After the F-T treatment, some obvious defects (in-
cluding pore cluster, larger holes, and inter-
connected cracks) are found in the interior of
specimens that results in the strength weakening of
rock as the density decreased.

(ii) SEM tests (magnification 1000) indicate that the F-T
temperature has substantial influence on the mi-
crostructure of specimens. As the F-T temperatures
drop from − 5°C to − 30°C, the internal defects of the
specimens obviously increase, and the diameter of
pores gradually expands (Figures 17(c) and 17(e))
and the crack width also dramatically increases
(Figures 17(c) to 17(f )). &e maximum crack widths
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Figure 16: Relationship curve between particle size coefficient and
F-T temperatures.

Table 4: Particle size coefficients under different F-T temperatures.
T (°S) 20 − 5 − 10 − 15 − 20 − 30
r (mm) 15.27 14.24 12.55 8.72 7.46 6.15
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Figure 15: Mass percentage of different particle size fragments
under different F-T temperatures.
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observed in the test samples are 4 μm for − 10°C,
10 μm for − 15°C, 17 μm for − 20°C, and 30 μm for
− 30°C, respectively. When the F-T temperature

reaches − 15°C, the interconnected crack will be
formed as shown in Figure 17(d). As the temperature
continues to decrease, the freeze-swell holes cluster

Initial pore

Microcrack

T = 20°С

(a)

T = –5°С

(b)

F-T pore cluster

F-T main crack

4μm

T = –10°С

(c)

10μm

Interconnected
crack

F-T main crack

T = –15°С

(d)

Freeze-swell
Hole

Freeze-swell crack

17μm

T = –20°С

(e)

30μm

Freeze-swell crack

F-T crack propagation

T = –30°С

(f )

Figure 17: Microstructural characteristics of yellow sandstone under different F-T temperatures.
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are generated inside the yellow sandstone. Once the
F-T temperature reaches − 30°C, the larger size freeze-
swell crack will appear and develop, which seriously
damage the internal structure of the specimen.

As the F-T temperature decreases, the internal damage
degree of the sample increases, which worsens its integrity
and weakens the mechanical properties of rocks. �e
lumpiness distribution is also closely related to the specimen
integrity. �e higher the integrity of the sample, the less the
number of small size particles. It means that the particle size
coe¦cients gradually increase with the increasing F-T
temperature, which is consistent with the conclusion in
Section 4.

6. Influence of F-T Temperature on
Energy Dissipation

6.1. Energy Dissipation Calculation. Based on the one-
dimensional stress wave theory and the uniform stress

assumption [27], with the incident wave, re�ected wave, and
transmitted wave measured by the high dynamic strain
indicator, the stress (σ(t)), strain (ε(t)), and strain rate (_ε(t))
of the saturated yellow sandstone can be deduced through a
three-wave analysis [28]:

σ(t) �
A0E0

2Ac
εI(t) − εR(t) − εT(t)[ ],

ε(t) �
C0

lc
∫
t

0
εI(t) − εR(t) − εT(t)[ ]dt,

_ε(t) �
C0

lc
εI(t) − εR(t) − εT(t)[ ],




(2)

where εI(t), εR(t), and εT(t) are the strains of incident wave,
re�ected wave, and transmitted wave, respectively. E0, A0,
and C0 are Young’s modulus, the cross-sectional area, and
elastic longitudinal wave speed of the bar, respectively.Ac
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Figure 18: Relationship among particle size coe¦cient and elastic modulus as well as peak strength.
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and lc are the cross-sectional area and height of specimens,
respectively.

�en, the incident energy (WI), re�ected energy (WR),
and transmitted energy (WT) of the yellow sandstone can be
calculated [28] as follows:

Wi �

A0C0

E0
∫
t

0
σ2I(t)dt � E0A0C0 ∫

t

0
ε2I(t)dt,

A0C0

E0
∫
t

0
σ2R(t)dt � E0A0C0 ∫

t

0
ε2R(t)dt,

A0C0

E0
∫
t

0
σ2T(t)dt � E0A0C0 ∫

t

0
ε2T(t)dt,




(3)

where σI(t), σR(t), and σT(t) are the incident wave stress,
re�ected wave stress, and transmitted wave stress,
respectively.

�e incident energy (Wi) caused by the impact between
the incident bar and striker bar is mainly from four sources:
the energy absorbed by the specimen, the energy re�ected
back into the incident bar, the energy propagated to the
transmitted bar, and dissipated energy caused by the friction
between the specimen and the bar, which accounts for a
small proportion and can be ignored [27]. Hence, the dis-
sipated energy (WL) can be obtained by

WL �WI − WR − WT. (4)

6.2. Energy Dissipation. �e incident, re�ected, transmitted,
and dissipation energies of the yellow sandstone subjected to
di�erent F-T temperatures can be obtained by combining
equations (3) and (4). Figure 20 presents the relationship
between di�erent energies and F-T temperatures. Both the
incident energy and the re�ected energy remain nearly
unvaried as the F-T temperature gradually decreases. �e

incident energy and the re�ected energy are in the range of
49.57–50.24 J with the average value 49.96 J and 24.45–
25.65 J with the average value 25.03 J, respectively. However,
the F-T temperature highly a�ects the transmitted and
dissipation energies. As the F-T temperature drops from
− 5°S to − 30°S, the transmitted energy increases linearly
from 7.89 J to 20.76 J with an increasing rate of 163.12%,
whereas the dissipation energy decreases linearly from
16.99 J to 4.86 J with a reduction rate of 71.39%. �e relation
between dissipation energy or transmitted energy and the
F-T temperature can be, respectively, expressed as

WT � 18.83 + 0.46TR2 � 0.9815,

WL � 5.34 − 0.51TR2 � 0.9883,
{ (5)

where WT and WL are transmitted energy and dissipated
energy, respectively. �e mechanism underlying this phe-
nomenon can be interpreted as follows. �e same impact
load of 0.35MPa is applied to all the saturated specimens of
the yellow sandstone. Hence, the incident energy caused by
the impact loading is approximately equal under di�erent
F-T temperatures. Based on the stress wave propagation
theory, the re�ection and transmission occur when the stress
wave is transmitted to the interface between the incident bar
and the specimen, and their values depend only on the wave
impedance di�erence of materials and the contact state. In
this F-T test, the F-T treatment led to the change in wave
impedance di�erence of the yellow sandstone, whereas the
re�ection energy remains almost unvaried. �at is mainly
because the contact state between the specimen and the bar
varied during the impact process.

In addition, as the F-T temperature declined, the in-
oculation, germination, extension, and penetration of the
microcrack inside the sample accelerate the damage degree
of the specimen, which leads to the degradation of the
physical and mechanical properties of the rock. �e prop-
agation of initial cracks, expansion of pores, and the gen-
eration of new cracks consume energy to develop fracture
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Figure 20: Variation regularity of energy dissipation with di�erent F-T temperatures.
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and promote the expansion of internal cracks. It should be
noted that the energy dissipation decreases with an in-
creasing porosity of the specimen [30]. Nevertheless, the F-T
temperature can increase the damage degree and improve
the porosity of rocks by the frost heaving effect [25, 29]. &e
deformation resistance ability of specimen is also weakened
so that the dissipation energy absorbed by the specimen
during the impact fracture process gradually decreases as the
F-T temperature decreases. Hence, the transmitted energy
collected by the impact test system will increase following
equation (3).

7. Conclusions

In this work, a series of dynamic compression tests on the
saturated yellow sandstone subjected to different F-T tem-
peratures (i.e., − 5°S, − 10°S, − 15°S, − 20°S, − 30°S, and 20°S)
are carried out using SHPB equipment with eight F-T cycle
numbers. &e coupling effect of the F-T temperature and
impact load on the mechanical properties, lumpiness dis-
tribution, microstructural feature, and energy dissipation of
the specimens is discussed. From the investigation, the
following conclusions can be drawn:

(i) Under the same strain rate, as the F-T temperature
gradually decreased, both the P-wave velocity and
the density of the saturated specimens decreased.
&e dynamic elastic modulus and peak strength also
decreased, whereas the dynamic peak strain in-
creased. Meanwhile, the specimen transitioned
from brittle behavior to ductile behavior.

(ii) When the strain rate is in the range of 72.88 s− 1 to
75.97 s− 1, the fracture modes of the yellow sand-
stone mainly include the double-cone failure pat-
tern, single-side slope failure pattern, double-side
slope failure pattern, and split failure pattern. &e
particle size coefficient markedly decreased from
− 5°S to − 20°S with a high gradient while decreased
gradually from 20°S to − 5°S and − 20°S to − 30°S
with a lower speed rate. Hence, the effect of the F-T
temperature on the macroscopic fracture degree of
the yellow sandstone is significant, particularly in
the range of − 20°S to − 5°S.

(iii) SEM analysis shows that the F-T temperature is able
to contribute to the internal damage degree of the
specimen and produces a high number of freeze-
swell holes, interconnected cracks, pores cluster,
and other defects inside the specimen. Both the pore
diameter and crack width gradually increased with
the decrease of the F-T temperature. &e fragment
size caused by the impact tests gradually decreased.
&is is consistent with the macrofracture charac-
teristics of the yellow sandstone.

(iv) As the F-T temperature decreased, both the incident
and reflected energies remain approximately con-
stant whereas the transmitted energy increased
linearly and the dissipation energy decreased
linearly.
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[13] A. Özbek, “Investigation of the effects of wetting-drying and
freezing-thawing cycles on some physical and mechanical
properties of selected ignimbrites,” Bulletin of Engineering
Geology and the Environment, vol. 73, no. 2, pp. 595–609, 2014.
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