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As one of the most important unconventional hydrocarbon resources, the oil shale has been extracted with a frozen wall to
successfully increase the shale oil production and reduce environmental pollution, which results from the harmful liquids in
the in situ conversion processing of oil shale. Thereby, the strength and permeability of the frozen wall are extremely critical
to reduce the harmful chemicals leaching into the groundwater. However, the permeability and strength of the frozen wall can
be influenced by periodic freeze-thaw cycles. In order to investigate the damage and deterioration characteristics of oil shale
samples after various periodic freeze-thaw cycles, the oil shale samples were periodically frozen and thawed as many as 48
times, after which the sample mass, stress-strain, freeze-thaw coefficient, uniaxial compressive strength, elastic modulus,
and longitudinal wave velocity of the oil shale samples were separately measured. According to the measured results, the
number of freeze-thaw cycles greatly influenced the physical and mechanical properties of oil shale samples. The uniaxial
compressive strength and elastic modulus of the oil shale samples were changed with maximum variation rates of 64%
and 65%, respectively. Meanwhile, the freeze-thaw coefficient of measured oil shale samples exponentially decreased with
the increased number of freeze-thaw cycles, whereas the longitudinal wave velocity of tested samples ranged from 1602m/s
to 2464m/s as a result of the new micropores inside the oil shale sample. Research results have enormous significance to
the efficient and safe in situ exploitation of oil shale deposits.

1. Introduction

Oil shale is considered an important unconventional hydro-
carbon resource, and its worldwide reservoir volume is huge.
According to the latest report of the World Energy Council
[1], the converted reserves of oil shale resources into shale
oil reaches up to 4:8 × 1012 bbl throughout the world, which
is 4 times as much as the world’ s oil resources. It can be
confirmed that there are more than 300 shale deposits dis-
tributed in 40 countries, though the most abundant oil shale
resources are located in the United States [2]. With the
increasing price of the crude oil, the new energy resources,
such as oil shale, have received further attention due to their

tremendous prospects for the production and utilization
[3, 4]. Therefore, various production technologies of the
shale oil have been proposed, such as true in situ (TIS) and
modified in situ (MIS) for the conversion of oil shale [5]. In
addition, the in situ conversion and restoration of shale oil
are mainly accomplished by means of heat and chemistry
activation, which intensively change the underground envi-
ronment and reservoir property of the oil shale [6].

In shell’ s in situ retorting and conversion process, the
kerogen of shale oil is thermally decomposed and converted
into shale oil gas, which will be collected and separated
above ground [7, 8]. However, the uncollected liquids in
the spent shale or the vapour produced during in situ
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retorting may leach into groundwater; thereby, a frozen wall
acts as an underground barrier around the oil shale site [9].
Besides, the freezing technology was applied to form a
water-proof structure during the in situ production of
underground energy [10]. In order to prevent groundwater
from entering the oil shale site and prevent the harmful liq-
uids produced by the in situ retorting from leaching out at
the site, the frozen wall has been successfully utilized for
the in situ conversion processing of oil shale [11, 12]. Ini-
tially, the targeted oil shale reservoir is enclosed with a
cluster of freezing boreholes, which facilitates the rapid
formation of underground frozen wall with expected coolant
temperature of minus 42.8°C. Due to the permeability and
strength of the frozen wall are determined by the physical
and mechanical properties of oil shale deposits, the potential
production capacity of shale oil may also be reduced when
the conditions of the frozen wall, such as temperature, stress,
and confining pressure, are changed. Once the strength
and permeability of frozen wall have been weakened by
freezing-thawing conditions, the underground water will
be directly polluted, and the production efficiency will be
subsequently reduced. In addition, the deformation and fail-
ure of frozen wall eventually leads to the potential pipe break-
ages, which dramatically increase the production cost of shale
oil [13, 14]. Thereby, the influence of freeze-thaw condition

on the quality of frozen wall is extremely crucial for improv-
ing the exploitation of oil shale reservoir [15].

In previous studies, great advancements about the effects
of periodic freeze-thaw conditions on variations of the
mechanical and physical properties of other rocks have been
made in recent years [16]. [17] from Spain conducted series
of freeze-thaw experiments on various types of granites for
56 cycles with time intervals of 4 h, 8 h, and 12 h while the
temperature was ranging from 12°C to 20°C. Subsequently,
the ultrasonic wave velocity of granite samples was tested
after every freeze-thaw cycle. The test results showed that
the ultrasonic velocity of granite samples decreases with
the lithology and freeze-thaw cycles, which result from the
increased number of pores and microcracks caused by the
freeze-thaw action. Yavuz [18] also found that the hardness,
comprehensive strength, and P-wave velocity of andesite
samples reduced after 10 freeze-thaw cycles and 50 thermal
shock cycles, whereas the porosity and water absorption rate
of the measured samples increased.

The rock mechanical properties under periodic freeze-
thaw cycles were researched by Yang and Zhang, and the
influence of freezing temperatures and freezing speed on
the deterioration characteristics of rocks was obtained by
using CT scanning equipment [19–21]. Besides, the temper-
ature variation of frozen soil wall and the evolution charac-
teristics of the specific heat capacity are analyzed by Yang
et al. [22]. Wu Gang [23] separately tested the deterioration
characteristics of saturated and dry rock samples with 60
freeze-thaw cycles, and the ultrasonic longitudinal wave
and shear wave velocities were measured by the ultrasonic
tester. Working with granite samples obtained from Jilin,
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Figure 1: Schematic diagram of periodic freeze-thaw action process in oil shale samples.

Figure 2: The tested oil shale samples with a diameter of 35mm.

Table 1: Physical parameters of the tested oil shale samples.

Dry density ρ (g/cm3)
Natural moisture

content (%)
Porosity (%)

1.40 5.5490 1.7972
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China, Liu [24] conducted freeze-thaw experiments for 20
cycles under the condition of local minimum temperature.
The test results showed that low-temperature freeze-thaw
cycles have no obvious effect on the quality of granite,
whereas these cycles have a great impact on the strength,
stiffness, and Poisson’s ratio of the tested samples. In addi-
tion, Bellanger [25] analyzed the calculation method of tun-
nel frost heaving force corresponding to the physical and
mechanical properties of rock samples. Overall, several effec-
tive methods for controlling the freezing deterioration of soft
rock have been proposed, including changing the physical
and mechanical properties of the rock, extruding the pore
water from the frozen area, and increasing the internal tem-
perature of the tunnel [26].

In present studies, the influence of periodic freeze-thaw
cycles on the deterioration characteristics of undermined
oil shale is adequately analyzed according to the changes in
physical and mechanical properties of rock samples. Studies
on the physical and mechanical characteristics of oil shale
samples will facilitate the development and utilization of
oil shale resources. In addition, the oil shale samples recov-
ered from Huadian Oil Field were utilized to measure the
physical and mechanical properties of the tested samples.
The freeze-thaw testing machine and mechanical testing
machine were used to assess the damage and deterioration
characteristics of oil shale samples under conditions of peri-
odic freeze-thaw cycles, and the influence of periodic freeze
-thaw cycle on the variation of mechanical and physical
properties was investigated. The findings will contribute to
the comprehensive study of oil shale samples, especially for
the exploitation and production of oil shale deposits.

2. Mechanism of the Periodic Freeze-
Thaw Cycle

Freeze-thaw cycles refer to the periodic freezing or thawing
of rock and soil while the temperature falls below zero or
rises above zero, which belongs to the physical and geologi-
cal process phenomenon. Under minus temperature condi-
tion, water in the fractures of rock and soil will be frozen
and expanded; thus, excessive pressure produced by ice par-
ticles will be accumulated inside the rock fracture. However,
the frozen ice existed inside the fractures will be melted
while the temperature rises, and the water droplets as well
as moisture move along the pores or capillary pathway of
the structure surface to the internal structure. Hence, the
pressure on two walls of the rock fracture was dramatically
decreased, and two walls between rock fractures push back
to the center. Moisture in the structure surface and internal
fractures will be alternately frozen and melted, which is
known as periodic freeze-thaw cycle. As shown in Figure 1,
during the process of periodic freeze-thaw cycle, fractures
inside the rock will be expanded and grown in quantity;
accordingly, the stones are separated by rock particles [27].

Freeze-thaw deterioration of rocks is an integrated pro-
cess derived from the physical, chemical, and mechanical
phenomena. It is a complicated process coupling with a mul-
tifield of temperature, water, and force, especially the energy
transfer, phase change, and migration of water [28]. The
essence of freeze-thaw damage and deterioration is that the
compositions of rock, such as water, ice, and mineral, have
different thermal physical properties [29]. Due to different
crystalline orientations have different thermoelastic proper-
ties, as well as different shrink and expansion ratios of vari-
ous mineral particles, shrinkages and expansions across the
grain boundary are unbalanced, which applies a gravity force
between mineral grains and micropore. The weakly cemen-
ted rock particles will be destroyed by such internal stress
and cause partial damage and deterioration inside the rock
matrix. While the temperature dropping to the freezing
point, water transforms from liquid to solid, and this process
will generate inflation tensile stress, which will lead to the
damage of some weak rock particles. When the temperature
rises, pore fissure water in the rock melts, freezing stress
releases, moisture migrates, and fracture in local damage
area interconnects, eventually aggravating this damage. With
the increase of periodic freeze-thaw cycle, internal stress

Figure 3: Experimental apparatus of TDS-300 periodic freeze-thaw cycles.

Figure 4: DNS100 microcomputer controlled electronic test
machine.
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alternately acts on the skeleton of rock mass with the exter-
nal temperature circulation, which causes irreversible deteri-
oration inside the rock matrix.

According to Lemaitre’ s brittle damage model, the dete-
rioration characteristic of oil shale sample can be specified
by the uniaxial compression strain, as shown in formula (1):

D = ε

εr

� �k

: ð1Þ

According to the relationship between stress and strain
obtained from uniaxial compression, the stress can be
expressed as

σ = E 1 −Dð Þε: ð2Þ

Thereby, the damage constitutive equation of oil shale
samples can be presented as formula (3) after various
freeze-thaw cycles:

σ = E nð Þ 1 − ε

εr

� �k
" #

ε: ð3Þ

Besides,

E nð Þ = E0 1 −D nð Þ½ �: ð4Þ

Eventually,

σ = E0 1 −D nð Þ½ � 1 − ε

εr

� �k
" #

ε, ð5Þ

where D denotes the damage degree of oil shale, n denotes
the freeze-thaw cycles, E denotes the elasticity modulus of

raw oil shale, EðnÞ denotes the elasticity modulus of frozen
oil shale, ε denotes the initial strain of oil shale sample,
and εr denotes the strain of frozen oil shale.

It can be indicated that the uniaxial compression
strength of the oil shale sample is closely influenced by
freeze-thaw cycles, which conversely changes the physical
and mechanical properties of oil shale samples. Therefore,
the variation of uniaxial compressive strength, mass,
freeze-thaw coefficient, stress, and strain of tested oil shale
samples will be discussed with various freeze-thaw cycles
in the present research.

3. Tests on the Oil Shale Samples with Periodic
Freeze-Thaw Cycle

3.1. Preparation of Tested Oil Shale Samples. The tested oil
shale samples were recovered from Huadian Basin, Jilin
Province, China. The dimension of all tested samples is φ
50mm × 100mm, and the dry density of all samples is
approximately 1.4 g/m3. The reservoir depth of tested oil
shale sample is 600m, and the seam deposition age in Hua-
dian belongs to the Tertiary period of the Cenozoic [30].
Besides, the tested samples were prepared by drilling and
coring in oil shale mass with a water drilling method in
the laboratory. According to the requirements for thin sam-
ples, the height-diameter ratio of prepared samples was 2 : 1,
which accords with the requirement for improving measure-
ment errors. In present experiments, a total of 24 pieces of
oil shale samples with good integrity were tested, and the
tested samples were as shown in Figure 2.

Meanwhile, other specified physical parameters of the
tested oil shale samples are as shown in Table 1. The dry
density was tested by dehydrating for 48 hours in a drying
oven, whereas the natural moisture content and porosity
were simultaneously measured with a QKY-11 gassy poros-
ity detector manufactured by Nantong Experimental Appa-
ratus Company. The porosity of oil shale samples can be
calculated based on the solid volume and physical volume
of the tested samples. The solid volume is derived from the
balance pressure of a standard curve.

3.2. Experimental Apparatus. The test apparatus with a spec-
ified cryogenic bath is termed as TDS-300 freeze-thaw cycle
test machine, which was manufactured by Suzhou Donghua
Test Instrument Co., Ltd., as shown in Figure 3. The mini-
mum working temperature of the test machine is -40°C,
and the periodic freeze-thaw cycle of the oil shale samples
can be conducted by freezing in the test machine and thaw-
ing in the water. Once the freezing temperature of the tested
sample is confirmed, the periodic freeze-thaw cycles of oil
shale samples will be automatically completed without extra

Figure 5: Samples in the periodic freeze-thaw experimental
apparatus.

Table 2: State of each group of samples.

Group Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 Group 7 Group8

Hydrous conditions Dry Saturated Saturated Saturated Saturated Saturated Saturated Saturated

Cycle times 0 0 2 times 4 times 8 times 16 times 24 times 48 times
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operations. Overall, relevant requirements of the standard
measurement of periodic freeze-thaw cycles are qualified.

The mechanical and physical properties of the oil shale
samples were measured with a DNS100 microcomputer,
controlled by electronic universal testing machine, as shown
in Figure 4. The universal testing machines are mainly used
for testing the tensile, compression, bending, shear, peel, tear,
and other mechanical properties for all types of metallic, non-
metallic, and composite materials. The maximum force, ten-
sile strength, bending strength, compression strength, elastic
modulus, breaking elongation, yield strength, and other
parameters can be obtained. Meanwhile, the ZBL-U520 ultra-
sonic detector, electronic balance (tolerance of 0.0001g) accu-
racy, vernier caliper, and drying oven have been utilized in all
experiments.

3.3. Experimental Methods and Proposals. According to the
operation specification of conventional rock experiments
under conditions of periodic freeze-thaw cycles in water
conservancy and hydroelectric engineering (SL264-2001),
all periodic freeze-thaw experiments were conducted with
-20°C freezing temperature and 20°C thawing temperature.

The experimental procedures were as follows: firstly, the
oil shale samples were frozen for 4 hours in the test appara-
tus with a temperature of -20°C, then being thawed for 4
hours in the water at a temperature of 20°C, namely, each
freeze-thaw time step was 8 hours. There were 8 groups of
oil shale samples in all freeze-thaw experiments, and each
group included 3 samples. Six groups of samples were proc-
essed under conditions of periodic freeze-thaw cycles with 2,
4, 8, 16, 24, and 48 hours, separately. Before the periodic
freeze-thaw experiments, all the oil shale samples were
placed in the oven (temperature at 105°C) for 48 hours,
which is aimed at dehydrating all the samples to a constant
weight (mass changes no greater than 0.1% in 24 hours).
Then, the mass of each oil shale sample can be weighed
and recorded. As shown in Table 2, totally, 2-8 groups of
samples were continuously vacuumed for 4 hours until no
air bubbles existed in the sample.

Subsequently, the oil shale sample was placed in distilled
water for 48 hours until to be saturated; thus, the mass of
each oil shale sample can also be weighed and recorded.
The oil shale samples in group 1 and group 2 were prepared
for the uniaxial compressive strength experiment, and the
rest of the samples were placed in the freeze-thaw experi-
mental apparatus for periodic freeze-thaw experiment, as

Sample
preparation Drying Weighing

Acoustic
wave test

Uniaxial
compression

test

Weighing

Weighing Freeze-
thaw cycle

Soaking

Group 1 Group 2

Group

Various

cycles

3–8

Data
acquisition

Figure 6: Flow diagram of the periodic freeze-thaw experiments.

Figure 7: Test on the mechanical properties of the measured oil shale samples.

Figure 8: Ultrasonic detection on oil shale samples after periodic
freeze-thaw cycles.
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shown in Figure 5. After the designed freeze-thaw cycles
were completed, the mass variation of tested oil shale sam-
ples will be weighted and recorded. The ultrasonic detection
and uniaxial compression experiments were conducted once
the weight of oil shale samples has been measured. Overall,
the oil shale samples were continuously tested under condi-
tions of periodic freeze-thaw cycles until all the experiments
were entirely completed. The flow diagram of the periodic
freeze-thaw experiments is shown in Figure 6.

3.4. Uniaxial Compression Test on Oil Shale Samples after
Periodic Freeze-Thaw Cycles. Once the oil shale samples
were processed under conditions of periodic freeze-thaw
cycles, the mechanical properties were measured with the
uniaxial compression experiments in the rock mechanics
laboratory (locates in the College of Construction Engineer-
ing, Jilin University). Under average ambient temperature
conditions, the experiments were carried out using a
DNS100 microcomputer-controlled electronic universal
testing machine, and the strain and stress measurement were
acquired with the electric resistance strain gauge. Mean-
while, the axial loading rate was controlled and assigned to
0.5MPa/s in all experiments. The process used for testing
the mechanical properties of the measured oil shale samples
is shown in Figure 7.

3.5. Ultrasonic Detection on Oil Shale Samples after Periodic
Freeze-Thaw Cycles. In order to investigate the influence of

periodic freeze-thaw cycles on the deterioration characteris-
tics of measured oil shale samples, the ultrasonic propaga-
tion velocity of measured sample has been obtained by
ultrasonic detection on frozen-thawed samples, as shown
in Figure 8. The ultrasonic propagation velocity is varying
with various materials, which is highly related to the density
of measured samples. While the fractures inside the oil shale
samples are extended by internal stress derived from period-
ically freezing and thawing, the density of oil shale samples is
changed. Besides, the nondestructive and ultrasonic longitu-
dinal wave tests on oil shale samples have been completed
after various freeze-thaw cycles, and the effect of periodic
freeze-thaw cycles on longitudinal wave velocity of oil shale
samples was subsequently analyzed and recorded.

4. Results and Discussions

4.1. Influence of Periodic Freeze-Thaw Cycles on the Mass
Changes of Oil Shale Sample. The mass variation of the mea-
sured samples before and after different periodic freeze-thaw
cycles has been shown in Table 3. Test results have shown
that the mass of each measured sample is increasing after
periodic freeze-thaw cycles, and the sample in serial number
of OS-6-2 has the maximum mass changes, which goes up to
4.38%. It can be implied that the internal micropore of mea-
sured sample is increasing, and the new micropore inside the
oil shale appears due to the effect of frost heaving and melt
shrinkage. Thereby, the water migrated into the internal

Table 3: Mass changes of oil shale samples before and after periodic freeze-thaw cycles.

Freeze-thaw cycle
times (time)

Sample no. Mass before freeze-thaw cycles (g) Mass after freeze-thaw cycles (g)
Rate of mass
change (%)

Average rate of
mass change (%)

0

OS-2-1 139.5024 — —

—OS-2-2 147.6156 — —

OS-2-3 138.8170 — —

2

OS-3-1 138.2813 141.5362 2.35

2.22OS-3-2 134.1621 136.6143 1.83

OS-3-3 145.2909 148.9062 2.49

4

OS-4-1 137.6229 141.5727 2.87

2.75OS-4-2 139.3990 143.5113 2.95

OS-4-3 145.2748 148.8195 2.44

8

OS-5-1 138.0036 142.5931 3.33

3.20OS-5-2 146.2784 151.6432 3.67

OS-5-3 135.9549 139.5099 2.61

16

OS-6-1 138.2125 143.9026 4.12

4.20OS-6-2 139.4651 145.5730 4.38

OS-6-3 142.9672 148.8533 4.12

24

OS-7-1 134.2431 139.8679 4.19

4.26OS-7-2 147.3052 153.5951 4.27

OS-7-3 141.9107 148.0412 4.32

48

OS-8-1 138.8485 141.8060 2.13

2.27OS-8-2 135.6381 139.3410 2.73

OS-8-3 140.9224 143.6704 1.95
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Figure 9: Continued.
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rock fractures, which resulted in the mass increase of oil
shale samples. In addition, the average mass change rate of
each group of oil shale samples is increasing while the peri-
odic freeze-thaw cycles are less than 24. However, the aver-
age mass change rate of measured samples will slightly
decline with the increase of periodic freeze-thaw cycles while
the freeze-thaw cycle is more than 24. It can be indicated
that the expansion of micropore is hindered and the frac-
tures inside the oil shale samples are squeezed; thus, it is dif-
ficult for moisture to come into the fractures inside the oil
shale samples.

In essence, the volume of fissure water occupied in the
rock matrix or the external water enters through the rock
fractures will increase by approximately 9% after the ice is
frozen. Besides, the ice exerts pressure on both sides of the
cracks, leading to the increase of depth and width of cracks.
While the ice is melting, generated water will flow into the
new cracks. The water will be refrozen when the temperature
drops, which enlarges the internal cracks inside the oil shale
samples. Therefore, the periodic freeze-thaw cycle will
weaken the oil shale samples until it is completely destroyed.

4.2. Influence of Periodic Freeze-Thaw Cycles on the Stress-
Strain of Oil Shale Samples. As shown in Figure 9, the
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Figure 10: Variation of freeze-thaw cycles on the uniaxial
compressive strength of oil shale samples.

Table 5: Relationship among uniaxial compressive strength, elastic modulus, and freeze-thaw cycles.

Fresh and dry Fresh and saturated 2 cycles 4 cycles 8 cycles 16 cycles 24 cycles

Average uniaxial compressive strength (MPa) 10.3941 7.3274 4.7087 4.6953 4.3599 4.0460 3.6972

Average elastic modulus (GPa) 4.3710 3.9822 2.6942 2.1367 2.0031 1.6045 1.4961

Table 4: Relationship between the freeze-thaw coefficient and freeze-thaw cycles.

Fresh and dry Fresh and saturated 2 cycles 4 cycles 8 cycles 16 cycles 24 cycles

Freeze-thaw coefficient — 1 0.64 0.64 0.60 0.55 0.50
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Figure 9: Variation of freeze-thaw cycles on the stress and strain of the measured oil shale samples.
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stress-strain curves of all the tested oil shale samples were
obtained based on the test results of uniaxial compressive
strength after various periodic freeze-thaw cycles. The stress
and strain of the dry rock samples, saturated samples, and
measured samples were obtained and checked. In addition,
Young’s modulus of the oil samples was determined by the
ratio of compression stress and longitudinal strain; hence,
the compression stress and longitudinal strain of all samples
should be precisely confirmed. Moreover, all tested results
about periodic freeze-thaw experiments should be repeatedly
measured for 3 times in order to reduce the measurement
uncertainty.

It can be inferred that the damage and deterioration on
the mechanical properties of the oil shale samples can be
influenced by the periodic freeze-thaw cycles. Due to the
hardness of the oil shale samples being low, excessive frac-
tures are present inside the oil shale samples; thus, the

stress-strain variation on the oil samples is determined by
the freeze-thaw cycles. When the number of freeze-thaw
cycles is 48, the deterioration on the mechanical properties
of the oil shale sample is the greatest. Although individual
differences of the oil shale samples result in diverse effects
on the stress-strain of tested samples, the deterioration of
the oil shale samples can be illustrated by the obtained
stress-strain.

Under the effect of periodic freeze-thaw cycles, there is
an obvious drop in uniaxial compressive strength, and the
downtrend is also obvious, especially in the initial cycles of
the freeze-thaw process. Comparing the stress-strain
changes of oil shale samples before and after the periodic
freeze-thaw process, a similar variation tendency can be
found throughout the periodic freeze-thaw process, which
can be divided into three stages: the pressure stage, elastic
deformation stage, and the crack extension stage.

4.3. Influence of Freeze-Thaw Cycles on the Freeze-Thaw
Coefficient of Oil Shale Samples. The rock’s ability to resist
freeze-thaw damage and deterioration can be expressed by
the freeze-thaw coefficient. According to the specifications
for rock tests in water conservancy and hydroelectric engi-
neering (SL264-2001), the formula of the rock freeze-
thawing coefficient is shown as follows:

K f =
Rf

Rs

, ð6Þ

where Kf is the freeze-thaw coefficient, Rf is the saturated
uniaxial compressive strength after freeze-thaw test (MPa),
and Rs is the saturated uniaxial compressive strength before
the periodic freeze-thaw tests (MPa). The freeze-thaw coeffi-
cients of the tested oil shale samples are shown in Table 4.

According to the measured results in Table 4, the freeze-
thaw coefficient of oil shale samples significantly reduces
with the increased number of freeze-thaw cycles. In the first
2 freeze-thaw cycles, the freeze-thaw coefficient of the tested
samples rapidly decreases. Subsequently, the freeze-thaw
coefficient of the samples continues to decrease. However,
the decreasing rate of the freeze-thaw coefficient significantly
reduces after the initial 2 freeze-thaw cycles. It can be
inferred that the pore space inside the oil shale sample has
been gradually reduced, and the sample will be compacted
during the freeze-thaw process; thus, the freeze-thaw coeffi-
cient of oil shale samples decreases.

4.4. Variation of the Uniaxial Compressive Strength and
Elastic Modulus. As shown in Table 5, the average uniaxial
compressive strength and elastic modulus are reduced with
the increased number of freeze-thaw cycles, and the maxi-
mum compressive strength and elastic modulus are obtained
from the fresh and dry oil shale samples. Due to the pore
matrix of oil shale samples is connected by rock particles,
the fresh and dry oil shale samples have little moisture inside
the pore volume, causing the compressive strength and elas-
tic modulus of oil shale samples to be maximized, which
reach up to 10.39MPa and 4.37GPa, respectively. Once the
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tested oil shale samples have been processed by several peri-
odic freeze-thaw cycles, the compressive strength and elastic
modulus of oil shale samples gradually decrease. It can be
inferred that the water inside the pore volume is periodically
frozen and melted; thereby, the connection between rock
particles has been broken by the interaction force of rock
particles, which results in the reduction of the average com-
pressive strength and elastic modulus. The tested oil shale
samples processed with 24 periodic freeze-thaw cycles exhib-
ited the minimum compressive strength and elastic modulus
among all the tested oil shale samples, which is simply
3.69MPa and 1.49GPa, respectively.

Meanwhile, the uniaxial compressive strength of the oil
shale sample varied closely with the numbers of freeze-
thaw cycles. As shown in Figure 10, the uniaxial compressive
strength of oil shale is greatly influenced by the periodic
freeze-thaw cycles. It can be implied that the uniaxial com-
pressive strength of the oil shale sample exponentially
decreased with the increased number of freeze-thaw cycles.
In the first 2 freeze-thaw cycles, the uniaxial compressive
strength dramatically decreased; then, the amplitude reduces,
and eventually, the uniaxial compressive strength was only
slightly decreasing with the remaining freeze-thaw cycles.
After the oil shale samples have undergone 24 freeze-thaw
cycles, the maximum variation rate of uniaxial compressive
strength was reached up to 64%.

According to the experimental results, the relationship
between the uniaxial compressive strength and the number
of freeze-thaw cycles can be fitted

σ = −
19:82058 + 27:14498

1 + nE0:15905/11:09104ð Þ , ð7Þ

where σ is the uniaxial compressive strength (MPa), n is the
number of freeze-thaw cycles, and the correlation coefficient
is 0.98587.

Additionally, the elastic modulus of the tested oil shale
sample was obtained under conditions of different freeze-
thaw cycles. As shown in Figure 11, the elastic modulus of
the oil shale sample exponentially decreased with the
increasing of freeze-thaw cycles, and the maximum elastic
modulus was approximately 4GPa, whereas the minimum
elastic modulus of tested oil shale sample is approximately
1.5GPa. After processing the oil shale samples with 24
freeze-thaw cycles, the maximum variation rate of the elastic
modulus reached up to 65%, which is greatly influenced and
determined by the number of freeze-thaw cycles.

According to the obtained elastic modulus results, the
relationship between the elastic modulus and freeze-thaw
cycles can be fitted as

E = 1:14961 + 2:83426
1 + n0:82524/1:99395ð Þ , ð8Þ

where E is the elastic modulus (GPa), n is the number of
freeze-thaw cycles, and the correlation coefficient is 0.98423.

4.5. Influence of Freeze-Thaw Cycles on Longitudinal Wave
Velocity of Oil Shale Samples. According to the obtained
wave velocity of tested oil shale sample, the longitudinal
wave velocity of processed oil shale sample is shown in
Figure 12. With the increase of periodic freeze-thaw cycles,
the longitudinal wave velocity of oil shale sample dramati-
cally decreases. The periodic freeze-thaw cycle has a signifi-
cant influence on the longitudinal wave velocity of tested oil
shale samples. As shown in Table 6, once the oil shale sam-
ples have been proceeded with 24 periodic freeze-thaw
cycles, the minimum wave velocity of 1602m/s can be
accomplished.

Due to the performance of periodic freeze-thaw cycles
on measured oil shale sample, the frozen ice particles inside
the fractures will be melted while the temperature rises; oth-
erwise, the water or moisture will be repeatedly frozen,
which enlarges the fractures inside the oil shale samples.
Thereby, the density of oil shale sample is decreasing due
to the pore volume of the measured sample being increased.
However, the wave velocity positively varies with the density
of measured materials; thus, the longitudinal wave velocity
reduces with the increase of periodic freeze-thaw cycles.

5. Conclusions

Under conditions of periodic freeze-thaw cycles, the physical
and mechanical properties of oil shale samples were dramat-
ically varied, and related conclusions and findings can be
obtained:

(1) Periodic freeze-thaw cycles greatly influence the
physical and mechanical properties of oil shale sam-
ples. Once the oil shale samples were frozen and
thawed for 24 cycles, the maximum compressive
strength and elastic modulus were 10.39MPa and
4.37GPa, respectively, besides the maximum varia-
tion rates of uniaxial compressive strength and elas-
tic modulus reaches up to 64% and 65%, respectively

(2) The freeze-thaw coefficient of measured oil shale
samples exponentially decreased with the increased
number of freeze-thaw cycles, whereas the longitudi-
nal wave velocity of tested samples ranged from
1602m/s to 2464m/s, as a result of the new micro-
pores inside the oil shale sample

Data Availability

The data used to support the findings of this study are
included within the article.

Table 6: Relationship between longitudinal wave velocity and freeze-thaw cycles.

Freeze-thaw cycle Dry 0 times 2 times 4 times 8 times 16 times 24 times

Average longitudinal wave velocity (km/s) 2.4644 2.6751 2.4.991 2.2418 2.0581 1.9055 1.6025
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