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To investigate the uniaxial compressive strength and deformation properties of frozen silty soil with prefabricated crack under
various strain rates, the static uniaxial compressive tests were conducted for frozen silty soil using three kinds of binder
materials to select the suitable prefabricated crack manufacturing method. Afterward, the static and dynamic stress-strain
curves of frozen silty soil with diﬀerent prefabricated crack numbers were obtained based on static and splitting Hopkinson
pressure bar (SHPB) tests. In addition, the high-speed camera was employed to record the fracturing process of frozen silty soil
under impact loads. Results indicated that the frozen silty soil specimens with no binder showed higher static strength
compared with other two binder materials (plaster and Vaseline). The strength growth rate of frozen silty soil showed threestage (fast-slow-rapid) change characteristics. The peak strain of frozen silty soil under static loads scope was higher compared
with that under dynamic loads, while its dynamic peak strain with various prefabricated crack numbers was remarkably ratedependent. The absorbed energy density of frozen silty soil was subject to a negative (positive) relationship with the prefabricated crack numbers (strain rate). The dominated crack of intact frozen silty soil specimen ﬁnally presented Y-shaped
shear failure. However, tensile cracks parallel to stress wave propagation direction were observed for the frozen silty soil
specimen with prefabricated crack.

1. Introduction
Frozen soil is a typical four-phase composite material (i.e.,
rock or soil particles, air particles, liquid water, and ice
particles) [1–3]. The mechanical properties of frozen soil
were more complex compared to ordinary soil due to the ice
particles, which showed high sensitivity to temperature
change in surrounding environment [4, 5]. Seasonal frozen
soil covered about 53.5% of China’s land area [6]. Quick
development rate in the ﬁelds of technology and engineering
in previous years led to a gradual increase in the number of
construction projects in cold regions, such as tunnels,
highways, pipelines, and railways [7–11]. In addition, during
the design, construction, and service periods of frozen soil

structures, the frozen soil was subjected to diﬀerent external
loads in a vast range of strain rate [12–15].
Generally, research studies on physical and mechanical
properties of frozen soil responses to multiple strain rates
(static, quasi-static, and dynamic) had been systematically
studied [16, 17]. For ensuring the ultimate bearing capacity
of frozen gravelly soil under static loading range, the static
uniaxial compression tests were conducted with the strain
rate ranging from 10−5 to 10−3, and test results indicated that
the uniaxial compression strength of frozen gravelly soil
increased linearly with increasing strain rate under various
freezing temperatures [18]. In addition to static properties,
comprehending the dynamic behavior of frozen soil could
help improve the excavation eﬃcient and stability of frozen
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soil engineering in cold regions subjected to drilling,
blasting, and earthquake eﬀects [19, 20]. Hence, there were a
growing number of eﬀorts devoted to better understand the
strength and deformation behavior of frozen soil subjected
to dynamic loads based on the splitting Hopkinson pressure
bar (SHPB) [14, 21, 22], which had been considered an
invaluable and eﬀective device providing dynamic loading
on various materials [23–25], and test results demonstrated
that the strain rate and dynamic peak stress could be viewed
as a positive linear relationship when the freezing temperature value was determined [14], which illustrated the dynamic compressive strength of frozen soil materials was
remarkably rate-dependent. Zhang et al. [21] obtained the
dynamic stress-strain relationship and failure modes of
frozen soil with various strain rates, and an improved ZWT
constitutive model was established to describe its damage
mechanism and strain rate eﬀect. Fu et al. [22] found that the
strain rate showed positive eﬀect on both peak stress and
ﬁnal strain of frozen soil under impact loads.
Investigations on eﬀects of preexisting cracks on the
mechanical properties of rocks, concrete, and other materials had been analytically and numerically conducted
[26–35]. Experiment and numerical simulation results
revealed that the stress wave propagation, the strength and
deformation properties, and failure mode of materials were
aﬀected by the number, distribution, and angle of preexisting cracks. Wang et al. [26] found that the uniaxial
compression peak stress of intact granite specimen was 3.2
times larger than the specimens with ﬂaws inclination angle
of 0; moreover, both the strength and failure mode of granite
were aﬀected by inclination angle. To investigate the stress
wave propagation and fracturing mechanism of rock with
various angles subjected to dynamic stress wave, Li et al. [27]
carried out SHPB tests on red sandstone with four joint
angles (i.e., 0°, 15°, 30°, and 45°) and captured its complete
fracturing process by high-speed camera. Bai et al. [28]
investigated the physical and mechanical behavior of frozen
rock materials with two prefabricated ﬁssures under different freezing temperatures at a constant dip angle, and
results showed both the elastic modulus and peak strength of
red sandstone specimen increased as a result of conﬁning
pressure.
It was well known that cracks generally existed during
the formation of frozen soil; in addition, cracks were generated during the design, construction, and operation periods for frozen soil engineering [36, 37]. Thus, it was
necessary to conduct research on the eﬀect of crack on the
mechanical behavior and failure process of frozen soil.
However, previous works mainly concentrated on the mechanical properties of intact frozen soil response to static or
dynamic loads. In this research, the WDT-100 pattern
pressure test system and SHPB devices were used to investigate the eﬀects of prefabricated crack number and strain
rate on the stress-strain curves, strength, peak strain, and
absorbed energy density of frozen silty soil. In addition, the
dynamic crack initiation, propagation, expansion, and
connection process of frozen silty soil specimen with various
prefabricated cracks was obtained based on high-speed
camera. Test results could help improve the excavation and
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crushing eﬃciency and evaluate the safety and stability in
frozen soil engineering.

2. Preparation of Frozen Soil with Prefabricated
Crack and Test Device
2.1. Preparation of Frozen Soil with Prefabricated Crack.
The test frozen soil was obtained from deep foundation
engineering in Huainan, Anhui province. The basis physical
parameters of disturbed soil are described in Table 1.
The preparation method of frozen soil with prefabricated
crack was described as follows. The soil was ﬁrstly dried for
about more than 24 hours at a temperature of about 105°C in
an electric dry oven, later crushed and sieved to a size less
than 2 mm, and then stored in plastic bags to prevent the loss
of moisture. The water content of frozen silty soil in this
study was 24.2%. Each specimen prepared for static and
dynamic loading had dimensions of V 50 mm × 100 mm and
V 50 mm × 50 mm [6], respectively. The soil was prepared
with diﬀerent binders (i.e., gypsum, Vaseline, and no binder)
with one prefabricated crack; after determining the suitable
binder materials, we prepared frozen silty soil specimens
with diﬀerent number of prefabricated cracks at an angle of
zero degrees; taking dynamic specimen as an example, the
prefabricated crack production method was as follows: a half
specimen (V 50 mm × 25 mm) and a quarter specimen (V
50 mm × 12.5 mm) were made using suitable corresponding
moulds, and then two half specimens were placed together to
make specimen with one prefabricated crack, while one half
specimen and two quarter specimens were used for preparing specimen with two prefabricated cracks, and four
quarter specimens were used for specimen with three prefabricated cracks. The soil specimens were later placed in a
freezer with −20°C for more than 24 hours and then changed
to the desired freeing temperature of −10°C. The prepared
frozen silty soil specimens for static loads with diﬀerent
binder materials and prefabricated crack numbers are shown
in Figure 1. The frozen silty soil specimens for dynamic tests
with various prefabricated crack numbers are shown in
Figure 2.
2.2. Static and Dynamic Test Devices. WDT-100 pattern
pressure test system was carried out to obtain the static
mechanical properties of frozen silty soil, while SHPB system
was employed for dynamic test, as shown in Figure 3.
The static WDT-100 pattern pressure test system contained low temperature control box, data acquisition system,
upper dowel bar, and lower bearing platform. The frozen
silty soil specimen was placed between the upper dowel bar
and lower bearing platform; meanwhile, two displacement
meters were arranged on the two sides of specimen to accurately collect its average deformation data. Under static
loads, the static strength and deformation properties of
frozen silty soil specimen were tested with four strain rates
(0.01 s−1, 0.02 s−1, 0.04 s−1, and 0.08 s−1). The dynamic
compression test was achieved using the SHPB system with
diﬀerent air pressures (0.3 MPa, 0.4 MPa, 0.5 MPa, 0.6 MPa,
0.7 MPa, and 0.8 MPa). The purpose of SHPB system was to

Advances in Civil Engineering

3
Table 1: The basis physical parameters of disturbed soil.

Properties
Liquid limit (%)
Plastic limit (%)
Plasticity index
Water content (%)
(1 mm < diameter < 2 mm)
(0.5 mm < diameter < 1 mm)
(0.25 mm < diameter < 0.5 mm)
(0.075 mm < diameter < 0.25 mm)
(Diameter < 0.075 mm)
Soil classiﬁcation-GB 50021 (Chinese Standard)

No binder

Vaseline

Values
22.5
32.2
9.7
24.2
9.7%
11.5%
14.1%
12.4%
52.3%
Silty

Plaster

(a)

(b)

Figure 1: Frozen silty soil specimens for static tests. (a) With diﬀerent binders. (b) With diﬀerent prefabricated crack numbers.

(a)

(b)

(c)

(d)

Figure 2: Frozen silty soil specimens for dynamic tests with various prefabricated crack numbers.

apply impact pressure to frozen silty soil specimen placed
between incident and transmitted bars and determine its
dynamic behavior within a larger strain rate range. In this
test, Memrecam HX-3 high-speed camera produced by NAC
Image Technology Company coupled with a ring-shaped
ﬂash light was used to record the fracturing process of frozen
silty soil with prefabricated crack under dynamic loads. In

addition, a temperature control box was adopted to
reduce the temperature changes of frozen silty soil during
impact process. After collecting the incident, reﬂected, and
transmitted signals obtained from resistance and semiconductor strain gauges, the dynamic compressive stress σ (t),
strain ε (t), and strain rate ε_ (t) could be calculated as follows
[21, 22]:

4
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Figure 3: SHPB test system.

E0 A 0
ε (t),
As T

ε(t) �

C0 τ
 ε (t) − εR (t) − εT (t)dt,
ls 0 I

ε_ (t) �

C0
ε (t) − εR (t) − εT (t),
ls I

4.5

(1)

where E0, A0, C0, As, ls are Young’s modulus, the crosssectional area, the elastic wave speed of the bar, and the
cross-sectional area and height of frozen silty soil specimen,
respectively; εI (t), εR (t), and εT (t) are the incident strain,
reﬂected strain, and transmitted strain, respectively; and t is
the duration time of elastic wave.
Previous investigation indicated that the absorbed energy density (W) could reﬂect the energy dissipation
characteristic of frozen soil under impact loading [38],
which could be calculated by
Ws (t)
W�
,
(2)
Vs WI (t)
where WS (t) and WI (t) are the absorbed energy of frozen
silty soil specimen and incident energy, respectively, and Vs
is the volume of frozen silty soil specimen.

3. Selection of Suitable Binder Materials
In this test, the static strength of frozen silty soil with three
kinds of binder materials was compared and is shown in
Figure 4. It could be noticed that strain rate strengthening
eﬀect was observed for frozen silty soil specimens with
various binder materials. However, the increase rate was
signiﬁcantly diﬀerent for various binder materials; for example, when the strain rate increased from 0.01 s−1 to 0.08 s−1,
the average compressive strength of frozen silty soil specimen
with no binder increased from 2.63 MPa to 3.37 MPa, with a
larger-scale increase of 28.14%, while the increase degree was
23.6% for the specimen using Vaseline as the binder under the
same condition. The strength of frozen silty soil specimens
with various binder materials was much smaller than that
with no crack. In addition, under the same strain rate, the
frozen silty soil specimens with no binder showed higher
strength compared with other two binder materials.
The static failure modes of frozen silty soil using three
binder materials are shown in Figure 5. Figure 5(a) illustrates

Static compressive strength (MPa)

σ(t) �

4.0
3.5
3.0
2.5
2.0
0.00

0.01

0.02

0.03 0.04 0.05
Strain rate (s–1)

0 cracks
1 crack, plaster
1 crack, Vaseline
1 crack, no binder

0.06

0.07

0.08

0 cracks, average value
1 crack, plaster, average value
1 crack, Vaseline, average value
1 crack, no binder, average value

Figure 4: Static strength with three kinds of binder materials.

that, for frozen silty soil specimen with no crack, the failure
mode was bulge in the middle, which was consistent with
test results of previous investigation [36]. For specimen with
no binder, small cracks were found near the weakness plane,
as shown in Figure 5(b). Additionally, bottom crush and
bulge in bottom failure modes were observed using plaster
and Vaseline as the binder materials, respectively.
From the above strength and failure mode results, it could
be noticed that the group with no binder showed highest
strength compared with other two materials; in addition, the
failure modes using plaster or Vaseline showed no obvious
weak surface characteristics. Moreover, the crack generated in
nature was in good agreement with the group with no binder.
Hence, no binder method was selected in this research.

4. Test Results of Frozen Silty Soil with
Prefabricated Crack under Various
Strain Rates
4.1. Stress-Strain Curves. The obtained stress-strain curves of
frozen silty soil with various prefabricated crack numbers
and strain rates are shown in Figure 6. Figure 6 reveals the
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(a)

5

(b)

(c)

(d)

Figure 5: Static failure modes of frozen silty soil using three kinds of binder materials. (a) 0 cracks at 0.01 s−1. (b) 1 crack with no binder at
0.01 s−1. (c) 1 crack using plaster at 0.01 s−1. (d) 1 crack using Vaseline at 0.01 s−1.

following: (1) four-stage characteristics (i.e., compression,
elastic, hardening, and softening stages) were observed
under static loads for diﬀerent prefabricated crack numbers;
however, obvious compression stage was not found for
frozen silty soil under dynamic loads, and the failure stage
under dynamic loads was apparent compared with that
under static loads. (2) The deformation modulus of frozen
silty soil, which was treated as the increase rate of elastic
stage, increased with the increase of strain rate under static
loads scope, while its values changed within a small range
under dynamic loads. (3) Under static loading, the curves
also clearly showed that slowly decreasing speed was observed after reaching peak stress, reﬂecting plastic failure
characteristic, while under dynamic loading the abrupt
decrease in softening stages was found, showing brittle
failure characteristic.
4.2. Strength and Peak Strain. The strength and its corresponding strain could reﬂect the ability of frozen silty soil
specimen to resist external static and dynamic loads. In the
present research, the strength of frozen silty soil with various
prefabricated crack numbers within a larger strain rate range
was obtained and is shown in Figure 7.
Figure 7 illustrates that the prefabricated crack number
had a notable eﬀect on the strength performance of frozen
silty soil specimens. Moreover, “fast-slow-rapid” three-stage
characteristics were observed for the strength growth rate of
frozen silty soil based on the static and dynamic experiments; speciﬁcally, when the strain rate increased from
0.01 s−1 to 0.08 s−1, the ﬁrst stage had a fast compressive
strength increment, and then a gradual slow strength increment was found for the second stage. Finally, a regular
remarkable rapid increment rate of dynamic compressive
strength of frozen silty soil was found, which was considered
as the third stage. For example, the static strength of frozen
silty soil specimen increased from 2.68 MPa (0.01 s−1) to
3.56 MPa (0.08 s−1) for one prefabricated crack, with an

increment of 0.88 MPa; as a contrast, a rise of 1.84 MPa was
obtained when the strain rate increased from 134 s−1 to
266 s−1.
Figure 8 demonstrates the peak strain of frozen silty soil
with various prefabricated crack numbers and strain rates. It
could be clearly noticed that the peak strain of frozen silty
soil under static loads scope was signiﬁcantly higher compared with that under dynamic loads, and this phenomenon
indicated that the deformation of frozen silty soil specimen
under static loads to reach the failure state was greater than
that under dynamic loads. This result from the above
analysis was consistent with a previous theory [6]. Under
static loads, when the strain rate increased from 0.01 s−1 to
0.08 s−1, there was no obvious change rule for peak strain,
which varied from 0.085 to 0.146. As a contrast, the dynamic
peak strain of frozen silty soil with various prefabricated
crack numbers was remarkably rate-dependent, and it linearly increased with the increase of strain rate. Moreover, the
eﬀect of prefabricated crack numbers on peak strain was not
obvious.
4.3. Prefabricated Crack Degradation Eﬀect. The degradation
coeﬃcient (ζ) was deﬁned to describe the strength reduction
degree caused by prefabricated cracks, which was expressed
as follows:
σ − σn
ζ� 0
× 100%,
(3)
σ0
where σ 0 is the strength of frozen silty soil with no prefabricated crack and σ n is the strength of frozen silty soil with
prefabricated cracks (i.e., 1, 2, and 3).
The calculated average value of degradation coeﬃcient
with diﬀerent prefabricated cracks and strain rates is
shown in Figure 9. Under dynamic loads, the degradation
coeﬃcient of frozen silty soil decreased with increasing
strain rate. Furthermore, the prefabricated cracks aﬀected
the performance of frozen silty soil as the strength
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Figure 6: Stress-strain curves of frozen silty soil with various prefabricated crack numbers and strain rates. (a) 0 prefabricated cracks. (b) 1
prefabricated crack. (c) 2 prefabricated cracks. (d) 3 prefabricated cracks.

reduced due to the increase in the number of cracks, and
the prefabricated cracks reduced the strength from 5%
to 35% compared with the intact frozen silty soil specimen. Under 0.04 s−1 strain rate, the average value of
degradation coeﬃcient with three prefabricated cracks
was 27%, which was higher than the values of 11% and
17% with one or two cracks. For frozen silty soil with three
prefabricated cracks, the largest degradation coeﬃcient
under static and dynamic loads could reach 27% and 35%
respectively.

4.4. Absorbed Energy Density. According to the calculation
method of formula (2), the variation in absorbed energy density
of frozen silty soil with strain rates under various prefabricated
crack numbers was obtained and is shown in Figure 10.
It could be seen that, under the same strain rate, the
absorbed energy density of frozen silty soil was subject to a
negative relationship with the prefabricated crack numbers.
This phenomenon demonstrated that prefabricated crack
weakened the energy absorption eﬃciency of frozen silty soil
and the specimens with more prefabricated crack numbers
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Figure 7: Static and dynamic strengths of frozen silty soil with various prefabricated crack numbers.
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Figure 8: Peak strain of frozen silty soil with various prefabricated crack numbers and strain rates.

need less energy for reaching the failure stage. Moreover,
with the increase of strain rate, the value of absorbed energy
density of frozen silty soil increased linearly, and this was
attributed to the increase in number and expansion of cracks
caused by larger strain rate [6]. The relationship between
strain rate and absorbed energy density could be expressed
as a quadratic function:
W � a(_ε)2 + b(_ε) + c,

(4)

where a, b, and c are the ﬁtting parameters, and their values
with various prefabricated crack numbers are shown in
Table 2.

4.5. Failure Mode and Fracturing Process. The crack initiation and propagation were strongly aﬀected by the number
of prefabricated cracks under impact stress wave. The
fracturing processes of frozen silty soil under dynamic
loading were recorded by the high-speed camera, and the
ultimate failure modes of intact and prefabricated crack
frozen silty soil specimens are listed in Table 3.
It could be noticed that the dominated crack of intact
frozen silty soil specimen ﬁnally presented Y-shaped shear
failure. Moreover, some corners of the specimen collapsed
and failed into pieces under loading process, and specimen
was destroyed into three pieces. For frozen silty soil
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Figure 10: Variation in absorbed energy density of frozen silty soil with strain rates.

Table 2: The values of ﬁtting parameters a, b, and c.
Prefabricated crack number
0
1
2
3

a
0.013
0.012
0.011
0.064

specimen with one prefabricated crack, tensile cracks parallel to stress wave propagation direction initiated from the
surface between specimen 1-2 and incident bar, and then it
propagated to specimen 1-1 and generated an extended
crack; meanwhile, some parallel small cracks simultaneously
appeared on the two sides of previous dominated crack in
specimen 1-2. Finally, the bottom part was destroyed and
gradually separated from the frozen silty soil specimen. In

b
1.12 × 10−4
−4.99 × 10−5
−9.22 × 10−5
−7 × 10−5

c
1.24 × 10−6
1.48 × 10−6
1.5 × 10−6
2.89 × 10−6

R2
0.95
0.98
0.96
0.97

terms of the specimens with two and three prefabricated
cracks, tensile cracks appeared during fracture process, and
the detailed whole fracture processes of them are presented
in Figures 11 and 12.
Figure 11 illustrates that volume expansion occurred in
specimen 2-1 at the initial stage of loading, and two primary
tensile cracks (T1-1 and T1-2) appeared simultaneously in
specimen 2-3. With the increase of dynamic stress, the
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Table 3: Ultimate failure mode of intact and prefabricated crack frozen silty soil specimens.
Prefabricated
crack number

0

1

2

3

Ultimate failure mode

Wave propagation direction

Sketch picture

2-1
1-1

Note

Intact specimen

Volume expansion

2-2

2-3

1-2

3-1

3-2

3-3

3-4

Prefabricated crack specimen (2-3 represents the third
piece for specimen with two prefabricated cracks)

Failure

Spalling

T1-1
T2

T3

T1-2
1cm
(a)

(b)

1cm

1 cm

1cm
(c)

(d)

Wave propagation direction

Figure 11: Fracture processes of frozen silty soil specimen with two prefabricated cracks.

curved surface of specimen 2-1 spalled from its main part,
while new crack T2 emerged in specimen 2-2, and the former
two cracks (T1-1 and T1-2) continued expanding. Finally, the
curved surface of specimen 2-1 failed and neonatal crack T3
appeared and connected with the previous cracks T1-2 and T2.
The typical fracturing process of frozen silty soil specimen with three prefabricated cracks in response to dynamic
stress wave is shown in Figure 12. Tensile cracks T1-1, T1-2,

and T1-3 emerged simultaneously with the larger deformation in specimen 3-4, and then corner spalling occurred on
the surface between specimen 3-1 and transmitted bar
caused by the stress concentration and friction on the frozen
silty soil surface. Afterward, spalling happened in the surface
of specimen 3-1 and the contact area between specimens 3-2
and 3-3. In addition, specimen 3-4 collapsed and failed into
pieces under dynamic loads.
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Larger deformation

Collapse
T1-3

Spalling

T1-1

Spalling

T1-2

1 cm

1cm
(a)

1 cm
(b)

1 cm
(c)

(d)

Wave propagation direction

Figure 12: Fracture processes of frozen silty soil specimen with three prefabricated cracks.

5. Conclusions
(1) The failure modes of frozen silty soil using plaster or
Vaseline as the binder materials showed no obvious
weak surface characteristics under static loads, and
the group with no binder showed highest strength
compared with the other two materials. The prefabricated crack number had a notable eﬀect on the
strength performance of frozen silty soil specimens.
In addition, “fast-slow-rapid” three-stage characteristics were observed for the strength growth rate of
frozen silty soil.
(2) Under the same strain rate, the absorbed energy
density of frozen silty soil was subject to a negative
relationship with the prefabricated crack numbers.
The relationship between strain rate and absorbed
energy density could be expressed as a quadratic
function.
(3) The dominated crack of intact frozen silty soil
specimen ﬁnally presented Y-shaped shear failure,
and some corners of the specimen collapsed and
failed into pieces under loading process. However,
for frozen silty soil specimen with prefabricated
crack, tensile cracks parallel to stress wave propagation direction were observed and ﬁnally the failure
mode of specimen was determined.
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