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In this study, a test technique that enables continuous control of the sample stress state from freezing to testing is proposed to
investigate the influence of freezing pressure on the mechanical properties of ice under uniaxial compression. In this method, the
water is frozen into the standard cylindrical ice specimen under high hydraulic pressure in a triaxial pressure chamber, and then,
the temperature field and stress field of the ice specimens are adjusted to the initial state of the test; finally, an in situ mechanical
test is conducted in the triaxial chamber. (e uniaxial compression test of ice specimens with temperature of −20°C and freezing
pressure of 0.5–30MPa is performed in the strain rate range of 5×10−5−1.5×10−6 s−1. (e results show that, as the freezing
pressure increases, the ductile-to-brittle transition zone of the ice specimen during failure moves to the low strain rate range, and
the failure mode of the specimen changes from shear failure to splitting failure. Further, the brittleness index of the ice specimen
first increases, then decreases, and then again increases with the increase in freezing pressure. (e brittleness index reaches the
maximum (minimum) when the freezing pressure is 30MPa (20MPa).(e peak stress of the ice specimen also increases first, then
decreases, and then increases with the increase in freezing pressure.(emaximum value is also at the freezing pressure of 30MPa,
but the minimum value is obtained at the freezing pressure of 0.5MPa. (e failure strain of the ice specimen first decreases and
then increases with the increase in freezing pressure, and the maximum (minimum) value is achieved at the freezing pressure of
0.5MPa (10MPa). When the ice specimen exhibits brittle failure, the relationships between the residual stress and the freezing
pressure and between the peak stress and freezing pressure are the same, but when the ice specimen exhibits ductile failure, there is
no obvious relationship between the residual stress and the freezing pressure.

1. Introduction

Artificial ground freezing method is the most important
construction method to stabilize the ground and prevent
groundwater ingress during excavation. It allows the pen-
etration of deep, unstable, and water-bearing strata con-
taining sands, silts, and clays. Presently, the depth of
artificially frozen topsoil and water-rich strata has reached
750m [1] and 950m [2], respectively. (e measured data
show that the static [3] and dynamic [4] mechanical re-
sponses of deep frozen wall are quite different from the

theoretical expectations due to the lack of understanding of
the formation mechanism of deep frozen soil and rock mass.
At present, the deepest proven natural permafrost layer is
more than 1 km deep [5]. Due to the influence of high
pressure in the deep environment, there are still many
difficulties in drilling and coring in deep permafrost layer
[6]. To solve these problems, the mechanical properties of
deep frozen soil [7–9] and frozen rock [10, 11] have been
experimentally investigated, but the research on the cou-
pling problems of ice-soil and ice-rock, which are based on
the mechanical properties of deep-environment ice, is not
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mature. Compared with the shallow layer conditions, the
deep formation pressure increases significantly [12–14], and
the freezing pressure of the deep groundwater can exceed
10MPa due to the high pressure and the limit on the for-
mation of frost heaving. (erefore, it is of great significance
to examine the influence of freezing pressure on the me-
chanical properties of ice.

Vostok subglacial lake in Antarctica is the deepest lake
on the Earth. (e thickness of the overlying ice sheet is
nearly 4 km [15]. Due to its long history and complete
isolation from the outside world, the water of this lake water
has significant research value. To obtain lake water speci-
mens, a Russian research team has started the drilling project
of huge thick ice sheet since the beginning of this century.
However, due to the lack of understanding of the mechanical
response of the bottom ice layer, sudden lake water gushing
frequently occurs while drilling the bottom of the ice sheet,
which brings great difficulties to the sampling process [16].
Isotopic studies have shown that the bottom ice layer is
frozen by the high-pressure lake water [17]. (erefore, re-
vealing the mechanical properties of ice frozen at high
pressure can boost the applications of drilling technology of
thick ice sheet. In addition, there is a high-pressure freezing
phenomenon in hydrous exoplanets. For example, the liquid
water of Europa is stored under a 150 km thick ice shell, and
the high-pressure water is constantly frozen into ice at the
bottom of the ice shell [18]. As the observation of ice shell
rheology is one of the principal means to explore the ex-
traterrestrial liquid water resources, whether freezing
pressure affects the rheological characteristics of ice is worth
to be studied.

(e uniaxial compression test is a simple method that
has been widely used to study the mechanical properties of
ice. Using this test, the enhancement effect of negative
temperature on the ice strength [19, 20] and stiffness [21, 22],
the influence of the loading rate on the failure characteristics
[23, 24] and its mechanism [25, 26], and the ductile-brittle
transition of ice failure under different conditions [27, 28]
have been investigated. However, the ice used in the above
studies was frozen without any pressure. (ere are few
reports on mechanical properties of ice frozen under
pressure. Furthermore, in the existing technique to form ice
by freezing pure water, the water is slowly and unidirec-
tionally frozen to form a large ice body by controlling the
heat flow gradient in a large volume, low temperature tank
[29–31], and then, the core is taken and processed into a
cylindrical ice specimen. (is method can realize pressure
freezing by improving the equipment, but the ice specimen
needs pressure relief, drilling, and grinding. In this process,
the stress state of the ice specimen is uncontrollable, and
nonideal condition such as instantaneous removal of
freezing pressure will inevitably be produced, leading to
microcracks and other defects in the ice specimen [32],
which cannot fully reflect the effect of pressure freezing.

To address the above issues, in this study, an effective
method is proposed to freeze the cylindrical water specimen
in a triaxial pressure chamber to form a standard cylindrical
ice specimen. (en, the temperature field and stress field of
the ice specimen are adjusted to the initial condition of the

test, and the in situ mechanical test is performed to realize
the continuous control of the stress state of the specimen
during the entire process of freezing and testing. (e pro-
posed method is used to prepare ice specimens with freezing
pressure from 0.5MPa to 30MPa, and uniaxial compression
tests are conducted at a constant strain rate and temperature
of −20°C. Furthermore, the effects of freezing pressure on the
constitutive laws and strength characteristics of the ice
specimens are investigated.

2. Experimental Method

2.1. Testing Equipment. (e test method prepared in this
study is based on the in situ test method of high-pressure
frozen geotechnical materials. (e entire process of pressure
freezing and mechanical test is conducted in a triaxial
pressure chamber. (e experimental equipment is TAS-
LF400 low-temperature triaxial system, which is jointly
developed by China University of Mining and Technology
and Xi’an KTL Instruments Co., Ltd., as shown in Figure 1.
(e ultimate axial force of the loading frame is 400 kN, the
maximum confining pressure of the pressure/volume con-
troller is 64MPa, and the control accuracy is 0.05%. (e
temperature field of the specimen is controlled by the three
circulation channels at the top, side, and bottom of the
triaxial pressure chamber and the constant, low-temperature
circulation grooves A, B, and C connected with them, re-
spectively. (e minimum temperature is 60°C, and the
temperature control accuracy is 0.1°C. Two lead holes are
arranged on the side wall of the pressure chamber to install
the sealed lead connector of the sensor.

2.2. Preparation Technique of Ice Specimens

2.2.1. Freezing Process. (e ice specimen was prepared by
freezing the cylindrical water specimen in the triaxial
pressure chamber [33]. (e size of the water specimen was
Φ61.8×114.7mm2. Using the control technology, the
freezing expanded by 9% [34] would be forced to develop
along the height direction, and the ice specimen with the
target size of Φ61.8×125mm2 was obtained. (e controlled
freezing process was divided into two stages: specimen
pressurization and stable pressure freezing. During the
pressurization, the height of the water specimen was kept
constant by the load frame to avoid concave folds due to
axial compression, and the confining pressure was increased
to the target pressure value by the pressure volume con-
troller. In the period of stable pressure freezing, the quantity
of the confining medium in the triaxial chamber was locked
by the pressure volume controller to force the freezing
expansion to develop along the height direction of the
specimen, and the specimen pressure is then controlled by
the load frame, which is set to apply a constant axial
pressure. (e water specimen froze in a gradient tempera-
ture field of cold in the lower and hot in the upper generated
by circulation thermostats A and C. (e radial deformation
of the specimen is restricted by the stable volume of the
confining medium, and the freezing expansion develops
along the height direction as the expansion pressure releases.

2 Advances in Civil Engineering



(e ice specimen after freezing is shown in Figure 2. (e
diameter is measured three times from the bottom of the ice
specimen along the upward axis, and each measurement is
taken along the specimen’s circumferential interval of 120°
(Figure 3(a)). (e measurement results (Figure 3(b)) indi-
cate that the maximum and minimum diameters of the ice
specimen are 62.01 and 61.68mm, respectively, and the
maximum absolute error and the maximum relative error of
the radial size are 0.33mm and 0.5%, respectively, which
meet the test specifications for geometric accuracy [35].

2.2.2. Temperature Field Adjustment. Ice is a temperature-
sensitive material, and its temperature distribution has a
significant effect on the mechanical properties. To obtain the
real temperature field of the ice specimen, the joint tem-
perature measurement of distributed optical fiber and
thermal resistance was employed, and the corresponding
layout is shown in Figure 4.

(e fiber was sealed in a carbon fiber tube with a di-
ameter of 3mm and placed along the axis of the specimen.
(e tube prevented the disturbance of pressure circumstance
on the test results. (e thermal conductivity of the carbon
fiber material is relatively low, meaning that the original
temperature distribution of the ice specimen would not be
interfered [36]. (e distributed optical fiber test equipment
was the ODiSI Measurement System, LUNA Company,
which could measure the temperature distribution along the
whole fiber length, and the temperature measurement ac-
curacy was 0.1°C. (ree thermal resistors were arranged
along the axial direction outside the insulation film of the
specimen, and the temperature measurement accuracy was
0.05°C. (e radial temperature distribution of the specimen
could be simultaneously analyzed with the measurement
results of the optical fiber and the thermal resistors.

Since the ice specimen was formed by one-way freezing
from bottom to top, the temperature distribution at the

completion of freezing was cold in the lower and hot in the
upper. Before the test, the temperature field needed to be
adjusted to uniform distribution according to the design
temperature. (e design temperature of the test was −20°C,
and the temperature field was adjusted by using the three
constant low-temperature circulation tanks A, B, and C
(Figure 1). In the adjustment process, seven temperature
measuring points with equal spacing were set on the dis-
tributed optical fiber (Figure 4) to monitor the variation in
the temperature field of the ice specimen. (e measurement
results (Figure 5) indicate that the temperature field of the
ice specimen reaches a stable state after approximately 8 h.
(e measured temperature values of the distributed optical
fiber and thermistor in the steady state are shown in Figure 6.
(e final temperature of the ice specimen is slightly higher in
the center and slightly lower at both the ends and sides. (e
difference between the internal maximum temperature and
the minimum temperature is 0.51°C, and the average tem-
perature is −20.08°C, which meets the test specifications.

2.2.3. Stress Field Adjustment. Before the test, the stress state
of ice specimen should be changed from the pressure
freezing state to the initial state. It is necessary to limit the
stress state and variation rate in the conversion process to
avoid cracks [37, 38]. According to the triaxial test con-
clusion of Kalifa et al. [39], when the loading rate is lower
than 1MPa/s, ice begins to crack when the deviatoric stress
reaches 0.25–0.5 times the ultimate deviatoric stress. (e
unloading experiments of Couture and Schulson [40] sug-
gested that the unloading rate should not be greater than
0.17MPa·s−1 to ensure that cracks do not appear in the ice
specimen. In this study, a more conservative constraint is
adopted, i.e., the deviatoric stress should not be greater than
0.2 times the ultimate deviatoric stress during the process of
stress state transformation, and the adjustment rates of axial
pressure and confining pressure should not be greater than
0.05MPa·s−1.
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Figure 1: Sketch of the TAS-LF400 low-temperature triaxial testing system.

Advances in Civil Engineering 3



2.3. Experimental Procedures. Using the above specimen
preparation technique, in situ uniaxial compression tests of
pressurized freezing ice were conducted at −20°C under the
constant strain rate. (e strain rates considered were
5×10−5, 1.5×10−5, 5×10−6, and 1.5×10−6 s−1. Since the

radial accuracy of the ice specimen relies on the interaction
between the specimen and the confining medium during
freezing, the pressure applied in the freezing process cannot
be less than 0.5MPa. (erefore, the freezing pressure of ice
specimens was set to 0.5, 10, 20, and 30MPa. (e test was

Figure 2: An ice sample frozen by the pressurized freezing technique.
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Figure 3: Ice sample diameter: (a) measurement intervals and (b) measurement results.
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conducted using all the combinations of the above pa-
rameters. Each group contained two specimens, and a total
of 32 specimens were tested.

(e specific test process is as follows: firstly, the ice
specimen was frozen under the pressure environment by
using the controlled freezing process. (en, keeping the
freezing stress field unchanged, the temperature field of the
ice specimen was adjusted to a uniform value of −20°C. After
the temperature field of the ice specimen became stable, the
freezing pressure of the ice specimen was removed at the rate
of 0.05MPa·s−1 under the condition that the three-dimen-
sional pressures are equal. (e uniaxial compression test
with the constant strain rate was immediately conducted
after the unloading process.

3. Results and Discussion

(e stress-strain curves for all the 32 groups of tests are
classified and summarized according to the freezing pressure
in Figure 7. (e test conditions and characteristic results
corresponding to each curve are shown in Table 1. (e
curves with the same test conditions are represented in the
same color, and the two repetitions are distinguished by
different markers (circles and triangles). According to Ta-
ble 1, the repeated errors of peak stress, failure strain, and
residual stress of the test under the same conditions are
4–14%, 0–14%, and 0–8%, respectively, which are lower than
most of the earlier reported values for ice uniaxial com-
pression tests [41–44] and are close to the repeated errors of
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precisive tests carried out by Ramseier [45]. (e above re-
sults prove that the proposed test technique is reliable with
high control precision and strong repeatability.

3.1. Stress-Strain Behavior

3.1.1. Failure Characteristics. Due to the rheological prop-
erties of ice, the failure characteristics after loading defor-
mation are closely related to the strain rate. When the strain
rate is slow, there is sufficient time for dislocation sliding
between the ice crystals, so the stress-strain relationship of
ice is elastoplastic, leading to ductile failure. When the strain
rate is fast, the dislocation sliding between the ice crystals
cannot occur, resulting in the dominant internal cracking
and crushing. (e stress-strain curve drops suddenly after
reaching the peak, and brittle failure occurs. In Figure 7(a),
when the strain rate is 5×10−5 s−1, the failure characteristics
of ice specimens with freezing pressure of 0.5MPa exhibit
one brittle and one ductile, while the ice specimens with high
pressure freezing all show brittle failure, which indicates that
the influence of freezing pressure on the failure character-
istics of ice is similar to that of low temperature, leading to
the ductile-to-brittle transition zone move to a slow strain
rate range.

(e specific failure pattern is shown in Figure 8. After the
test was completed, hydraulic oil was discharged while
maintaining the low temperature in the pressure chamber,
and then, the ice specimen was taken out, which took nearly
1 h. In the above process, the side of the ice specimen was
tightly wrapped by a heat shrink tube, and the internal cracks
were healed to a certain extent under the effect of recrys-
tallization, resulting in self-repair of the ice specimen that
might have been disintegrated due to compression failure.
(erefore, all the damaged ice specimens were still con-
tinuous after the heat shrink tube was removed. (e typical
failure images of each specimen were processed using

Photoshop software to make the internal cracks clearer.
(ese images are shown in Figures 8(a)–8(d), which reveal
the variation in the failure mode of ice specimens under
freezing pressure of 0.5–30MPa and different strain rates.
When the freezing pressure is low, there are fewer cracks
inside the ice specimen, forming a vertical or inclined main
crack (see Figure 8(b) for 0.5MPa and Figure 8(d) for
0.5MPa). As the freezing pressure increases, the number of
cracks in the specimen gradually increases (see Figure 8(a)
for 10MPa), forming a certain fracture zone in the specimen
(see Figure 8(c) for 20MPa). In addition, with the increase in
the freezing pressure, the crack concentration at the top and
bottom of the specimen becomes increasingly obvious (see
Figure 8(c) for 30MPa). At a low strain rate, the specimens
with high freezing pressure show lateral bulging failure (see
Figure 8(d) for 30MPa), and at high strain rate, the spec-
imens with high freezing pressure still tend to exhibit shear
failure (see Figure 8(a) for 30MPa). In general, as the
freezing pressure increases, the failure mode of the ice
specimen changes from shear failure to splitting failure, and
as the strain rate increases, this phenomenon becomes more
and more obvious.

3.1.2. Brittleness Index. (e test specimens with strain rates
of 1.5×10−5–1.5×10−6 s−1 all showed ductile failure, and all
the constitutive curves revealed strain-softening character-
istics, but the rates of prepeak rise and postpeak decline of
the curves were significantly affected by the freezing pres-
sure. (e stress variation rate of the constitutive curve is
closely related to the brittleness of the material, which can be
quantitatively evaluated by the brittleness index [46, 47].
(ere are four ways to extract the brittleness index according
to the total stress-strain curve (Table 2), and the greater the
index, the more significant the brittleness of the material.
(e index B1 was proposed by Bishop [48], who suggested
that the brittleness of the material can be characterized by
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Figure 6: Measurement results of the optical fiber and thermistor under the stable temperature field of the ice specimen.
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the stress drop amplitude after the failure of the specimen,
namely, the ratio of the postpeak drop of the stress to the
peak stress. Subsequently, Zhou et al. [49] considered the
absolute deceleration based on the relative magnitude of the
postpeak stress drop and took its logarithm value as the
coefficient to propose another brittleness index B2. Xia et al.
[50] considered the influence of the prepeak stress-strain
state on the brittleness characteristics; they used the ratio of
the elastic energy released during the specimen failure to the
total deformation energy stored before the peak to char-
acterize the brittleness index. Based on the deformation
energy calculation method of Tarasov and Potvin [51], the

index B3 was derived. Tarasov and Potvin [51] believed that
the brittleness degree should be reflected by the relative
relationship between the deformation energy of the speci-
men before and after the peak of the constitutive curve, and
the index can be expressed by the relationship between the
modulus parameters before and after the peak, namely, B4.

(e brittleness indices are calculated according to Ta-
ble 2, where the modulus parameters are shown in Table 3.
(e calculated brittleness index is shown in Figure 9. Under
all the strain rates, the variation in the four brittleness in-
dexes with the freezing pressure is similar: the indexes in-
crease first, then decrease, and then again increase.(emean
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value of the four brittleness indexes increases in the fol-
lowing order of the freezing pressure:

B(20MPa)<B(0.5MPa)B(10MPa)<B(30MPa), (1)

where B is the arithmetic average value of B1 − B4. (e
number in the brackets represent the freezing pressure.

(e brittleness index calculated according to the
constitutive relation can reflect the deformation law of ice
under static load, which provides a basis for engineers to
predict the deformation trend of frozen wall. In addition,
the brittleness index is an important parameter to evaluate
the dynamic response. (e material with the higher
brittleness index is easier to be cracked under dynamic
action.

When the freezing method is used to construct the shaft
in deep water-rich strata, the drilling and blasting method is
needed to excavate the inner space of the shaft. Figure 9
shows that according to the hydrostatic head difference, the
brittleness of ice at a depth of 1000 meters is significantly
greater than that at the shallow part, which should be
cautious in the design of the blasting process; particularly,
the layout of the surrounding holes should be optimized to
avoid the potential safety hazards caused by the cracking and

leakage of the frozen wall. (e variation in the ice brittleness
with the depth can also play a role in effective drilling of
thick ice cover. Engineers can improve the bit form
according to the variation in the brittleness index, and the
drilling pressure, rotation speed, and other parameters in the
drilling process can be optimized to improve the ice breaking
efficiency.

3.2. Mechanical Properties

3.2.1. Peak Stress. According to the test, the variation in the
peak stress as a function of the freezing pressure is shown in
Figure 10. (e scattered points are the measured values of
each group of tests.(e fold lines represent the change in the
average value of the repeated test results. (e colors of the
points and lines correspond to the strain rate. Under the
same freezing pressure, the peak stress of ice specimen
increases with the increase in the strain rate, which is
consistent with the test results of nonpressure freezing ice
within the same strain rate range [28, 52]. Under the four
strain rates, the variation laws of the peak stress of ice
specimens are similar, and the peak stress does not
monotonically change with the increase in the freezing

Table 1: Experimental conditions and results.

Group Strain rate (s−1) Freezing pressure (MPa) Peak stress (MPa) Failure strain Residual stress (MPa) Failure types
R1-0.5-1

5×10−5

0.5 14.90 0.48 5.63 Ductile
R1-0.5-2 0.5 13.85 0.43 6.13 Brittle
R1-10-1 10 19.00 0.33 8.48 Brittle
R1-10-2 10 18.12 0.36 7.83 Brittle
R1-20-1 20 18.10 0.39 7.52 Brittle
R1-20-2 20 16.54 0.40 7.59 Brittle
R1-30-1 30 19.55 0.41 9.65 Brittle
R1-30-2 30 20.33 0.40 10.07 Brittle
R2-0.5-1

1.5×10−5

0.5 13.50 0.48 5.33 Ductile
R2-0.5-2 0.5 11.92 0.46 5.16 Ductile
R2-10-1 10 16.00 0.40 5.54 Ductile
R2-10-2 10 14.55 0.38 5.23 Ductile
R2-20-1 20 14.14 0.42 5.17 Ductile
R2-20-2 20 12.39 0.37 5.62 Ductile
R2-30-1 30 17.21 0.45 5.51 Ductile
R2-30-2 30 16.10 0.43 5.80 Ductile
R3-0.5-1

5×10−6

0.5 9.14 0.43 4.22 Ductile
R3-0.5-2 0.5 10.17 0.48 4.25 Ductile
R3-10-1 10 12.73 0.40 4.14 Ductile
R3-10-2 10 11.58 0.40 4.31 Ductile
R3-20-1 20 10.55 0.41 4.88 Ductile
R3-20-2 20 11.57 0.43 4.66 Ductile
R3-30-1 30 14.03 0.45 4.88 Ductile
R3-30-2 30 13.02 0.43 4.84 Ductile
R4-0.5-1

1.5×10−6

0.5 6.35 0.53 2.99 Ductile
R4-0.5-2 0.5 7.33 0.51 3.04 Ductile
R4-10-1 10 9.79 0.40 3.15 Ductile
R4-10-2 10 8.65 0.37 3.43 Ductile
R4-20-1 20 8.02 0.42 3.57 Ductile
R4-20-2 20 7.04 0.36 3.78 Ductile
R4-30-1 30 10.62 0.45 3.43 Ductile
R4-30-2 30 9.92 0.42 3.42 Ductile
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pressure, but it increases first, then decreases, and then again
increases. When the freezing pressure increases from
0.5MPa to 10MPa, the average peak stress increases by
2.50–4.19MPa, and the relative increase is 20–38%. When
the freezing pressure rises to 20MPa, the peak stress does
not continue to rise, and its average value decreases by
1.10–2.01MPa with a relative decrease of 6–20%. When the
freezing pressure increases to 30MPa, the peak stress in-
creases again, and the average value is 2.47–3.39MPa higher
than that at 20MPa, and the relative increase is 15–36%.

(e freezing pressure interval selected in this experiment
is large, and the freezing pressures of 10MPa and 20MPa are
not necessarily the inflection points of the continuous
variation curve of uniaxial compressive strength of ice
specimens. It is necessary to conduct more detailed research

by narrowing the interval to obtain comprehensive and
accurate variation law. However, the dashed line rule of
Figure 10 is still valuable for engineering applications and
scientific research. Taking the artificial freezing project as an
example, the groundwater pressure is calculated according
to the head difference. (e test results show that the strength
of artificial freezing ice increases significantly with the in-
crease in depth in the depth range of 0–1000m.(ese results
can provide a basis for decreasing the thickness of pure ice
bearing wall of artificial freezing engineering in deep karst
[53] and deep water [54], which can reduce energy con-
sumption and shorten the construction period. In addition,
ice, as an important part of rock and soil frozen wall, largely
determines the mechanical properties of frozen wall.
(erefore, the variation law of compressive strength of

Freezing pressure (MPa)Strain rate (s–1)

5 × 10–5(a)

1.5 × 10–5(b)

5 × 10–6(c)

1.5 × 10–6(d)

0.5 10 20 30

Small cracks

�rough cracks

Inclined cracks

Fracture zone

Bulging failure

Crack concentration

Figure 8: Failure pattern of representative specimens. (a)5 × 10− 5. (b)1.5 × 10− 5. (c)5 × 10− 6. (d)1.5 × 10− 6.

Table 2: Summary of calculation methods for the brittleness index.

Formula Meaning of parameters

B1 � σP − σr/σP

B is the brittleness index; the lower number represents different representation; σP and σr

are peak stress and residual stress, respectively
B2 � σP − σr/σPlg|kac|/10 kac is the absolute deceleration after peak， that is, kac � σP − σr/εr − εP

B3 � σP − σr/εr − εP + (σP − σr)(εr − εP)/σPεP εP and εr are failure strain and residual strain, respectively
B4 � Etb − Eta/Etb Etb,Etb

are maximum tangent modulus before and after peak
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frozen ice can play a crucial role in the study of ice-rock or
ice-soil coupling problems and improving the utilization
rate of bearing capacity of deep frozen wall.

3.2.2. Residual Stress. (e variation in the residual stress of
ice specimens with freezing pressure at different strain
rates is shown in Figure 11. At the high strain rate, the
variation in the residual stress with freezing pressure is
consistent with that of the peak stress because the ice
specimen exhibits brittle failure in this condition (Fig-
ure 7). (e value of residual stress is the fall point of the
stress-strain curve, and the mechanism through which the
freezing pressure affects the stress value is still the same as
that for the peak stress. When the strain rate decreases, the
failure mode of the ice specimen transforms into ductile
failure, and the residual stress is changed to the stable
stress value dropping from the peak of the stress-strain
curve. In this case, the residual stress of the ice specimen
does not change significantly with the increase in freezing
pressure.

In artificial freezing construction in thick alluvium, the
frozen wall is often in a low-speed rheological state, and the
deformation is large, which can reach more than 5% in
severe cases [3]. In this case, the bearing capacity of the
frozen wall is reflected in its residual strength. Combined

with the variation law of peak stress (Figure 10) and re-
sidual stress (Figure 11) of ice with the freezing pressure, it
can be seen that, under the condition of small deformation,
the resistance of freezing wall increases significantly with
the increase in depth, which is conducive to reducing the
thickness of freezing wall. However, after entering the stage
of large deformation, the bearing capacity advantage of
deep frozen wall disappears, resulting in accelerated de-
formation under high ground pressure, which is unfa-
vorable to the construction safety. (erefore, in the deep
topsoil freezing project, it may be useful to adjust the height
of the construction section and shorten the exposure time
of the frozen wall to limit the deformation of the frozen
wall, which may facilitate the bearing capacity advantage.

3.2.3. Failure Strain. (e variation in the failure strain
with freezing pressure is shown in Figure 12. Different
from the change law of stress strength, there is no ob-
vious relationship between the failure strain and the
strain rate, which is consistent with the experimental
results for nonpressure freezing ice in the same strain
rate range [28, 51]. Under the four strain rates, the failure
strain decreases first and then increases with the increase
in the freezing pressure. When the freezing pressure is
0.5 MPa, the failure strain is the maximum, and its value

Table 3: Summary of the maximum tangent modulus before and after the peak of stress-strain curves.

Group Strain rate
(s−1)

Freezing pressure
(MPa)

Prepeak maximum tangent modulus Etb
(GPa)

Maximum tangent modulus after peak Eta
(GPa)

R2-0.5-1

1.5×10−5

0.5 6.06 1.36
R2-0.5-2 0.5 6.00 1.28
R2-10-1 10 8.16 1.92
R2-10-2 10 7.95 2.11
R2-20-1 20 8.02 1.28
R2-20-2 20 7.75 1.01
R2-30-1 30 8.78 1.70
R2-30-2 30 8.42 1.52
R3-0.5-1

5×10−6

0.5 5.06 1.01
R3-0.5-2 0.5 4.55 0.79
R3-10-1 10 7.53 1.67
R3-10-2 10 7.80 1.50
R3-20-1 20 6.28 0.89
R3-20-2 20 5.26 0.89
R3-30-1 30 8.80 1.49
R3-30-2 30 7.39 1.60
R4-0.5-1

1.5×10−6

0.5 3.60 0.89
R4-0.5-2 0.5 3.04 0.57
R4-10-1 10 5.07 1.37
R4-10-2 10 4.88 1.13
R4-20-1 20 4.03 0.77
R4-20-2 20 4.33 0.58
R4-30-1 30 5.16 1.25
R4-30-2 30 5.05 1.30
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is between 0.43% and 0.53%, which is consistent with the
failure strain of pressureless frozen ice [28, 51, 55]. When
the freezing pressure rises to 10MPa, the failure strain
decreases to a minimum of 0.33–0.4%. (en, the failure
strain increases to 0.36–0.43% and 0.40–0.45% when the
freezing pressure rises to 20MPa and 30MPa, respec-
tively, but it is still lower than the test results of ice
specimen frozen under the pressure of 0.5 MPa.

As mentioned in Section 3.2.1, the freezing pressure of
10MPa is not necessarily the lowest point of the continuous
variation curve of failure strain, but the fold line law of
failure strain is still worthy of attention of engineers. Since
the freezing pressure significantly reduces the failure strain
of ice, it is likely that the deformation of the frozen wall
formed under high pressure enters the plastic stage too early.
Especially, when the groundwater pressure reaches 10MPa,

Strain rate: 1.5 × 10–5/s
Strain rate: 5 × 10–6/s
Strain rate: 1.5 × 10–6/s
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Figure 9: Variation in the brittleness indexes with freezing pressure under different strain rates.
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Figure 10: Variation in the peak stress with freezing pressure under different strain rates.
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the failure strain of deep ice can be reduced by 26% as
compared to that of shallow ice. (e convergence defor-
mation of the frozen wall should be strictly limited to
prevent the rapid decline of its bearing capacity.

4. Conclusion

In this study, an effective method was proposed to prepare
standard ice specimens under high hydraulic pressure in a
triaxial pressure chamber. Using this technique, the in situ
uniaxial compression test of ice specimens with temperature
of 20°C and freezing pressure range of 0.5–30MPa was
carried out. (e strain rate range was 5×10−5-1.5×10−6 s−1.
(e main results of the study are summarized as follows:

(1) (e proposed specimen preparation technique
continuously controls the stress state of the specimen
during the entire process of freezing and testing,
which was suitable for the in situ mechanical test of
pressurized freezing ice. (e geometric accuracy and
temperature distribution of the prepared specimens
met the test specifications.

(2) (e failure modes of ice specimens changed from
shear failure to splitting failure with the increase in
the freezing pressure. (e influence of freezing
pressure on the failure characteristics of ice speci-
mens was similar to that of low temperature, and the
ductile-brittle transition zone moved to a slow strain
rate range.

(3) (e variation trends of brittleness index and peak
stress of ice specimens with the freezing pressure
were similar: both increased first, then decreased,
and then again increased. However, the locations of
extreme points are different. (e values of brittleness

index increased in the following order: (20MPa)
< (0.5MPa)< (10MPa)< (30MPa), while the value
relation of the peak stress is σp (0.5MPa)< σp
(20MPa)< σp (10MPa)< σp (30MPa).

(4) When the ice specimen exhibited brittle failure, the
influence of freezing pressure on residual stress is
consistent with that of the peak stress. When the ice
specimen exhibited ductile failure, there was no
obvious relationship between the residual stress and
freezing pressure.

(5) (e failure strain of ice specimen first decreased and
then increased with the increase in the freezing
pressure, and the values increased in the following
order: εp(10MPa)< εp(20MPa)< εp (30MPa)
< εp(0.5MPa).
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