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Abstract: The existence of ice in nature will threaten the safety of navigation and water operations in
cold regions. In order to improve the knowledge system of ice strength, the uniaxial compressive
strength of distilled water ice grown at different temperatures is studied in this paper. Distilled water
ice samples grown at −5 ◦C, −10 ◦C, −15 ◦C, −20 ◦C, −25 ◦C, −30 ◦C and −35 ◦C are prepared in
the cryogenic laboratory. The density and grain size are measured. The uniaxial compressive strength
tests are carried out at −10 ◦C. The stress-strain curves and the mechanical properties and failure
modes of ice are obtained by loading along the vertical direction in the strain rate range of 10−6 s−1

to 10−2 s−1. It is found that the uniaxial compressive strength of ice is a power function of strain rate
and a linear relationship with the −1/2 power of grain size. Combined with the relationship between
strength and grain size and the relationship between grain size and temperature, it is deduced that the
peak compressive strength has a logarithmic relationship with the growth temperature. In addition,
it shows that the growth temperature affects the strength of ice by controlling the grain size.

Keywords: distilled water ice; uniaxial compressive strength; growth temperature of ice; strain rate;
grain size

1. Introduction

Ice can be regarded as a composite material with a complex internal structure [1]. Its
mechanical properties have been widely studied [2,3]. The driving force of the research
lies in the development of the oil and natural gas industry, the construction and operation
of hydropower equipment and the design of ice breakers, offshore platforms and other
structures. The purpose is to predict the maximum ice load acting on these structures
and ensure the safety of maritime operations in cold regions. In icy waters, different
failure modes such as compression, buckling and radial cracking will occur in the ice
interaction with ships, oil and gas platforms and coastal buildings [4,5]. These failure
modes mainly involve the mechanical properties of ice, such as compressive strength,
bending strength and shear strength [6–8]. Compression is one of the main failure modes
when ice interacts with vertical structures, and the ice compressive strength is a key
parameter in the calculation of ice load [9–11]. Moreover, the ice compressive strength is
also an important factor affecting the dynamic process and deformation characteristics of
ice at the geophysical scale [12].

In the compressive strength test, the loading rate that determines the strain rate is an
important external factor affecting the strength of ice. Generally, the mechanical properties
and failure modes of ice under different strain rates are also different [13]. Jones [14] carried
out compression tests on single crystal ice in the temperature range as low as −90 ◦C and
discussed the stress dependence of strain rate. Wu [15] studied the dynamic response
of lake ice and distilled water ice under dynamic uniaxial compression. The uniaxial
compressive strength shows positive strain rate sensitivity in the selected high strain rate
range 60–800 s−1. Kim indicated that the uniaxial compressive strength of ice is almost
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constant when the strain rate is high enough [16]. Timco and Frederking [17] studied the
mechanical properties of freshwater ice and summarized the quantitative expressions of
compressive strength and strain rate of ice in a ductile regime. Bonath, Sinha and Chen also
discussed the relationship between strain rate and stress for different types of ice [18–20].
A series of studies have shown that the maximum compressive strength of ice appears
in a special strain rate range, under which ice performs a transition state from ductility
to brittleness, which is called the ductile-to-brittle transition regime. Qi’s results show
that the ductile-to-brittle transition regime appears in the strain rate range of 10−4 s−1

to 10−3 s−1 [21]. However, some studies found that the compressive strength reaches a
maximum at a larger strain rate. Deng [22] found that the ductile-to-brittle transition
regime of ice at the test temperature of −18 ◦C was in the range of 10−4 s−1 to 10−2 s−1

through a uniaxial compression test. Schulson [23] obtained the peak compressive strength
at the strain rate of 10−2 s−1.

The crystallization process of water will be different under different external conditions
such as pressure and temperature, resulting in different structures of ice crystals. Crystals
with the same structure are affected by the environment, which leads to diverse grain
sizes [24,25]. Schulson [26] measured the uniaxial compressive strength of granular ice with
different grain sizes and obtained that the brittle strength is related to the power exponent
of grain diameter. Iliescu [27] investigated the relationship between the grain structure
and the mechanical behavior of seasonal lake ice and river ice. The grain structure and
the resulting mechanical properties change with the thickness of the ice. Cole’s research
results are different from others, which show that the compressive strength of ice increases
with the increase in particle size at a low strain rate [28]. Moreover, during the formation
of ice, air may not be discharged in time, so it is limited to forming bubbles inside. Due
to the salt content of seawater, there may also be brine cells in sea ice, forming ice with
different porosity, density and salinity. Many studies have shown that natural defects such
as bubbles have a significant impact on the uniaxial compressive strength of the ice, and the
higher the air content, the lower the compressive strength of ice [29–31]. Han [32] found
that the uniaxial compressive strength of Arctic summer sea ice decreases linearly with the
increase in porosity. Timco and Frederking [33] indicated that the uniaxial compressive
strength in the vertical direction will be lost when the porosity of sea ice reaches 200‰ and
the uniaxial compressive strength in the horizontal direction will be lost when the porosity
reaches 270‰.

Ice temperature is another important factor affecting the uniaxial compressive strength
of ice [34,35]. Arakawa [36] conducted uniaxial compressive strength tests on polycrys-
talline ice and discussed the relationship between strength and temperature and strain rate.
With the decrease in temperature and the increase in strain rate, the structural strength of
ice increases systematically. Wu [37] found that the compressive strength of ice increases
with the decrease in temperature, but when the temperature decreases to a certain extent,
the strength almost remains unchanged. However, the research on the effect of temperature
on compressive strength mainly focuses on the test temperature at present. In the process
of ice growth, the heat exchange with the atmosphere and water will also affect the strength
of ice. The strength in the early stage of ice formation in cold waters greatly affects the
safety of ship navigation and structures. In this study, the freezing process of distilled water
ice and the preparation of test samples were carried out in the cryogenic laboratory. The
density, crystal structure and grain size of ice condensed at different growth temperatures
were measured. The relationship between the compressive strength at the initial stage
of freezing and the growth temperature was systematically discussed under laboratory
conditions. At present, there are few studies on the effect of growth temperature on the
compressive strength of ice. The purpose of this study is to summarize the relationship
between the compressive strength of ice and growth temperature and conduct further
supplementary research on the mechanical properties of ice.
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2. Methods
2.1. Preparation of Distilled Water Ice and Test Ice Samples

Distilled water ice was prepared in a cryogenic laboratory. The lowest ambient
temperature of the cryogenic laboratory can be reduced to −40 ◦C. The temperature control
accuracy is 0.1 ◦C. In order to study the effect of growth temperature on ice structural
strength, the temperature of the cryogenic laboratory during ice making was set to −5 ◦C,
−10 ◦C, −15 ◦C, −20 ◦C, −25 ◦C, −30 ◦C and −35 ◦C, respectively. The foam boxes
with a length of 600 mm, a width of 450 mm and a depth of 300 mm were selected as the
condensation tanks. The reason is that when water condensed in the box, the heat exchange
intensity of the part close to the box was large, resulting in the growth of ice from the
edge of the box to the middle. The smaller thermal conductivity of plastic foam leads to a
smaller growth trend from the edge, which ensures that ice grows from top to bottom as in
the natural environment. When sampling, an electric chain saw was used for cutting and
taking out the distilled water ice in the middle of the box. Ice preparation and cryogenic
laboratory temperature control panel are shown in Figure 1.
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Figure 1. Ice preparation and cryogenic laboratory temperature control panel. (a) Plastic foam
condensation tanks filled with distilled water in a cryogenic laboratory. (b)Temperature control panel.

Preparation of the samples was also carried out in the cryogenic laboratory. According
to the recommendations of the IAHR (International Association for Hydro-Environment
Engineering and Research) [38], the upper and lower section dimensions of the ice uniaxial
compressive strength test specimen are square with a side length of 7–10 cm (or circle with
a diameter of 7–10 cm), and the length of the specimen is 2.5 times of the side length. The
test samples were uniformly processed into 7 cm × 7 cm × 17.5 cm standard cuboids by a
cutting machine. In order to prevent the samples from sticking together and weathering
due to the continuous blowing of the laboratory, they were packed in plastic bags. The
prepared samples needed to be kept at a constant temperature in the incubator for more
than 24 h before the test, so that the samples can fully reach thermal equilibrium. In
order to avoid the influence of ambient temperature on compressive strength and better
study the relationship between growth temperature and compressive strength, the storage
temperature and test temperature were both set to −10 ◦C. Test sample preparation is
shown in Figure 2.
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2.2. Physical Properties Measurement
2.2.1. Ice Density Measurement and Porosity Calculation

In this study, the ice density was measured by the mass volume method. Standard
cuboid samples with a size of 10 cm × 10 cm × 5 cm were processed by a cutting machine,
of which 5 cm is along the direction of ice thickness. The exact length, width and thickness
of the samples were measured by the vernier caliper many times and the volumes were
calculated. The mass of the samples was weighed with an electronic scale, and the ratio of
mass to volume is the ice density. Ice porosity is the sum of brine volume fraction νb and
air volume fraction νa. Cox has derived empirical formulas for the volume fraction of air
and brine from the temperature, salinity and density of sea ice as follows [39]:

νa = 1− ρ

ρi
+ ρS

F2(T)
F1(T)

(1)

νb =
ρS

F1(T)
(2)

ρi = 0.917− 1.403× 10−4T (3)

where ρ is ice density (g/cm3); S is salinity (‰); T is ice temperature (◦C); ρi is the density of
pure ice (g/cm3); F1(T) and F2(T) are cubic polynomials about temperature. The research
object of this study is distilled water ice with a salinity of 0, thus the porosity is the air
volume fraction. Equation (1) can be simplified as:

νT = νa = 1− ρ

ρi
(4)

2.2.2. Ice Crystal Structure Measurement

There are two types of ice crystal structures: granular and columnar ice. The ice crystal
structure was observed under orthogonally polarized light through the thin ice slice pasted
on the glass. The observation device is shown in Figure 3.
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The steps of preparing thin ice slices in the cryogenic laboratory are as follows: (1) After
taking out the ice sample, slice the ice surface vertically and horizontally from different
positions. The ice sections are 5–10 cm in length with a thickness of about 1–2 cm. Flatten
one side of the slice gradually with a planer so that it can fit seamlessly with the clean glass.
(2) Heat the prepared glass slice in a water bath and stick the flat surface of the ice section
onto the glass slice slightly higher than 0 ◦C. Leave it for a few minutes to let the ice section
freeze firmly with the glass. (3) Thin the slice to a thickness of less than 1 mm, which is
convenient for distinguishing the crystal boundary. (4) Mark the slices, put them separately
into clean plastic bags and keep them closed to prevent sublimation. The procedures of
ice crystal structure observation under crossed polarized light are as follows: (1) Place the
instrument in the cryogenic laboratory to reach room temperature. (2) Turn on the power,
observe from the upper polarizer and rotate both upper and lower polarizer at the same
time until the polarizers reach an angle of 90 ◦ to make it completely opaque. (3) Place
and fix the cut ice crystal observation slice on the observation platform, and place the ruler
on the ice slice. (4) Adjust the rotating disc until the ice crystal shows the clearest state
for observation and take photos. The total area of the ice section can be measured by the
ruler, and the total number of grains can also be obtained. The grain size is expressed by
the equivalent circle diameter of the average crystal area on the section. The average grain
diameter is calculated as follows:

Dg = 2
√

S/nπ (5)

where Dg is the average grain diameter (mm); S is the area of the ice section (mm2); n is the
number of grains in the section.

2.3. Uniaxial Compression Test
2.3.1. Test Devices

The main loading device required for the test is the WDW-100E electronic universal
testing machine produced by Jinan Chuance Testing Equipment Co., Ltd. The testing
machine is driven by a servo motor and the maximum test force is 100 kN. Previous studies
have shown that the smaller the stiffness of the testing machine, the smaller the strain rate
obtained, which affects the test results [40,41]. The parameters of the testing machine are as
follows: displacement measurement accuracy is ±0.5%, test force measurement accuracy
is ±0.5%, displacement resolution is 0.03 µm, the deformation resolution is 0.001 mm and
the indication error of displacement and deformation is ±0.5%. In order to create a low-
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temperature test environment, DWC-40 low-temperature test chamber is installed between
the beam and the bottom plate of the testing machine, and the temperature control accuracy
can reach 0.1 ◦C to ensure strict control of the test temperature. In order to ensure that
the upper indenter fits well with the surface of the test sample, springs are installed at the
upper indenter. The test machine and testing zone and low-temperature test chamber are
shown in Figures 4 and 5.
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2.3.2. Test Principle and Procedure

In the uniaxial compression test, the load is recorded by the pressure sensor, and the
displacement of the beam and indenter is recorded by the laser displacement sensor. The
load-time curve and displacement-time curve can be obtained in real time during each
test. Combined with the cross-sectional area and initial length of the sample, the real-time
stress and strain can be calculated, and then the stress-strain curve can be drawn. Generally
speaking, the strength of materials is defined as the ability of materials to resist failure under
the action of external forces, that is, the stress corresponding to the failure of materials.
However, due to the particularity of ice materials, cracks occur and continue to develop
during the external force loading process until it is completely destroyed. Therefore, it is
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difficult to judge the exact starting point of failure and the stress condition of this point
cannot be monitored in the experiment. From the perspective of engineering, the uniaxial
compressive strength of ice is represented by the maximum compressive stress measured
in the test regardless of the real-time development of damage inside the ice during loading.
The calculation method of uniaxial compressive strength is given as follows:

σc =
Fmax

A
(6)

where Fmax is the maximum load on the load time curve; A is the original cross-sectional
area of the sample. The strain rate

.
ε (s−1) is controlled by adjusting the displacement rate

.
X (mm/s) of the indenter. It can be calculated by combining the original length L0 (mm) of
the sample as follows:

.
ε =

.
X
L0

(7)

In this study, the loading direction of the test is parallel to the core axis. The test
procedure is as follows: (1) Set the low-temperature test chamber to the temperature
required for the test and wait for it to complete the internal cooling. (2) After measuring
the length, width and height of the ice sample, seal the sample with a plastic bag, and
then put it into the low-temperature test chamber for constant temperature. The constant
temperature time should be more than 24 h to ensure that the interior of the sample also
reaches the temperature required for the test. (3) Place the sample at the center of the lower
indenter to ensure that the geometric axis of the specimen is in the same line with the
centerline of the testing machine. (4) Turn on the control and data acquisition program of
the testing machine. After placing the sample, adjust the position of the upper indenter so
that it just contacts the upper surface of the sample, then keep the temperature constant for
a period of time to reduce the temperature disturbance during the manual placing of the
sample. (5) Set the test parameters including sample sizes, loading speed, data acquisition
frequency and turn on the testing machine for loading. (6) Stop loading immediately after
the sample is destroyed and take photos. (7) Take out the damaged sample, clean up the
residual fragments and prepare for the next test.

3. Results

Distilled water ice was prepared by controlling different growth temperatures in the
cryogenic laboratory. The ice crystal structure was observed. The ice density and grain size
were measured. Uniaxial compressive strength tests of distilled water ice grown at several
temperatures were carried out at −10 ◦C. The loading direction was the same vertical
direction as the natural growth direction of ice crystals. The loading speed was selected
in the range of 0.01 mm/min to 105 mm/min and the strain rate range was 10−6 s−1 to
10−2 s−1 calculated by Equation (7).

3.1. Results of Uniaxial Compressive Strength Test
3.1.1. Deformation Types

Figure 6 shows the stress-strain curves of the uniaxial compressive strength test and
the deformation types of distilled water ice.

It can be seen that although the strength of ice samples at different growth tempera-
tures is different, the mechanical behavior and failure trend are almost the same. At a low
strain rate, the uniaxial compressive strength increases linearly with the increase in strain.
When the strength reaches the maximum value, the stress decreases with the increase in
strain, and finally tends to a constant value, and the curve tends to be horizontal. The
mechanical behavior of ice is ductile. Its failure mode is that with the progress of test
loading, micro-cracks appear in the ice body of the sample and gradually expand with the
progress of the test. When the cracks develop to a certain extent, the ability of the ice body
to bear external loads decreases, but it will not completely lose its compressive capacity. At
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a high strain rate, the uniaxial compressive strength increases linearly with the increase in
strain and then decreases rapidly after reaching the peak value. The mechanical behavior of
ice is brittle. Its failure mode is that large cracks penetrating the upper and lower surfaces
of the sample are directly generated in the ice during the loading process, and the sample
is directly split into several pieces completely losing its compressive capacity. From the
test results, the test duration in the high strain rate range is short, and the longitudinal
displacement and deformation of the specimen are relatively small.
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Figure 6. Stress-strain curves and deformation types of uniaxial compression on distilled water
ice grown at different temperatures. (a) The strain rate is 10−5 s−1, at which ice samples perform
ductile deformation. (b) The strain rate is 10−3 s−1, at which ice samples perform brittle deformation.
(c,d) are ductile and brittle deformation respectively.

3.1.2. Stress-Strain Curves Correction

At the beginning of the compression test, the indenter of the testing machine needs
to be fully attached to the surface of the sample, and the stress generated at this time is
not the real stress of ice. From the stress-strain curve, it can be seen that the real stress of
the sample is obtained when the raw strain reaches about 1%, so the stress-strain curve
needs to be modified. The correction method refers to reference [36], which suggests using
tangent modulus to calculate the true zero point of the stress-strain curve. The tangent
modulus of a point on the stress-strain curve is the ratio of the stress change to the strain
change near the point. Taking the test results of growth temperature −10 ◦C and strain rate
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10−5 s−1 as an example, Figure 7 shows the correction method of the stress-strain curve
when ice shows ductile behavior at a low strain rate.
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Figure 7. Correction of stress-strain curve in ductile regime.

When the raw strain reaches 0.93%, the upper surface of the sample is fully attached to
the upper indenter, and the tangent modulus rises rapidly from 0, reaching the maximum
value of 740 MPa at 1.04% raw strain. The point corresponding to the maximum tangent
modulus is given on the curve. At this point, take the maximum tangent modulus as the
slope as the auxiliary line, and the intersection with the x-axis is the correct zero strain,
that is, 0.85% raw strain. When the tangent modulus curve reaches the maximum value,
it decreases rapidly with the increase in strain. When the tangent modulus decreases to
0, the stress reaches the maximum value of 3.98 MPa, which is defined as the maximum
compressive strength under this condition, and the corresponding corrected strain is 0.72%.
After reaching the peak, the stress and tangent modulus decrease rapidly with the increase
in strain. The tangent modulus reaches the minimum value at 0.85% of the corrected
strain and then gradually rises, and the corresponding stress reduction rate also gradually
decreases. Finally, the stress tends to be constant, and the tangent modulus tends to be
0. When ice shows brittle behavior at a high strain rate, the correction method of the
stress-strain curve is the same as that of the ductile regime, as shown in Figure 8. See
Table 1 for the maximum compressive strength σmax and corresponding corrected strain
εmax in some typical tests.
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Table 1. Typical Experimental conditions and corrected results.

T (◦C)
.
ε (s−1) σmax (MPa) εmax (%)

1× 10−6 1.95 0.51
1× 10−5 3.52 0.64

−5 1× 10−4 5.88 0.71
1× 10−3 1.54 0.18
1× 10−2 1.30 0.26

1× 10−6 2.08 0.49
1× 10−5 3.98 0.72

−10 1× 10−4 6.39 0.71
1× 10−3 2.11 0.22
1× 10−2 1.75 0.27

1× 10−6 1.82 0.40
1× 10−5 4.51 0.67

−15 1× 10−4 6.08 0.54
1× 10−3 2.91 0.29
1× 10−2 2.29 0.27

1× 10−6 4.61 0.63
1× 10−5 4.67 0.79

−20 1× 10−4 5.49 0.77
1× 10−3 3.46 0.36
1× 10−2 1.75 0.48

1× 10−6 4.34 0.73
1× 10−5 5.81 0.87

−25 1× 10−4 5.13 0.52
1× 10−3 3.52 0.27
1× 10−2 1.22 0.34

1× 10−6 3.07 0.83
1× 10−5 7.17 0.94

−30 1× 10−4 7.45 0.87
1× 10−3 3.64 0.38
1× 10−2 1.23 0.31

1× 10−6 4.70 1.09
1× 10−5 8.65 0.99

−35 1× 10−4 7.02 0.74
1× 10−3 3.63 0.48
1× 10−2 2.18 0.22

3.2. Physical Properties and Crystal Structure of Distill Water Ice

The density of distilled water ice grown at different growth temperatures was mea-
sured in the low-temperature laboratory. The density range is 900–920 kg/m3 increasing
with the decrease in temperature. The ice density measured in this study is relatively large
because ice is frozen from distilled water without salt and other impurities. Because there
is almost no disturbance of air and water flow, which makes the ice crystal growth more
uniform and stable, the icing process is static. In this way, the bubble content is low. The
average porosity of distilled water ice grown at different temperatures is calculated by
Equations (3) and (4) combined with the average density of ice samples. The results are
shown in Table 2.

Figure 9 shows the horizontal and vertical crystal structure of the ice sample. From
the figure, it can be seen that the distilled water ice frozen in the laboratory is a typical
columnar structure. The reason is that the temperature in the laboratory is almost constant
during icing, and the growth rate of ice crystals is slow, which gives ice crystals enough
time to develop. Each ice crystal can only grow vertically downward due to the restriction
of surrounding ice crystals during growth, forming columnar ice crystals.
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Table 2. Measured average density and porosity of ice samples at different growth temperatures.

Growth Temperature (◦C) Average Density (kg/m3) Average Porosity (‰)

−5 906 12.75
−10 907 12.42
−15 915 4.47
−20 916 4.14
−25 918 2.72
−30 919 2.40
−35 919 3.16
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Figure 9. Thin sections of distilled water ice grown at −15 ◦C photographed in polarized light. (a) is
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Figure 10 shows the variation curves of average grain size with depth. The average
grain size of distilled water ice frozen under laboratory conditions ranges from 2 to 7 mm.
The greater the depth, the slower the growth rate, and the larger the average grain size.
The average grain size decreases roughly with the decrease in growth temperature.
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4. Discussion
4.1. Stress vs. Strain Rate

In Section 3, ice shows different mechanical behaviors in different strain rate ranges, so
the uniaxial compressive strength of ice can correspond to the strain rate. Figure 11 shows
the curves of the uniaxial compressive strength of distilled water ice with strain rate in the
double logarithmic coordinate system.
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Figure 11. Test data of uniaxial compressive strength versus strain rate and fitted curves for distilled
water ice samples grown at different temperatures.

In the range of strain rate from 10−6 s−1 to 10−2 s−1, the uniaxial compressive strength
first increases and then decreases. The strain rate range can be divided into ductile and
brittle regimes according to the mechanical behavior of ice. The uniaxial compressive
strength of ice reaches a maximum at the ductile-to-brittle transition point. The uniaxial
compressive strength of ice at a strain rate higher than 10−2 s−1 was not obtained due to
the limitation of test conditions. Some researchers have studied the uniaxial compressive
strength of ice under a high strain rate. Test results from Jones [42] show that the uniaxial
compressive strength of freshwater ice and low salinity sea ice does not decrease in the
strain rate range of 10−1 s−1 to 101 s−1 but continues to increase. Wu et al. [17] conducted
uniaxial compression tests on distilled water ice and lake ice in the range of strain rate
80 s−1 to 600 s−1 and the uniaxial compressive strength changed little.

The relationship between uniaxial compressive strength and strain rate of ice in the
ductile regime should conform to Glen’s law [43] as shown in Equation (8).

.
ε = Bσn

c,v (8)

where B and n are empirical coefficients. In order to keep the equation consistent in
dimension, Equation (8) is transformed into Equation (9) as follows:

σc,v

σ1
= B

( .
ε
.

ε1

)n

(9)

where σ1 = 1 MPa,
.

ε1 = 1 s−1. The fitting curves of the relationship between uniaxial
compressive strength and strain rate in the ductile regime are shown in the dashed lines in
Figure 11 and the empirical coefficient and judgment coefficient are given in Table 3.
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Table 3. The fitting coefficients and coefficients of determination R2 of uniaxial compressive strength
tests on distilled water ice.

Tg
(◦C)

Ductile Regime Brittle Regime σcp
(MPa)B n R2 B n R2

−5 38.798 0.214 0.58 0.225 −0.35 0.78 5.09
−10 60.236 0.243 0.70 0.460 −0.246 0.76 5.34
−15 71.611 0.264 0.77 0.991 −0.184 0.77 5.75
−20 16.837 0.095 0.73 0.248 −0.34 0.88 6.70
−25 12.001 0.071 0.75 0.332 −0.293 0.85 5.96
−30 38.262 0.172 0.71 0.553 −0.277 0.63 7.55
−35 24.741 0.109 0.60 0.370 −0.32 0.89 8.50

There is no unified conclusion about the relationship between uniaxial compressive
strength and strain rate in a brittle regime. It can be seen from Figure 11 that within the
strain rate range of this study, the relationship between uniaxial compressive strength
and strain rate is still approximate to the power function. Therefore, Equation (9) is still
used for fitting, and the fitting curves are shown in Figure 11. The empirical coefficient
and judgment coefficient are also given. The fitting curve is in good agreement with the
test data. The peak compressive strength of distilled water ice σcp at different growth
temperatures can be calculated through the fitting function, which is also listed in Table 3.

4.2. Stress vs. Grain Size

From Section 3, it can be seen that the grain size tends to decrease with the decrease in
growth temperature. Grain size is another key factor affecting ice strength. Cole concluded
from the tests that the stress of ice decreases with the increase in grain size [28]. This
conclusion can be explained by dislocation theory, that is, for the same material, the smaller
the grain diameter, the more the grain boundary; the greater the obstacle to dislocation
movement, the greater the resistance to material deformation; and the higher the macro
strength. Schulson [26] summarized the functional relationship between compressive
strength and grain size after studying the brittle compression failure of ice, as shown in
Equation (10):

σc = σ0 + kcd−p (10)

where σc is compressive strength, d is grain size, σ0 and kc are material constants and
p = 1/2. Other researchers [26,28,44] mainly focused on the brittle regime to study the
relationship between stress and grain size. In this paper, the relationship between the
peak compressive strength of ice and grain size is analyzed in a larger range of strain rates
(including ductile and brittle regime). Table 4 shows the average grain size of distilled
water ice grown at different growth temperatures.

Table 4. Result of grain size measurement.

Tg (◦C) Average Grain Size (mm) σcp (MPa)

−5 5.86 5.09
−10 6.05 5.34
−15 4.85 5.75
−20 5.20 6.70
−25 4.02 5.96
−30 4.93 7.55
−35 2.37 8.50

Combining the peak compressive strength given in Section 4.1, the relationship be-
tween the two is fitted with Equation (10). The test results and fitting curves are shown in
Figure 12, and the empirical coefficients and judgment coefficients obtained by fitting this
study with other studies are given in Table 5.
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Table 5. Regression and correlation coefficients for stress vs. grain size fitting function.

Items Schulson, 1990 Nixon, 1996 Cole, 1987 Present Study

σ0 3.67 3.52 −0.89 −1.81
kc 8.27 26.4 12.25 17.91
R2 0.44 0.56 0.45 0.54

There is a good correlation between stress and the −1/2 power of grain size, and the
trend of the results obtained in the present study is roughly the same as that of other studies.
From the numerical point of view, the maximum stress in this study is roughly the same as
the test results of Schulson. The stress obtained by Nixon is relatively large, while the result
obtained by Cole is smaller. The reason is that the sample storage and test of this study and
Schulson are carried out at −10 ◦C. The test temperatures of Nixon and Cole are −50 ◦C
and −5 ◦C, respectively. The lower the test temperature, the greater the compressive
strength of the ice. Many previous studies have also confirmed this conclusion [34–37].

4.3. Stress vs. Growth Temperature

The uniaxial compressive strength of ice is closely related to temperature. Many previ-
ous studies on temperature and strength mainly discussed the influence of test temperature
on strength. There is little research on the relationship between growth temperature and
compressive strength at present. The test temperature in this study was kept constant at
−10 ◦C in order to avoid the influence. The ice samples used in this study are distilled
water ice, with no influence of salt and other solid impurities. The porosity of distilled
water ice sample is small as shown in Section 3.2, so the influence of bubbles on strength
can also be ignored, which can more directly study the influence of growth temperature on
the peak compressive strength. It can be seen from the test results that the peak value of
uniaxial compressive strength appears at −35 ◦C, which is 8.50 MPa calculated by using
the fitting function.

Three functions are selected for data fitting referring to the relationship between
test temperature and strength in previous studies. Yu [45] found that there is a linear
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relationship between the compressive strength of river ice and ice temperature in the range
of −5 to −30 ◦C as Equation (11):

σ = A|θ|+ B (11)

Li [46] proposed the logarithmic relationship between the peak uniaxial compressive
strength of Bohai Sea Ice and ice temperature as Equation (12):

σc,max = A ln |θ|+ B (12)

Zhang [8] measured the shear and tensile strength of freshwater ice and sea ice
at different temperatures and obtained the highest third-order polynomial relationship
between shear/tensile strength and ice temperature as Equation (13):

σ = Aθ3 + Bθ2 + Cθ + D (13)

where σ is ice strength, θ is ice temperature, A, B, C, D are fitting coefficients. The peak
uniaxial compressive strength σcp and ice growth temperature Tg (Tg replaces θ in the
original equation) in this study are fitted by the three functions above, as shown in Figure 13.
The empirical coefficient and judgment coefficient are listed in Table 6.
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Table 6. Regression and correlation coefficients for peak stress vs. growth temperature fitting functions.

Function Type
Fit Coefficients

R2
A B C D

Linear 0.106 4.290 / / 0.85
Logarithmic 1.527 2.096 / / 0.71
Polynomial −0.0002 −0.0103 −0.217 4.16 0.91

The correlation of the three functions is good according to the fitting results, but the
most appropriate function should be selected from the perspective of physical facts. From
the above, it can be seen that the growth temperature affects the grain size. It is found that
the growth temperature has a logarithmic or linear relationship with the −1/2 power of
the grain size, as shown in Figure 14.
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The relationship between peak uniaxial compressive stress and growth temperature
can be obtained by substituting the relationship between growth temperature and grain
size into Equation (10) as follows:

σcp = A1
∣∣Tg

∣∣+ B1 (14)

σcp = A2 ln
∣∣Tg

∣∣+ B2 (15)

Finally, the form of Equation (15) is selected as the relationship between the peak
uniaxial compressive strength and the growth temperature. The reason is that the freezing
process occurs below 0 ◦C. When the growth temperature is equal to 0 ◦C, there is no ice
formation, that is, there will be no strength, which is inconsistent with the physical fact
that the strength is close to zero when the temperature is near the freezing point. The
logarithmic function conforms to the requirements of both physics and mathematics [46].
By deducing and summarizing the relationship between the peak uniaxial compressive
strength and the growth temperature, it is found that the growth temperature affects the
strength of ice by controlling the grain size of ice crystal when other factors are ignored.
Finally, the relationship between peak uniaxial compressive stress and growth temperature
is given as follows:

σcp = 1.527 ln
∣∣Tg

∣∣+ 2.096 (16)

This conclusion improves the research system of ice strength. It is also conducive to
guiding the estimation and judgment of ice strength in engineering applications in cold
regions. Finally, it provides a theoretical basis and technical support for ships to choose
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appropriate routes and ice-breaking schemes, as well as the design of maritime structures
and risk avoidance.

5. Conclusions

In this study, uniaxial compressive strength tests of distilled water ice at different
growth temperatures were carried out. The conclusions based on experimental results and
comparison with other research work are given as follows:

1. The growth temperatures were set at−5 ◦C,−10 ◦C,−15 ◦C,−20 ◦C,−25 ◦C,−30 ◦C
and −35 ◦C. The ice crystal structure in this study is columnar. Ice density ranges
from 900 kg/m3 to 920 kg/m3 and increases with decreasing temperature. Grain size
increases with the increases in ice depth, and the average grain size range is 2–7 mm,
which roughly decreases with the decrease in temperature.

2. The uniaxial compressive strength of ice at different strain rates is obtained, which
first increases with the increase in strain rate, and then decreases with the increase
in strain rate after reaching the peak value. The results show that ice is ductile at a
low strain rate and brittle at a high strain rate. The relationship between uniaxial
compressive strength and strain rate is a power function.

3. Compared with previous studies, it is found that the peak compressive strength of
ice gradually increases with the decrease in grain size. The results show that the
relationship between the peak compressive strength and the—1/2 power of grain size
is a linear function.

4. Referring to the previous research, three functional forms of linear, logarithmic and
polynomial have been proposed. The experimental results of this study are fitted in
three functions to reveal the mathematical relationship. In addition, by summarizing
the relationship between growth temperature and grain size, combined with mathe-
matical requirements and physical facts, it is finally determined that the relationship
between ice peak compressive strength and growth temperature conforms to the
logarithmic function. This result explains that the growth temperature affects the
compressive strength of ice by controlling the grain size.

The conclusions of this paper can help guide the safe navigation of ships and the
design of offshore marine structures in cold regions.
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