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Abstract: Ice is a common natural phenomenon in cold areas, which plays an important role in the
construction of cold areas and the design of artificial ice rinks. To supplement our knowledge of
ice mechanics, this paper investigates the mechanical properties of granular snow ice. The factors
influencing the flexural strength of granular snow ice are analyzed through a three-point bending
test. It is found that flexural strength is affected by strain rate. At low strain rates, flexural strength
increases with increasing strain rate, whereas at high strain rates, flexural strength decreases with
increasing strain rate. As temperature decreases, the flexural strength value of ice increases, but its
brittleness becomes more pronounced, indicating that the strain rate corresponding to the maximum
flexural strength is lower. Within the test temperature range, the tough-brittle transition range is
from 6.67 × 10−5 s−1 to 3.11 × 10−4 s−1. At −5 ◦C, the strain rate corresponding to the maximum
bending strength is 3.11 × 10−4 s−1, while at −10 ◦C, it is only 6.67 × 10−5 s−1. Flexural strength
is influenced by crystal structure. At −20 ◦C, the average flexural strength of granular snow ice is
2.85 MPa, compared to 1.93 MPa for columnar ice at the same temperature. Through observation,
we found that there are straight cracks and oblique cracks. The fracture toughness of granular snow
ice was investigated by cutting prefabricated cracks at the bottom of the ice beam and employing
a three-point bending device. It is found that fracture toughness decreases with increasing strain
rate. Temperature also affects granular snow ice. At −15 ◦C, fracture toughness is 181.60 kPa·m1/2,
but at −6 ◦C, it decreases to 147.28 kPa·m1/2. However, at varying temperatures and strain rates,
there is no significant difference in the fracture patterns of ice samples, which predominantly develop
upward along the prefabricated cracks.

Keywords: granular snow ice; ice temperature; strain rate; flexural strength; fracture toughness

1. Introduction

Ice is a non-homogeneous composite material consisting of grains, grain boundaries,
and initial defects [1,2], with types including sea ice, river ice, lake ice, reservoir ice, icebergs,
permafrost, atmospheric ice, and polar glaciers in cold regions [3]. Ice, as a widespread
natural phenomenon in cold regions, has beneficial aspects for human life, such as enabling
the development of oil resources in the polar seas [4]. Moreover, ice itself serves as a load-
bearing platform, capable of supporting and transporting both mobile and stationary heavy
loads [5]. Ice on rivers and lakes has long been utilized for ice tourism, recreation, and
ice transportation [6]. However, ice-related disasters, including river ice floods, reservoir
ice impacts on gates, slope protection, and winter operations of power plants, as well as
the effects of sea ice on offshore structures and navigation, pose significant threats to life
and property [7]. In the design, construction, and operation of hydroelectric equipment,
as well as in the design of structures such as icebreakers, special consideration must be
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given to ice loads to ensure operational safety in cold regions [8,9]. When ice interacts
with inclined or conical structures, bending failure typically occurs [10]. It is not only an
important mechanical property for assessing the climbing and impact strength of ice on
inclined hydraulic structures [11], but also a key parameter for calculating ice loads [8]. Ice
fracture destruction is also common. It is an important parameter in the design of hydraulic
structures and the analysis of river ice dynamics. Following the formation of the ice layer,
the force generated by its heating and expansion is the primary load that leads to the failure
of reservoir slope protection [12]. Extreme ice pressure is related to the deformation and
fracture behavior of the ice sheet under compression. To develop an extreme ice pressure
model based on fracture mechanics theory, it is particularly necessary to understand the
fracture toughness of ice [13].

In 1968, Weeks and Assur demonstrated that sea ice exhibits viscoelastic mechanical
properties [14]. Sinha [15] argued that the viscoelastic–plastic constitutive relationship
of sea ice allows it to exhibit a wide range of mechanical behaviors at different loading
rates. Previous research has found that ice shows brittleness at higher strain rates, while
lower rates lead to ductile behavior [16–19]. Specifically, the low-strain-rate region exhibits
ductile failure, the high-strain-rate region is characterized by brittle failure, and there is a
ductile-to-brittle transition stage in between. Zhang et al. [20] discovered that the transition
range for ice from ductile to brittle is between 1.46 × 10−6 s−1 and 3.54 × 10−5 s−1 on
freshwater ice. Schulson [21,22] first proposed the critical grain size of ice in analyzing the
transition from brittle to ductile behavior, concluding that this transition in the properties
of ice materials is related to grain size. Additionally, many scholars use theoretical or
experimental methods to describe the transition of ice from exhibiting ductile behavior to
brittle behavior [23,24].

Currently, experimental studies on ice bending mainly include three-point bending,
four-point bending, and cantilever beam tests. Of these, three-point bending tests involve
retrieving ice samples and preparing them indoors, while cantilever beam tests are predom-
inantly conducted in the field [25]. In 1943, the Brazilian engineer Carneiro [26] proposed
the famous Brazilian disk indirect tensile test method, which is now widely used to test the
tensile strength of rocks, concrete, and other brittle materials [27]. There are a number of
methods to test brittle materials for mixed-mode (I + II) or pure-mode II fracture toughness,
such as using straight-notched Brazilian disks, V-notched Brazilian disks, and compression
short-core tests [28–30]. Xiao et al. [31] concluded that under the premise of ensuring that
ice is a brittle material, it can be tested as a rock and the fracture toughness and tensile
strength can be measured by applying Brazilian disk splitting.

The mechanical properties of ice may depend on a combination of factors, such as
crystal structure, temperature, porosity, grain size, and strain rate [32,33]. In general, the
fracture toughness of ice is in the range of 50–150 kPa·m1/2 [34], increasing slightly with
decreasing temperature [35] and decreasing with increasing grain size [36] and porosity [37].
Wang [38] conducted a three-point bending test on artificial columnar ice and found that
the flexural strength increased and then decreased with an increase in the strain rate, and a
fitting relationship between flexural strength, elastic modulus, and strain rate was obtained.
Gagnon [39] and Ji et al. [40] conducted bending tests on glacier ice and sea ice, respectively,
and found that the flexural strength increased with an increase in strain rate and a decrease
in temperature. Zhang et al. [41] studied freshwater granular ice and found that the flexural
strength initially decreases, then increases, and then decreases again with increasing stress
rate. Zhang [42] found that the variation in flexural strength with strain rate is similar to
an inverted “W” shape. Xu et al. [43] conducted three-point bending tests with notches
on pure polycrystalline ice at different temperatures (−20 ◦C, −30 ◦C, and −40 ◦C) and
loading rates (1 to 100 mm/min). They found that when the strain rate at the crack tip
was less than the critical value of 6 × 10−3 s−1, the fracture toughness decreased with the
increasing crack tip strain rate. Beyond this critical value, the fracture toughness remained
constant. Litwin et al. [44] studied the tensile strength and fracture toughness within the
temperature range of 260 K to 110 K and found that fracture toughness is not sensitive to
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temperature. Mulmule et al. [45] and Dempsey et al. [46] conducted fracture toughness
tests on sea ice of different sizes and found a significant size effect. Dempsey et al. [46]
suggested that the results of fracture tests can be characterized by tensile strength, which
decreases with increasing specimen size.

Ice plays a role in transportation, the military, and other fields, and has also led to the
development of numerous ice sports [47]. Some countries use refrigeration technology to
manufacture artificial ice rinks, in which the artificial ice surfaces must meet the require-
ments of stiffness and bearing capacity, as well as ensure the normal requirements of ice
sports. However, when moving on the ice surface, it may crack or be locally damaged,
causing harm. Therefore, investigating the mechanical properties of artificial ice is essential.
Due to variations in growth environments, different types of ice crystals form, including
snow ice, granular ice, and columnar ice [48]. However, previous studies have provided
relatively little research on the mechanics of granular ice. In field experiments, the relatively
low content of granular ice and uneven thickness in the ice layer sometimes hinder the
extraction of a sufficient number of samples, making it difficult to stably test its mechanical
properties. Studies [8] also indicate that the bending strength of granular ice is higher than
that of columnar ice, necessitating a serious consideration of its mechanical properties.
Schwarz et al. [49] provided recommendations for the dimensions of ice specimens in
bending tests. The focus of this study is to prepare artificial granular ice in the laboratory,
cut a small ice sample measuring 35 mm × 35 mm × 180 mm, and investigate the influence
of temperature and strain rate on the bending strength and fracture toughness of granular
ice through three-point bending and fracture toughness tests, aiming to further supplement
the mechanical properties of ice.

2. Method
2.1. Ice Sample Preparation

As a result of changes in climate and temperature, the three states of water are con-
stantly shifting. As temperatures continue to drop to freezing point, bodies of water
develop ice. During crystallization, water forms different crystal structures due to various
external conditions such as temperature and pressure, and crystals with the same structure
are affected by the environment, resulting in different grain sizes [32]. In rivers, for example,
granular snow ice crystals may form during the early stages of freezing when the ice grows
too fast or when snow falls before cooling, after which the vertical growth rate dominates
and columnar ice crystals are formed [50].

The granular ice and columnar ice samples used in this study were prepared at
Northeast Agricultural University in Harbin, Heilongjiang Province, China. The specific
steps for the preparation of granular ice are as follows: add about one-third of tap water
into a container wrapped with foam board, place it in a sub-zero environment and cool it
down to 0 ◦C, then add slush and stir it to form an ice–water mixture, and finally invert
the container to remove the ice after it is completely frozen. Columnar ice was prepared in
the low-temperature laboratory, with a temperature control range of room temperature to
−40 ◦C and a temperature fluctuation value of ±0.5 ◦C. Due to the addition of snow mud
during the preparation process to form an ice–water mixture, we will use “granular snow
ice” to describe the experimental object in the following description.

Cracks and large fractures in the middle of the ice body significantly impact test
results, so any specimen exhibiting these conditions should be promptly discarded [2].
To prevent weathering and adhesion, the specimens were wrapped in cling film and
transported in a foam box. The entire process of ice mechanics testing requires temperature
control. Temperature control includes sample storage, keeping a constant temperature, and
loading processes. After sample preparation is complete, the ice sample should be stored
in a −15 ◦C freezer to ensure the long-term preservation and stability of the ice crystal
structure. Before starting the experiment, the time required for the ice sample to reach
thermal equilibrium should be calculated using the heat conduction equation, based on
the sample size and temperature difference. Then, place the ice sample in the freezer for a
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duration exceeding the calculated time to ensure thermal equilibrium. After 48 h, the ice
sample will achieve full thermal equilibrium [50].

2.2. Ice Crystal Structure Measurement

In general, the internal organization of ice reflects its growth history and determines
its fundamental physical properties; thus, observing the structural characteristics of ice’s
internal organization is an essential task. Based on prior research [32], ice flakes were
prepared in a low-temperature laboratory and observed using a Rigsby universal stage. The
Rigsby universal stage employs a polarizing microscope to measure the spatial orientation
of linear and planar elements within the flakes, enabling the direct visualization of the
particle size and shape of the observed samples. The specific steps include the following:
Select a vertical and intact ice sample, and use a planer to flatten the protruding defects
on the observed surface. Secondly, place the ice sample in contact with a glass sheet at a
temperature slightly above 0 ◦C, moving the sample left and right on the glass to expel air
bubbles. And then, freeze the glass sheet with the ice sample at a low temperature, then
use a planer to thin the ice sample to about a 1 mm thickness after it is solidly frozen, and
mark it clearly. To avoid weathering, place the completed ice slices in a sealed plastic bag
and store them at a low temperature and then observe the ice slices in a dark room using a
Rigsby universal stage.

2.3. Three-Point Bending Test
2.3.1. Test Devices

This test uses the WDW-100 electronic universal testing machine, with a maximum
test force of 100 kN, displacement measurement resolution of 0.01 mm, and a loading rate
range of 0.005 to 1000 mm/min. It comes from Changchun Kexin Testing Instrument Co.,
Ltd. located in Changchun city, China. The test machine can perform tensile, bending,
shear, and other tests in conventional and low-temperature environments [49]. In order to
maintain a low temperature environment during the test, a low-temperature test chamber
with a temperature accuracy of ±1 ◦C is used [38]. Additionally, to adjust the distance
between the specimen and the indenter and effectively observe the fracture pattern of the
specimen during the loading process, etc., the lighting switch can be turned on. Figure 1
shows the WDW-100 electronic universal testing machine and the testing zone.
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2.3.2. Test Principles and Procedures

Ice exhibits viscoelastic properties and is not entirely elastic. Gold demonstrated that
between −40 ◦C and −3 ◦C, ice approximates to a purely elastic material, permitting the
application of elastic theory to analyze its failure and determine effective flexural strength
values [51].

Ice is a viscoelastic plastic material. Han et al. [32] utilized linear elasticity theory to
estimate the bending strength of columnar granular freshwater ice subjected to three-point
bending beam tests. This study also fulfills the application conditions of linear elasticity
theory, that is, takes place under the action of midspan loads, whereby the bending strength
formula for a rectangular cross-section of a linear elastic, uniformly simply supported beam
is as follows:

σf =
3PL
2bh2 (1)

where P is the load at which a three-point simply supported beam fails, b is the width of
the beam, h is the height of the beam, and L is the span of the ice beam which is 150 mm.

Due to the existence of dimensional differences between the specimens, the specimen
size data need to be measured again before each test, and the displacement loading rate is
converted into the strain rate to unify the independent variable. According to the method
proposed by Han et al. [32], the strain and strain rate at the bottom of the span of an ice
beam are estimated according to the relationship between the strain and the deflection of a
three-point simply supported beam:

ε =
6hδ

L2 (2)

•
ε =

6h
•
δ

L2 (3)

where ε is the strain at the load application point,
•
ε is the strain rate at the bottom of the

load application point, δ is the deflection, which refers to the displacement of the point of

action, and
•
δ is the displacement loading rate. When the ice sample fractures during the

bending test, the test is immediately terminated and data are recorded.
Before the test, adjust the temperature of the environmental test chamber. and pre-cool

for 30 min. Before the experiment, observe whether there are bubbles, impurities, and
cracks in the sample and record them, and measure the size of the sample [38]. After
everything is ready, place the specimen into the environmental test chamber on the fixed
three-point bending fixture, aligning the indenter with the center of the specimen. And
then, set the loading rate within the test machine program, number the specimen, and start
loading. Before the sample is destroyed, the testing machine program continuously collects
data and automatically saves the data information. After the experiment is completed,
record the form of sample damage and clean the testing machine.

In this study, three-point bending tests of simply supported beams are performed on
granular snow ice at −5 ◦C, −8 ◦C, −10 ◦C, −15 ◦C, −18 ◦C, −20 ◦C, −25 ◦C, −30 ◦C, and
−35 ◦C, for a total of nine working conditions, and on columnar ice at −20 ◦C.

2.4. Fracture Toughness Test
2.4.1. Test Principles

According to fracture mechanics, crack growth occurs when the incremental energy
available from the release of stored potential energy is equal to, or exceeds, that required to
create new fracture surfaces. Resistance to crack growth is defined by fracture toughness,
which is the amount of work required to propagate a crack by unit area [43]. Wei et al. [52]
believe that fracture toughness KIC is the stress intensity factor corresponding to unstable
fracture of materials. In a three-point bending test, the specimen does not undergo simple
stretching, and, thus, KIC lacks an analytical solution. Concerning the measurement
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of fracture toughness, there is no uniform standard, and various research results have
a high degree of dispersion. Huang [53] calculated the fracture toughness of granular
and columnar Yellow River ice. Based on the method given by Huang [53], the fracture
toughness of granular ice was calculated in this paper:

KIC =
PL

BW3/2 P
( a

W

)
(4)

P
( a

W

)
= 3(a/W)1/2 ×

1.99 − (a/W)(1 − a/W)
[
2.15 − 3.93(a/W) + 2.70(a/W)2

]
2(1 + 2a/W)(1 − a/W)3/2 (5)

where KIC is the fracture toughness of the specimen, kPa·m1/2.

2.4.2. Test Procedures

Unlike the bending test, the three-point bending fracture test requires pre-fabricated
cracks to be machined in the center of the specimen to ensure that failure occurs at the
loading point. The ratio of the length of the pre-fabricated crack to the height W of the
specimen should be between 0.2 and 1 [2], while in this study, it is between 0.28 and 0.36.
When using a saw bone machine for ice cutting, it is essential to ensure that the saw blade
is perpendicular to the ice surface during processing and to apply even force throughout
the process [2]. The loading method and structural dimensions of the specimens are shown
in Figure 2.
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Figure 2. A schematic diagram of ice-sample loading (here, L, S, W, and B represent the ice beam’s
span, length, height, and thickness, respectively; a is the initial crack length, and P is the applied load).

The effects of temperature and loading rate on the ice beam were considered. Four
temperatures were tested: −6 ◦C, −8 ◦C, −10 ◦C, and −15 ◦C. The displacement load-
ing rates included eight types: 0.05 mm/min, 0.1 mm/min, 0.3 mm/min, 0.5 mm/min,
1 mm/min, 3 mm/min, 5 mm/min, and 10 mm/min.

For the preparation work before the experiment, refer to Section 2.3.2. After pre-
cooling is completed, remove the ice sample from the freezer. Prefabricated cracks may
remain filled with foam or frost and should be cleaned with a planer to ensure they run
through from top to bottom. Measure the width, height, and crack length of the ice sample
and input these dimensions into the tester program.

3. Results and Analysis
3.1. Crystal Structure of Granular Snow Ice

Figure 3 shows a horizontal sheet of granular snow ice. As can be seen from the figure,
the artificial ice prepared in the laboratory is a typical granular ice structure [32]. Slush is
added in the icing process to form a mixture of ice water, and the growth rate of ice crystals
is relatively high, resulting in the formation of granular ice crystals.
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Figure 3. Horizontal slice of granular snow ice.

3.2. Three-Point Bending Test
3.2.1. Fracture Process Curve

Figure 4 presents a typical curve of flexural stress over time in a three-point bending
test, which was conducted at −5 ◦C with a loading rate of 5 mm/min and a duration of
7.64 s. The ice beam undergoes three stages from loading to failure. At the beginning of
loading, the load is small, the stress on the cross-section of the ice beam is also minimal, and
microcracks produced at the edges of bubbles and impurities are negligible. The ice beam
undergoes elastic deformation, with stress and strain maintaining a linear relationship; this
is the first stage. As the load increases, because the tensile strength of ice is lower than its
compressive strength, the tensile zone on the lower surface of the ice beam reaches its tensile
strength, resulting in plastic deformation and crack formation, while the compressive zone
remains in elastic deformation. This is the second stage. The load continues to increase
until the strain at the lower surface of the ice beam exceeds the tensile limit strain, causing
the original microcracks to develop into macrocracks. At this point, the ice near the neutral
axis remains uncracked. With the increasing load, the cracks rapidly extend upward until
the ice beam completely fractures. At this stage, the applied load exceeds the bending
capacity of the ice, marking the third stage of ice beam failure [41].
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Figure 4. The curve of flexural stress over time in the three-point bending test.

Taking into account the uncontrollability of errors, four to six repeated tests were
conducted for each loading rate and temperature, followed by the calculation of the average
bending strength. The bending strength of granular snow ice ranged from 1.68 to 3.65 MPa,
with an average of 2.89 ± 0.27 MPa; for columnar ice, it ranged from 1.50 to 2.36 MPa,
averaging 1.69 MPa.
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3.2.2. The Relationship Between Flexural Strength and Strain Rate

As shown in Figure 5, the relationship between the flexural strength of granular snow
ice at different temperatures and loading rates is presented. The flexural properties of ice
are influenced by the strain rate, showing a trend where flexural strength initially increases
and then decreases with strain rate at each temperature. Previous research results have
suggested that ice demonstrates toughness at low strain rates and brittleness at high strain
rates [16–19]. Our results show that the ultimate flexural strength of ice occurs within the
ductile–brittle transition interval, which ranges from 6.67 × 10−5 s−1 to 3.11 × 10−4 s−1 at
the tested temperatures.
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Gagnon et al. [39] conducted bending tests on glacier ice at strain rates ranging from
10−5 s−1 to 10−3 s−1 and temperatures from −16 ◦C to −1 ◦C. They found that at −11 ◦C,
the bending strength at a strain rate of 10−3 s−1 was approximately 26% higher than at
10−5 s−1. The results of this paper align well with Gagnon’s findings. For granular snow
ice at −5 ◦C, the average flexural strength at a strain rate of 10−3 s−1 is 17% higher than
at 10−5 s−1. And when the strain rate is less than 3.11 × 10−4 s−1, the flexural strength of
ice increases with the increase in strain rate, and the maximum value of flexural strength
is 3.19 MPa. Above this strain rate, the flexural strength decreases with the increase in
strain rate, and the minimum value of flexural strength is 1.68 MPa when the strain rate is
6.89 × 10−3 s−1.

3.2.3. The Relationship Between Flexural Strength and Temperature

At 0 ◦C, the flexural strength of ice is close to 0 MPa, and the linear model cannot
accurately predict the mechanical properties of ice at this temperature. Wang et al. [38] used
logarithmic fitting to obtain the relationship between the bending strength and temperature
of artificial ice:

σf= A + B ln(|T/T0|) (6)

in the formula, to coordinate units, the independent variable is adjusted to T/T0, where T0
is the temperature of 1 ◦C.

Temperature affects the mechanical properties of ice. In this experiment, three-point
bending tests were conducted on granular snow ice from −35 ◦C to −5 ◦C. Figure 6 shows
the logarithmic fitting effect between the average flexural strength and ice temperature. It
was found that the flexural strength increased as the temperature decreased. This occurs
because lower ice temperatures increase the intermolecular linkage force, requiring more
energy to produce cracks, thereby increasing ice strength and flexural strength.
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Figure 6. Logarithmic simulation of average flexural strength and ice temperature of granular
snow ice.

Han et al. [54] concluded that the lower the temperature of the ice beam, the more
pronounced the brittleness characteristics, which is manifested by the lower strain rate
corresponding to the maximum ultimate flexural strength. The ductile–brittle transition
range of granular snow ice at the test temperature is 6.67 × 10−5 s−1 to 3.11 × 10−4 s−1.
The maximum ultimate flexural strength and the corresponding strain rate at each test tem-
perature are summarized in Table 1, which shows that the strain rate corresponding to the
maximum ultimate flexural strength value tends to decrease as the temperature decreases.
For example, at −5 ◦C, −8 ◦C, and −10 ◦C, the maximum ultimate flexural strengths are
3.19 MPa, 3.29 MPa, and 3.41 MPa, with corresponding strain rates of 3.11 × 10−4 s−1,
1.51 × 10−4 s−1, and 9.78 × 10−5 s−1, respectively, showing a clear reduction with decreas-
ing temperature.
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Table 1. Maximum ultimate flexural strength and corresponding strain rate of granular snow ice at
different temperatures.

Temperature (◦C) Maximum Ultimate
Flexural Strength (MPa) Strain Rate (s−1)

−5 3.19 3.11 × 10−4

−8 3.29 1.51 × 10−4

−10 3.41 9.78 × 10−5

−15 3.45 8.44 × 10−5

−18 3.48 7.78 × 10−5

−20 3.50 7.89 × 10−5

−25 3.53 8.22 × 10−5

−30 3.56 6.67 × 10−5

−35 3.57 7.50 × 10−5

3.2.4. The Relationship Between Flexural Strength and Ice Structure

In this study, three-point bending tests on columnar ice were conducted at −20 ◦C,
with loading rates ranging from 0.1 mm/min to 30 mm/min. Figure 7 shows the variation
in the flexural strength of columnar ice with strain rate at −20 ◦C. It reveals that the
flexural strength of columnar ice first increases and then decreases with strain rate, but it is
lower than that of granular snow ice. The average flexural strength of columnar ice at this
temperature is 1.93 MPa, compared to 2.85 MPa for granular snow ice. This is consistent
with the results of Timco et al. [37], and Blanchet et al. [55] attributed this phenomenon
to the fact that granular ice has a smaller grain size than columnar ice. Cole et al. [56]
concluded that stress of ice decreases with increasing grain size. For the same material, a
smaller grain diameter results in larger grain boundaries, greater barriers to dislocation
motion, higher resistance to deformation and macroscopic strength.
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Figure 7. Relationship between flexural strength and strain rate of columnar ice at −20 ◦C.

Wang [38] conducted three-point bending tests on ice and obtained a fitting equation
between flexural strength and temperature. By substituting it, the bending strength at
−20 ◦C was found to be 1.91 MPa. In contrast, this study measures the flexural strength of
columnar ice under the same conditions to be 1.70 MPa.

3.2.5. Flexural Failure Mode

Ice cracks can be roughly categorized into two types: one is straight cracks (Figure 8a),
where, starting at the lower surface of the ice beam, because of the tension effect of cracks,
with the increase in load, the cracks continue to develop upward until they exist throughout
the entire specimen, and the destruction of the cross-section is relatively flat. These are
type-I tension cracks. The second type is the oblique crack (Figure 8b), where the ice beam
is mainly subjected to shear force, and the crack and the direction of tensile stress presents
an angle of 30◦~45◦. This is a type-II shear crack [38].
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Figure 8. The forms of ice failure under different conditions.

3.3. Fracture Toughness Test
3.3.1. Fracture Process Curve

The fracture toughness was calculated using Formulas (4) and (5), obtaining the
fracture toughness values of ice beams at different temperatures and strain rates. A typical
granular snow ice-fracture curve is shown in Figure 9. The ice specimen exhibits brittle
failure, and after the load reaches its peak, the test shows direct fracturing, with a decrease
in bearing capacity to zero. The temperature of the ice specimen is −6 ◦C, and the loading
rate is 0.1 mm/min.

Water 2024, 16, x FOR PEER REVIEW 12 of 18 
 

 

  

(a) Straight crack (b) Oblique crack 

Figure 8. The forms of ice failure under different conditions. 

3.3. Fracture Toughness Test 
3.3.1. Fracture Process Curve 

The fracture toughness was calculated using Formulas (4) and (5), obtaining the frac-
ture toughness values of ice beams at different temperatures and strain rates. A typical 
granular snow ice-fracture curve is shown in Figure 9. The ice specimen exhibits brittle 
failure, and after the load reaches its peak, the test shows direct fracturing, with a decrease 
in bearing capacity to zero. The temperature of the ice specimen is −6 °C, and the loading 
rate is 0.1 mm/min. 

 
Figure 9. Time variation curve of load at −6 °C and loading rate of 0.1 mm/min. 

3.3.2. The Relationship Between Fracture Toughness and Strain Rate 
The relationship between ice mechanical properties and loading rate has always been 

a research focus of engineering ice. Fracture toughness decreases with increasing strain 
rate due to stress relaxation at the crack tip and material creep [33]. Figure 10 shows the 
fracture toughness versus strain rate for granular snow ice in the temperature range of −15 
°C to −6 °C. At all four temperatures, the fracture toughness tends to decrease with in-
creasing strain rate. 

Observation of Figure 10 shows that the fracture toughness has a relatively obvious 
linear relationship with multiples of strain rate. According to Huang’s research [53], this 
article performs logarithmic fitting on strain rate and fracture toughness: 

IC 0ln +K A / Bε ε
• • =  

 
 (7) 

In the formula, KIC represents the fracture toughness of granular snow ice, while A 
and B are parameters that are temperature-dependent parameters. 

As shown in Figure 11, at −10 °C, the fracture toughness peaks at 269.93 kPa·m1/2 
when the strain rate is 8.0 × 10−6 s−1, and decreases to 98.99 kPa·m1/2 when the strain rate 
increases to 1.53 × 10−3 s−1, representing a 63.33% decrease in fracture toughness. 

Figure 9. Time variation curve of load at −6 ◦C and loading rate of 0.1 mm/min.

3.3.2. The Relationship Between Fracture Toughness and Strain Rate

The relationship between ice mechanical properties and loading rate has always been
a research focus of engineering ice. Fracture toughness decreases with increasing strain
rate due to stress relaxation at the crack tip and material creep [33]. Figure 10 shows the
fracture toughness versus strain rate for granular snow ice in the temperature range of
−15 ◦C to −6 ◦C. At all four temperatures, the fracture toughness tends to decrease with
increasing strain rate.

Observation of Figure 10 shows that the fracture toughness has a relatively obvious
linear relationship with multiples of strain rate. According to Huang’s research [53], this
article performs logarithmic fitting on strain rate and fracture toughness:

KIC = A ln
(•

ε/
•
ε0

)
+ B (7)

In the formula, KIC represents the fracture toughness of granular snow ice, while A
and B are parameters that are temperature-dependent parameters.

As shown in Figure 11, at −10 ◦C, the fracture toughness peaks at 269.93 kPa·m1/2

when the strain rate is 8.0 × 10−6 s−1, and decreases to 98.99 kPa·m1/2 when the strain rate
increases to 1.53 × 10−3 s−1, representing a 63.33% decrease in fracture toughness.
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Xu et al. [43] conducted three-point bending tests on pure polycrystalline ice with
notch at under high loading rates (1 mm/min to 100 mm/min) from −40 ◦C to −20 ◦C. They
concluded that the fracture toughness of pure polycrystalline ice decreases with increasing
strain rate, showing a strong power law relationship between the two. Ji et al. [40] studied
the fracture toughness of sea ice and found that the loading rate significantly affects fracture
toughness, with the KIC value increasing as the loading rate decreases.
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3.3.3. The Relationship Between Fracture Toughness and Temperature

Temperature affects the fracture toughness of ice. By analyzing and organizing data
from the three-point flexural fracture test on granular snow ice, changes in fracture tough-
ness at various temperatures were plotted. The average fracture toughness values were
181.60 kPa·m1/2, 175.53 kPa·m1/2, 167.50 kPa·m1/2, and 147.28 kPa·m1/2 at temperatures of
−15 ◦C, −10 ◦C, −8 ◦C, and −6 ◦C, respectively. It can be observed that fracture toughness
does not differ significantly from −15 ◦C to −8 ◦C but decreases at −6 ◦C.

Ji et al. [40] conducted fracture tests on sea ice in the Bohai Sea at temperatures ranging
from −18 ◦C to −3 ◦C and analyzed the relationship between sea ice temperature and
fracture toughness. Liu et al. [35] studied artificial columnar ice and found that fracture
toughness decreased with increasing temperature in the range of −30 ◦C to −1 ◦C under
a loading rate of 10 mm·s−1. Table 2 presents the average fracture toughness values for
the three tests at different temperatures. The fracture toughness values obtained by Liu
et al. [35] are slightly lower than those reported in this study due to the lower loading rate.
In contrast, the results of Ji et al. [40] are more consistent with the present study. For exam-
ple, the average fracture toughness in this study at −10 ◦C is 175.53 kPa·m1/2, compared to
169.0 kPa·m1/2 reported by Ji et al. [40]. Although the test conditions resulted in differing
fracture toughness values, all three tests concluded that the higher the temperature, the
lower the fracture toughness.

Table 2. Average values of fracture toughness in different temperature ranges.

Temperatures (◦C) Ji [40] Fracture
Toughness (kPa·m1/2)

Liu [35] Fracture
Toughness (kPa·m1/2)

Fracture Toughness
of This Test
(kPa·m1/2)

−6 131.94 109.74 147.28
−10 169.00 115.18 175.53
−15 215.31 121.97 181.60

Fracture toughness approaches 0 kPa·m1/2 as temperature approaches 0 ◦C. According
to Huang’s research [53], logarithmic fitting was performed on the relationship between
statistical data and fracture toughness with temperature:

KIC = C + D ln(|T/T0|) (8)

In the formula, to coordinate units, adjust the independent variable to T/T0, where T0
is a temperature of 1 ◦C, and C and D are parameters that are temperature-dependent.

Fit the average fracture toughness to the ice temperature. Figure 12 shows the fitting
relationship between fracture toughness values and average values of granular snow ice
at different temperatures. It is evident that fracture toughness decreases with increasing
temperature.
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3.3.4. Fracture Toughness Failure Mode

In this test, the ice temperature is at −15 to −6 ◦C, and the displacement loading rate
is between 0.05 mm/min and 10 mm/min. In accordance with Formula (3), the strain rate
can be calculated. The granular snow ice exhibited brittle failure even at the lowest strain
rate. When granular snow ice breaks, a slight sound is produced, and the specimen breaks
into two halves. During the test, peeling may sometimes occur near the indenter and at
the edge of the granular snow ice. The fracture patterns of the specimens were recorded
in this test. Figure 13 shows the fracture morphology of granular snow ice at different
temperatures. In the granular snow ice fracture toughness test, 102 ice samples were
examined, and we found that 96 samples exhibited straight cracks that progressed upwards
from the tip of the prefabricated cracks, with a relatively flat cross-section. Huang [53]
conducted three-point flexural fracture tests on Yellow River ice to investigate its fracture
failure modes. The results indicated that cracks predominantly developed upward along
the tips of pre-existing fractures, and the crack traces were not clearly defined, which aligns
with the findings of this study.
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4. Conclusions and Future Prospective

To investigate the relationship between bending strength, the fracture toughness of
granular ice, temperature, and strain rate, a three-point bending device was employed
for both the three-point bending test and the fracture toughness test. Since the fracture
toughness cannot be determined directly from the bending test, this study cut prefabricated
cracks and then determined the fracture toughness by calculating the critical stress intensity
factor. This study supplemented the mechanical properties of granular ice and provided
valuable insights for engineering design, construction, and ice sports in cold regions.
Specifically, the key findings of this study are as follows:

1. The flexural strength of granular snow ice is influenced by the strain rate and tem-
perature. The bending performance of ice is affected by the strain rate; within the
temperature range of −35 to −5 ◦C, the flexural strength exhibits a trend of first
increasing and then decreasing with increasing strain rate. Ice exhibits ductility at low
strain rates and brittleness at high strain rates. There exists a ductile–brittle transition
interval for ice, ranging from 6.67 × 10−5 s−1 to 3.11 × 10−4 s−1. The lower the tem-
perature, the higher the flexural strength of ice, but the more pronounced its brittle
characteristics, manifesting as a lower strain rate corresponding to the maximum flex-
ural strength. For example, at −5 ◦C, the strain rate corresponding to the maximum
flexural value is 3.11 × 10−4 s−1, while at −10 ◦C, the strain rate corresponding to the
maximum flexural strength is only 6.67 × 10−5 s−1. The flexural strength is influenced
by the crystal structure: at −20 ◦C, the average flexural strength of granular snow
ice is 2.85 MPa, while under the same temperature, the average flexural strength of
columnar ice is 1.93 MPa.

2. The fracture toughness of granular snow ice is influenced by strain rate and tempera-
ture. Within the range of −15 to −6 ◦C, fracture toughness decreases as the strain rate
increases. Temperature similarly affects fracture toughness, with higher temperatures
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resulting in lower values. At −15 ◦C, the fracture toughness is 181.60 kPa·m1/2, but it
decreases to 147.28 kPa·m1/2 at −6 ◦C.

3. In the three-point bending test, the crystal structure, temperature, and strain rate of
ice do not significantly influence the fracture mode. Ice cracks can be categorized into
two types: straight cracks that develop along grain boundaries and oblique cracks that
form at a specific angle to the direction of tensile stress. In the three-point bending
test of granular snow ice with a notch, 102 ice samples were analyzed, 96 of which
exhibited vertical fractures.

In addition, there are still some limitations in this study that need to be addressed and
explored in future research:

1. In practical applications, the temperature of the ice layer varies with depth. The exper-
iment controls the sample temperature to be uniform, but the influence of temperature
non-uniformity on ice mechanics parameters has not been explored. In subsequent
research, theory should be combined with practice, and the bending strength and
fracture toughness obtained from experiments should be used to provide support for
the design and construction of ice sports projects and cold-region engineering.

2. In the fracture toughness test, we only analyzed the fracture toughness of granular
ice at −15 ◦C to −6 ◦C. In the future, fracture toughness tests can be conducted on
granular ice at different temperatures, and better analytical methods can be found to
analyze its fracture toughness.
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