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Abstract

In ice mechanics, the strain rate-dependent properties of ice under uniaxial compression have attracted attention. In this work, the rate-
dependent properties of polycrystalline ice are studied through experiments and numerical simulation. For the experimental part, uniaxial
compression tests are carried out on polycrystalline ice with different strain rates. For numerical simulation, a discrete element numerical model
based on grain is constructed, and the microscopic parameter calibration is completed. Ice compression at different strain rates is simulated by
combining the mechanical properties of single-crystal ice and polycrystalline ice, and the simulation and experimental findings are mutually
verified. The results show that the uniaxial compressive strength of polycrystalline ice increases exponentially with the strain rate. The ice
samples break substantially at a high strain rate, and the average broken area is inversely proportional to the strain rate. In the crack initiation,
propagation, and coalescence of polycrystalline ice, intergranular failure is dominant. In terms of crack type, tensile failure is dominant. On the
basis of existing studies, a rate-dependent model of the uniaxial compressive strength of polycrystalline ice is proposed.

Keywords Strain rate effect; Fragment characteristic; Multiscale fracture; Discrete element method; Grain-based model

1 Introduction

The uniaxial compression of ice has gained significant
attention, particularly in the fields of icebreaker navigation
and aircraft landing in polar regions (Liu et al., 2023; Liu
et al., 2021; Zhang et al., 2021a; Timco and Weeks, 2010;
Sun et al., 2023; Taylor and Jordaans, 2015; Ni et al., 2020;
Ji et al., 2020). Ice properties under uniaxial compression
differ from those under multiaxial compression, thus requir-
ing further research and understanding (Timco and weeks,
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2010; Hawkes et al., 1972; Li et al., 2011; Schulson and
Gratz, 1999; Schulson et al., 1984; Schulson, 1997; Schulson,
2001; Schulson, 2009; Timco and Frederking, 1986). Another
fascination is how ice fractures under varying loading states
directly influence the navigational conditions of ships in
areas with fragmented ice within ice regions, especially at
different loading rates. Thus, the mechanical properties of
ice under various loading rates must be understood to
improve the performance of aircraft landing and icebreaker
navigation and ensure safety.

Therefore, a comprehensive understanding of the rate
correlation of ice is useful in providing references for the
construction of structures in polar regions (Liu et al., 2023;
Liu et al., 2021; Di et al., 2017; Lu et al., 2018). Large-
scale simulations or experiments directly provide informa-
tion for the design and fabrication of structures in polar
regions; however, they are often constrained by various lim-
itations, such as experimental equipment and expensive test
costs. Many researchers find it advantageous to study ice fail-
ure on a laboratory scale (Yuan et al., 2022; Zhang et al.,
2020; Zhang et al., 2021a). Fully understanding ice failure
at a low scale will allow us to construct a reasonable expla-
nation of ice failure at the engineering scale. It will also
simplify upscaling the findings and offer comprehensive
insights into manufacturing structures in polar regions.
In the study of ice failure at a laboratory scale, signifi-
cant progress has been made in experimental techniques
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and numerical simulation approaches.

To study the uniaxial compression of polycrystalline ice,
a rate-dependent model describing the changes in the uni-
axial compressive strength (UCS) of polycrystalline ice
with strain rate must be established. Ice exhibits different
properties under different loading rates. However, the UCS
changes of polycrystalline ice with varying strain rates are
still controversial. Cole et al. (1995) noted that the UCS of
polycrystalline ice is independent of the strain rate in the
range of 107%/s to 107"/s. Based on their test results for the
uniaxial compression of polycrystalline ice, Jones (1997)
pointed out that with the increase in strain rate, the UCS of
polycrystalline ice continues to increase or remains stable.
With a further increase in the loading rate to more than
107"/s, polycrystalline ice changes from splitting failure
mode to crushing failure mode, and its UCS gradually in-
creases with the increase in uniaxial strain rate. They also
tested the UCS of polycrystalline ice at high-rate intervals
of uniaxial strain and found that it is proportional to the
strain rate. Carney et al. (2006) studied the impact failure
of polycrystalline ice and found that when the strain rate
changes from 98/s to 822/s, the UCS significantly increases
with the strain rate. At high rates, the final failure mode of
the sample is fragmentation. Shazly et al. (2009), Shafrova
and Hgyland (2008), and Kim and Keune (2007) conducted
uniaxial compression tests at high rates and found that the
UCS of polycrystalline ice increases with the loading rate
at different temperatures.

Numerical simulation methods can capture fine-scale
failure and uncover previously unnoticed observations that
may be challenging to identify in laboratory experiments.
These methods enhance our understanding of ice failure
and fracture, allowing for a comprehensive analysis that
complements traditional experimental approaches. Numer-
ous techniques, including the cohesive element method
(Gribanov et al., 2018a; Gribanov et al., 2018b), peridyn-
amics (Lu et al., 2020; Li et al., 2023), and the discrete ele-
ment method (DEM) (Sun et al., 2023; Prasanna et al.,
2022), have been developed to analyze the numerical aspects
of brittle failure in polycrystalline ice. These methods estab-
lish numerical models of polycrystalline ice based on the
grain scale and reproduce the mechanical response of poly-
crystalline ice under certain loading conditions at a certain
level. Gribanov et al. (2018a, 2018b) simulated the brittle
failure of granular ice using the cohesive element method
and found that the numerical model of polycrystalline ice
can simulate the brittle failure of samples with different
grain sizes. The results are in good agreement with the exper-
imental results. Li et al. (2023) employed peridynamics to
model the progression of tensile fractures in S2 columnar
ice, establishing the smallest grain count within the speci-
men necessary to achieve isotropy. Sun et al. (2023) applied
the DEM to simulate the brittle fracture of polycrystalline
ice and found that the microscopic fracture characteristics

of specimens differ under confined pressures. Prasanna et al.
(2022) established a 3D model of columnar ice using HIDEM
and investigated the force transmission through fragment-
ing materials under compression. Although they were able
to reproduce the brittle failure process of polycrystalline
ice under specific loads, the failure process and rate-depen-
dent response of ice materials under different strain rates
were poorly reflected. As an important mechanical property
of ice, the rate-dependence of UCS warrants further research.
In this work, the fracture process of polycrystalline ice is
reproduced using a numerical model, which matches the lab-
oratory test results. The rate-dependent effects of polycrystal-
line ice are discussed through the evolution of microscopic
cracks, internal energy, and fragmentation characteristics.

2 Experimental setup and results
2.1 Ice materials

Polycrystalline ice samples were collected from various
locations in the Songhua River, China, as illustrated in
Figure 1. January 2023 was selected as the collection date
when the ambient temperature was within the range of
—-25 °C + 3 °C. The temperature of the laboratory where the
ice samples were prepared was regulated to match the envi-
ronmental temperature at the time of collection. In this study,
the orthotropic columnar ice was horizontally loaded (along
X, or X,) as shown in Figure 2. The grain size of the ice
sample was approximately 6—10 mm, and the average den-
sity was approximately 898 kg/m®. The average grain size
of polycrystalline ice was examined using an equivalent area
method, which simplified the grain shape to a relatively
regular hexagon and allowed for grain size measurement.

The average grain size of the polycrystalline ice was exam-
ined using an equivalent area method, which simplified the
grain shape to a relatively regular hexagon and allowed for
grain size measurement.

2.2 Unconfined compressive tests

A mechanical material testing machine was utilized to
conduct unconfined compressive tests on polycrystalline ice.
The ice specimens were stored in a refrigeration unit main-
tained at a constant temperature, where the original ice
was processed to the desired size. Following recommenda-
tions, rectangular specimens with a length of 175 mm and
a 70 mm x 70 mm bottom were prepared. The unconfined
compressive tests were conducted with applied strain rates
ranging from 10™/s to 6/s. As shown in Figure 3, the uniaxial
compression experimental setup system included a camera, a
testing machine, and a low-temperature experimental box
that maintains a low-temperature experimental environment.

Measuring 70 mm x 70 mm x 175 mm, the test specimens
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Figure 1 Sampling location of ice specimens from the Songhua River
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Figure 3 Setup and schematic of the unconfined compressive test system and cooling chamber

were meticulously placed at the central location of the load-
ing plate. Experimental videos were diligently recorded using
high-quality cameras to successfully capture the fracture
and failure of the ice during loading. Furthermore, the speci-
mens that failed during the experiment were dutifully saved
and meticulously documented to showcase the diverse fail-
ure modes of the samples. The stress-strain curves of the
specimens were computed by processing the axial experi-
mental data captured during the experiment using state-of-
the-art computation and recording techniques. Each experi-
ment was deliberately repeated and reviewed after process-
ing the data for the previous experiment, ensuring that the
overall experiment was conducted with utmost accuracy
and precision. The cooling chamber’s temperature fluctuated
within 2 °C of the test temperature using a cooling risk con-
trol system, and its interior was dried prior to the experiment.

@ Springer

The experiment proceeded with meticulous precision and
accuracy, as the stress and strain values of the ice were
determined through a series of carefully orchestrated calcu-
lations involving the calculation of force and displacement.
In particular, the loading force F,, applied to the ice from
the compressive bar was calculated. In addition, the dis-
placement of the upper loading plate, L,, was dutifully
recorded and analyzed. The experimental setup entailed fix-
ing the lower loading plate while the upper loading plate
was intentionally manipulated to ensure that all the neces-
sary data points and measurements were collected with
utmost accuracy and precision:

o= o

where o, is the stress of ice, A (4 900 mm?) is the bottom
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area of the specimen, and the strain of the specimen was
defined as

b= @

where ¢, is the strain of the specimen, and L is the length
of the specimen, i.e., 175 mm. The strain rate was set by the
ratio of the loading rate and the length of the specimen:

to= @3)

where v, is the loading rate for the compressive bar.

The UCS of ice was determined as the peak value on
the stress-strain curve, and the Young’s modulus was the
stress-strain curve’s slope. The Young’s modulus was cal-
culated using equation (4):

E=2% @)

Ag,
where Ao, and Ae, are the stress variation and uniaxial
strain variation values, respectively, from the chosen part
in Figure 4.
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Figure 4 Stress-strain curve (2.3 x 10°%/s) obtained from the
experiment

Throughout the testing phase, the ice specimens were
compressed diametrically using an incredibly flattened
platen to ensure that a constant strain rate was maintained
throughout the experiment. As part of the experiment, we
found that the elastic modulus of the columnar ice was
9.2 GPa on average, showcasing its robust nature and com-
position. Furthermore, our meticulous and detailed experi-
mental tests revealed that the unconfined compressive
strength of the ice was hugely reliant and dependent on the
strain rate, showing its complex nature and how it interacts
with various levels of stress and pressure.

In specific instances, the unconfined compressive strength
of the ice ranged from 5 to 12 MPa, underscoring the intri-
cate nature of our experimental results. In the following
section (Section 2.3), the observed phenomena were fur-
ther investigated, and our experimental results were dis-

cussed in detail to provide a granular and holistic under-
standing of our research findings.

2.3 Fracture behaviors of columnar ice

The unconfined compression experiments of ice at dif-
ferent strain rates were conducted at temperatures ranging
from —25 °C to —30 °C. Stress-strain curves were obtained
from the experiments to capture the damage process of the
ice under different strain rates. The stress-strain curves
acquired from the experiments under different strain rates
are listed below. Meanwhile, the unconfined compression
values obtained from the experiments were summarized in
the compiled experimental database of freshwater ice, which
also includes test results from various scholars who also
conducted experiments on this type of ice.

On the basis of the analysis of the experimental curves
in Figure 5(a), the initial stage of the curves exhibited a
slow rise due to the effects of the servo loading instrument
and the compaction of the specimen. Afterward, the slope
stabilized in the linear elastic stage, causing the UCS to
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Figure 5 Original experimental results and unconfined compressive
strength obtained from laboratory tests
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peak, followed by a sudden drop in the experimental curve.
With the continued increase in loading rate, the stress-strain
curve displayed a serrated pattern. The strain rate of the
experimental loading in the present study corresponds to
the range of ice brittle strain rates in the literature (Timco
and Weeks, 2010; Hawkes and Mellor, 1972; Li et al.,
2011; Schulson et al., 1984; Carter, 1971; Cole et al.,
1995; Jones, 1997; Schulson, 1990; Zhang et al., 2011), as
shown in Figure 5(b), which is consistent with the cur-
rent research subject of ice brittle fracture. When the strain
rate exceeded 107%/s, the UCS of ice increased with the
strain rate and exhibited significant strain rate depen-
dence. This observed trend aligns closely with existing
data and the current experimental findings.

Visual representations of the ice specimen’s failure pro-
cess during the experiments are provided in Figure 6 for
further understanding. The failure processes of the speci-
mens in the experiment were used as examples to describe
the failure process. The specimens underwent significant
crack initiation, propagation, coalescence, and fragmenta-
tion under axial compressive loading.

As depicted in Figure 6, the failure process of ice mate-
rial at a strain rate of 2 x 107%/s was meticulously recorded
and described as follows: in stage a, an initial crack nucle-
ated inside the ice material, as indicated by the red arrow.
In stage b, the propagation of the initial crack extended
from the bottom of the specimen toward the middle, at an
angle of approximately 40° concerning the loading direc-
tion. The crack propagation was marked by the appearance
of striations and markings on the surface of the specimen.
In stage ¢, with the progression of crack propagation, mul-
tiple crack branches propagated inside the ice, forming addi-

(a) Crack initiation  (b) Crack propagation (c) Crack propagation (d) Cack
with branches

Figure 6 Fracture process and ultimate failure modes of ice specimens
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tional cracks. The combination of the propagated crack and
the crack branches in stage ¢ led to the development of multi-
ple split cracks inside the ice, as shown in stage (d). These
fissures penetrated the entire specimen, culminating in the
brittle failure and fragmentation of the ice into multiple
pieces. Finally, the pieces of the fragmented ice specimen
were carefully collected and analyzed to determine the fail-
ure mode as presented in Figure 6(e).

After the uniaxial compression experiments performed on
freshwater polycrystalline ice from the Songhua River, the
stress-strain curves and crack propagation failure processes
were recorded for ice specimens subjected to different strain
rates, along with the failure mode of the ice samples pre-
served for further analysis. In the following sections, a 2D
numerical model of columnar ice was established based on
the geometric morphology and mechanical properties of
polycrystalline ice at the grain scale. The underlying mech-
anisms governing the failure of polycrystalline ice were
investigated using experimental observations and numerical
simulations.

3 Modeling of polycrystalline ice with GB-DEM

The numerical simulations presented in this paper were
conducted within the DEM framework based on the grain
scale properties of ice (GB-DEM). DEM is a humerical tech-
nique initially introduced by Cundall (Cundall, 1971; Cundall
and Strack, 1979) and has gained extensive application in
modeling complex systems, such as granular materials and
rock-like materials (Di et al., 2017; Gao et al., 2016; Li et al.,
2018; Li et al., 2021; Peng et al., 2017; Peng et al., 2018a).

-

propagation
to be split cracks

(e) Fragmentation
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3.1 Geometric modeling for polycrystalline ice

The procedure for geometrically modeling polycrystal-
line ice can be summarized as follows: the geometric model
of polycrystalline ice was established using an embedded
\Voronoi method. First, random particles were distributed
within a 70 x 175 mm 2D specimen, and their centers served
as seeds to generate \oronoi-based grain boundaries with an
average size of 8 mm (Figures 7(a)—7(d)). The model was
then filled with discrete element particles (Figures 7(e)—7(f)).
For the systematic analysis of mechanical interactions in
the ice microstructure, contacts between particles within the
same Voronoi grain were defined as transgranular (TG) con-
tacts, and those at adjacent grain boundaries were classi-
fied as intergranular (IG) contacts. As shown in Figure 8,
parallel bonds (PBs) were assigned to TG and 1G contacts.
The microscopic parameters of these PBs will be specified
in subsequent sections. Upon fracture, the failed PBs degraded
into visible cracks, enabling the direct visualization of crack
propagation within the model.

In this section, the PB model between adjacent particles
was utilized to investigate the mechanical properties of
polycrystalline ice. Upon the generation of the geometric
model, the PB model must be assigned to the particles’
contacts. Figure 8 delineates the TG and IG classifications

within the framework of GBM, presenting the geometric
representation of the PB model between two particles and
illustrating the visual manifestations of IG and TG cracks
within the specimen.

3.2 PB contact model

PB contacts can be conceptualized as a set of springs that
are distributed uniformly over a rectangular cross-section
at the contact plane. Bonds are susceptible to breaking under
tension and shear. Figure 8 depicts the PB model that con-
nects two particles, thus facilitating stress transfer and rota-
tional momentum. The subsequent adjustments to the per-
pendicular and parallel forces associated with the PB inter-
action were executed as follows:

F,=F, +k,AAG, (5)
(6)

where k, and k are the normal and shear stiffness values,
respectively; Ad, and Ad, are the displacement increments;
Aiis the cross-sectional area:

F, = F, + k,AAG,

A =2R,R = min(R%,R?) (7)

where R* and R? are the radii of adjacent particles.

(a) Voronoi seek distribution  (b) Seek location collect  (c) Tessellation generation

(d) Grain structure collect

Figure7 GBM model’s generation process for polycrystalline ice

(e) Particle generation

1G parallel bonds
“TG parallel bonds

installed

(f) Group DEM particles  (g) Final GBM sample

OPar’[icle B
it

Patticle 4 Parallel bond

(b) Introduction of parallel bond model

TR

(¢) TG and IG mi réééobic crack in M of polycrystalline ice

Figure 8 Elements in the GBM model
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Let L be the length of PB associated with two particles
with P*, P? center positions

L=|P!-P? (8)

k, and k, are the normal and shear stiffness values that can
be determined as

EL
k = — 9
- (©)

_ky
kg == (10)

where E is the modulus of the bond.
k.U, o, <o,

= 11
“=lo  s>0 (11)

where u,, is the normal displacement, and o, is the normal
stress of the PB contact. When the normal stress o, exceeds
the tensile strength of bond o, the bond contact fails due
to the tension. In the shear direction, the shear stress z is
determined by Coulomb sliding:

7= k.U, (12)

where K, is the shear stiffness, and u, is the displacement
in the shear direction. When t exceeds the maximum shear
strength 7., the bond contact fails by shear:

Ceon — Optangy, o, <0

- 13
L P 050 (13)

where ¢, is the cohesive strength, ¢ is the friction angle,
and o, is the normal stress. After the failure of the PB, the
contact model degenerates into a linear contact model with
no cemental properties, and only Coulomb friction occurs
in the shear direction:

T = uo, (14)

where u is the frictional coefficient between particles.
The PB contact model can be installed on a ball-ball con-
tact by referring to the gap parameter g, which is defined as

g.=L-(R'+R? (15)

During the simulation, separate contact parameters for
these two contact groups (TG and IG) were assigned to
precisely describe the behavior of the polycrystalline ice
under deformation and fracture. Four typical fracture modes
at the grain scale are shown in Figure 9. Similarly, TG and
IG microscopic cracks are shown in Figure 8c, and the
breakage type (tension or shear) was determined through
model calculation. In summary, the proposed method pro-
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vides a powerful tool for investigating the fundamental
mechanisms of deformation and fracture in complex mate-
rials such as polycrystalline ice.

(a) Sﬁearing-induced sliding  (b) Opening-induced tensile
fracture on the grain
boundaries

fracture on the grain
boundaries

/5,

(¢) Dilation formed
between grains

(d) Transgranular fractures
within grains

Figure 9 Typical failure modes of ice grains

Figure 10 is a diagram of particle motion along the nor-
mal and tangential directions during the tensile or shear
failure of PBs. Under external forces, the cracks generated
by particle failure along the normal direction are termed
tensile cracks, and those formed by failure along the tan-
gential direction are termed shear cracks. In practical simu-
lations, particles within the specimen typically exhibit mixed
motion along normal and tangential directions. Individual
cracks were classified as tensile or shear according to which
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failure mode (tensile or shear) occurs first.

Y,

Opening
&y
n

0
X
T

(a) Tensile crack

‘ S_hear crack

Tensile crack!

Sliding /

(b) Shear crack

Figure 10 Diagram of parallel bond cracks

Calibrating the microscopic contact parameters is cru-
cial when using DEM to model a material. By carefully
calibrating these microscopic parameters, we can ensure
that the DEM model accurately reflects the material’s
mechanical behavior at the micro and macro scales.

3.3 Calibration framework and results

Calibrating the microscopic parameters of the PB model
is crucial for accurate GB-DEM modeling. Qu et al. (2020,
2022, 2019) proposed efficient parameter calibration meth-
ods that provide guidance for the calibration strategy and
thinking of PBs. These parameters, which determine the
macroscopic mechanical properties of the simulation speci-
men, are numerous and require a carefully designed calibra-
tion framework. To this end, we present a comprehensive
calibration framework for multiscale contacts that encom-
passes grain and boundary scales as illustrated in Figure 11.

Bonded boundary particles
N
¥ o
£
S
el
=
L ol
Bonded grain particles
70 mm
Figure 11 GB-DEM specimen (175 mm x 70 mm) in this study.

(The black mesh represents the Voronoi grain mesh; the blue dashes
represent the grain boundary contacts.)

The calibration framework for GB-DEM is based on the
physical properties of ice, such as strength properties (e.g.,
UCS, confined compressive strength, and tensile strength)
and elastic properties. A detailed discussion of the calibra-
tion work can be found in the reference provided (Sun et al.,
2023), and the suggested microscopic parameters are sum-

marized in Table 3. By using these calibrated microscopic
parameters in the GB-DEM model, we can accurately sim-
ulate the brittle mechanical behavior of ice and other frac-
ture characteristics across a wide range of scales and load-
ing conditions.

The calibration procedure follows a two-stage validated
methodology (Sun et al., 2023; Peng et al., 2018b; Lan et
al., 2010) as shown in Figure 12. First, TG parameters, in-
cluding elastic modulus, UCS, and tensile strength, are cali-
brated using single-crystal ice experimental data (Carter,
1971). IG micromechanical parameters (elastic modulus,
UCS, and tensile strength) are then determined using poly-
crystalline ice experimental data. This two-step approach
systematically validates the model’s capability to replicate
intra- and intergrain mechanical responses, ensuring multi-
scale consistency between micromechanical interactions and
macroscopic ice behavior.

Start
GB-DEM

Continuum parameters
1. Grain size and distribution 1. Sample density
2. Sample size and shape 2.Mechanical properties:
3. Loading conditions E ity Thsorysils O syt By 03010,
|
[ Update TG strength parameters: o' ]
Run tension test, calibrate tensile strength: 6, .y

]

Update TG deformation parameters: Epy , Apy » Einear » Msear
Run UCS test, calibrate grain deformation properties: £ .

!

Update TG strength parameters: Cq
Run UCS test, calibrate compression strength: 6, ..

Update IG strength parameters: o/
Run tension test, calibrate tensile strength: o,

l

[ Update IG deformation parameters: Ep , Ayt , Finear » Ainear ]

Initial setup

Run UCS test, calibrate grain deformation properties: £

!

Update IG strength parameters: Cyg
Run UCS test, calibrate compression strength: o,

|

[ Update TG and IG friction coefficients x'¢ and p'¢ ]

Run confined compressive strength test

Finish
calibration

Figure 12 Calibration framework

According to the target values in Table 1, the initial values
of all the parallel key mesoscopic parameters in contact
within the model were set to the tensile strength and UCS
of the single-crystal ice. Tensile strength calibration of sin-
gle-crystal ice was then carried out. The calibration rule of
the tensile strength in the discrete element was also con-
firmed. The tensile strength of the material is only affected
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by the tensile strength of the PBs. During this process, the
tensile strength of the PBs was calibrated. Next, the tensile
strength of the TG PBs remains unchanged, and the tangen-
tial bonding strength was calibrated. During this process,
the tangential bonding strength of the TG PBs was also cal-
ibrated. For the calibration of IG PBs, their tensile strength
was first calibrated according to the tensile strength of poly-
crystalline ice, which was determined from the tensile
strength of PBs. Next, the tangential bonding strength of
IG was used to calibrate the UCS of polycrystalline ice.
Once determined, the value was compared with existing data
to verify the accuracy of the calibration framework.

Table 1 Calibration results (data from Sun et al. (2023))
Macroscc_)pic Physic_s Modeling Error (%)
properties properties results
E s (GPA) 11.0 111 0.91
T ey (MP2) 9.00 9.05 0.55
T arysat (MP2) 2.30 2.28 0.87
E (GPa) 9.33 9.31 0.22
UCS o, (MPa) 5.20 5.38 3.40
TS o, (MPa) 0.75 0.72 4.00
1605 wpa (MP) 7.80 7.52 3.50
T1012wpe (MPR) 10.10 9.68 475
T 1920 wpa (MP) 12.15 11.98 0.14
1930 mpe (MPR) 15.20 15.12 0.05
T1aa0mra (MPR) 19.12 18.00 5.83

After the microscopic parameters of single-crystal ice
were determined, the mechanical properties of polycrys-
talline ice were then matched. The errors calculated by
comparing the calibrated results and laboratory tests are
shown in equation (16) and listed in Table 1. Table 2 sum-
marizes all the calibrated particle parameters referring to
the calibrating procedure.

|target — simulation |
error =
target

x 100% (16)

The numerical calibration results of the GB-DEM model
under the strain rate 4 x 107%/s are shown in Figure 13,
where (a) represents tension simulation, (b) represents uni-
axial compressive simulation, and (c) represents confined
pressure simulation. The fracture characteristics of poly-
crystalline ice were then investigated using a GBM model,
which incorporates fine-tuned microscale parameters to
simulate the behavior. As shown in Figure 13, our final
validation revealed that the discrepancies between experi-
mental and numerical results are 6%, 14%, and 13% under
low (d), medium (e), and high strain rates (f), respectively.
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Table 2 Calibrated results of microscopic parameters

Micro-parameters Symbol Value
Micro-properties of particles
Minimum particle radius R (M) 4.2 x10™
Particle size ratio RoaxRoin 15
Particle density p (kg/m?) 920
Damp 0.7
Micro-properties of TG contacts
Parallel bond modulus E)s (GPa) 6.6
RTG
Parallel bond stiffness ratio A ( R:TG ) 2
Parallel bond tensile strength o1 (MPa) 35
Parallel bond cohesion Crg (MPa) 35
Particle contact modulus Efe. (GPa) 6.6
Particle normal to shear stiffness e [K°
ratio v""ea'( ke ) 2
Particle friction coefficient u'e 0.85
Micro-properties of IG contacts
Parallel bond modulus E,s (GPa) 1.6
RIG
Parallel bond stiffness ratio A (iﬂ‘s) 2
Parallel bond tensile strength o\ (MPa) 0.9
Parallel bond cohesion C,c (MPa) 1.6
Particle contact modulus Ee  (GPa) 1.6
Particle normal to shear stiffness e (%) 2
ratio ks
Particle friction coefficient u'e 0.13
Loading wall-particle contacts
Friction coefficient i 0.9

We processed the fragments collected during the experi-
ment into thin slices and observed the TG and IG micro-
scopic cracks that occurred during the experiment. We also
captured the TG and IG formed by the coalescence of the
corresponding microscopic cracks during the simulation,
as shown in Figure 13(g).

4 Simulation results

In this section, the rate-dependent properties of polycrys-
talline ice were studied through experiments and by using
the grain-based numerical model of polycrystalline ice. In
accordance with that observed during the experiment, the
fracture process was reproduced through numerical simula-
tion, and the rate-dependent effect of polycrystalline ice
was analyzed from the microscopic fracture, crack propa-
gation, fragmentation characteristics, and rate-dependent
relationship of UCS.
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Figure 13 Numerical verification results of polycrystalline ice

4.1 Fracture process

Under compressive loading, the specimens exhibit brit-
tle failure behavior. Five distinct stages were identified to
elucidate the brittle failure mechanisms of polycrystalline
ice, as shown in Figures 14 and 15. Figure 14 illustrates the
stress-strain curve coupled with microscopic crack evolution
under a strain rate of 2 x 107/s, demonstrating the com-
pressive response. The compressive stress initially increases
linearly with strain and peaks at 5.52 MPa at a strain of
0.073% (corrected decimal placement for consistency). The
stress-strain relationship was further divided into five criti-
cal stages (labeled A—E in Figure 15), each corresponding

to a specific fracture process characteristic. These stages
reflect progressive crack nucleation, propagation, and even-
tual macroscopic failure.

Figure 14(b) displays the normalized evolution curve of
microscopic crack quantities, where the normalized crack
ratio was defined as the ratio of crack type counts to the
corresponding IG and TG contact counts. A comparison of
the crack evolution patterns in Figures 14(a) and 14(b)
reveals that although TG cracks dominate numerically in
Figure 14(a), the normalized damage degree of IG contacts
remains the predominant factor throughout the specimen
failure process.

The fracture evolution progresses through four distinct
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Figure 14  Stress-strain curve and evolution of different types of
microcracks under the strain rate at 2 x 107/s

stages marked by characteristic crack patterns. Stage A ini-
tiates microscopic crack formation, corresponding to the
initial ascent of the crack quantity curve, with sporadic 1G
cracks showing limited spatial distribution. During the
transition to Stage B, 1G shear cracks emerge systematically
and initial microcracks coalesce and partially propagate,
resulting in broader crack distribution compared with that

Stage A Stage B Stage C

s I e 4
(a) Fracture process of the specimen under the strain rate 2x10"'/s
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tioning from stage B to stage C. In the subsequent stage, a
concentrated long wedge crack appears as shown in Stage
C, followed by a crack throughout the entire sample as illus-
trated in Stage D. When the stress peaks, the sample fails
under irregular fractures. The dominant cracks initiated in
the middle of the specimen are formed by the grain bound-
ary tension, with an average orientation angle range of
60° < 4 < 120°. As the loading progresses, the number of
cracks inside the specimen increases. |G cracks remain the
main type of microcracks in the early stages of loading, and
their angular distribution is mainly concentrated in the range
of 60° < 0 < 120°. Shear cracks also appear as shown in
Figure 15(c) and primarily occur at grain boundaries, with
their angular distribution falling in between.

4.2 Effect of strain rate on energy transition

In the proposed numerical model, the breaking of bonds
and ice fragmentation are treated as irreversible phenome-
na involving continuous energy conversion and dissipa-
tion. Hence, the dissipated energy, which comprises fric-
tional losses E; and kinetic energy E,, can be directly eval-
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- TG: shear
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(b) Orientation distribution of tensile cracks
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Figure 15 Propagation and orientation distribution of microscopic cracks
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uated using the GB-DEM numerical approach.
N,
E = [ D((F)aus)dt 17)
i=1

N, _
E, = %Zl(mivi2 + Lo?) (18)

where N, and N, represent the number of the linear contact
between particles and particles in the specimen, respectively.
(F;)is the averaged sliding force, and Aus™ is the current

slip increment. M, v;, w,, and [; are the mass, velocity com-
ponents, rotation, and moment of inertia of the particle,
respectively. As shown in Figure 16, the aforementioned
energies, including kinetic energy, frictional energy, and
dissipated energy, are rate-dependent.

Kinetic energy is the byproduct of the translational motion
of particles after the PBs break under external loading con-
ditions. As the strain rate varied, the kinetic energy increased
from 0.3 to 17 J. Moreover, the variation of strain rate leads
to an increase in frictional energy from 2 to 23 J. Figure 16
shows that under axial compressive loading, the contribu-
tion of kinetic energy to the dissipated energy increases
with the strain rate due to the generation of freely moving
fragments of the specimen at high strain rates. This phe-
nomenon results in an increase in the proportion of Kinetic
energy to the dissipated energy from 1% to 43% at the
strain interval from 4 x 107%s to 10/s. The frictional energy
manifests as the relative sliding between the contact points
of particles. During this process, frictional force exists
between particles, causing the generation of frictional energy.

100
+/ Dissipated energy V.
A Friction energy A
O Kinetic energy v
, A O
10} =
~ X
& o
2 R X X . o
2 O
@
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0.1 . . . !
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Strain rate (s)

Figure 16 Energy transition in unconfined compressive strength
tests at different strain rates

4.3 Effect of strain rate on microscopic fracture

The number of fractures in the final state of the speci-
men varies with the strain rate, as shown in Figure 17. In
general, the evolution and law of crack number differ with
the strain rate. From 4 x 107%/s to 10/s, almost no signifi-

cant change is observed in the number of microscopic cracks.
When the strain rate exceeds 2 x 107Y/s, the number of ten-
sion cracks increases dramatically, but the growth of shear
microscopic cracks is not pronounced. When the strain
rate is under 2 x 107/s, the ratio of tension microscopic
cracks is approximately 85%, and the IG tension crack ratio
is almost equal to the TG tension crack. This value increases
to 90% when the strain rate increases to 10/s. The ratio of
TG tension cracks also increases from 45% to 64% with
the increasing strain rates. At the same time, the ratio of
IG tension cracks decreases from 43% to 26%. The propor-
tion of shear cracks remains low. With the increase in strain
rate, the proportion of 1G shear cracks decreases while that
TG shear cracks increases. Furthermore, the ratio of TG
cracks becomes higher than that of IG cracks, revealing
that the microfracture transits from IG to TG.
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Figure 17  Microscopic crack number change and fracture type ratio
at different strain rates

The changes in the number of cracks and the evolution
of crack types are mainly reflected in the failure and break-
age of the specimen. Figure 18(a) shows the distribution of
microscopic cracks in several samples under different strain
rates. With the increase in strain rate, the distribution of
microscopic cracks in the samples becomes dense. In the
transformation from low rate to high rate, the local density
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Figure 18 Crack orientation distribution at four different strain rates

changes for almost every sample filled with microscopic
cracks. With the increase in strain rate from 1 x 107/s to
10/s, the cracks leading to the failure of the sample change
from the initial split crack (such as specimens under 1 x
107%s) that runs through the whole sample to the short frac-
ture crack (such as specimens under 10/s) inside the sample.
Although the increase in strain rate leads to an increase
in the number of microcracks, the angular distribution and
number of microcracks also change. Figures 18(b) and 18(c)
show that although the number of tensile microcracks is
concentrated at 60° < 4 < 120°, the maximum number of
cracks changes from the initial rate of 90° to the final rate
of 68°. This finding indicates that some of the main decli-
nation angles of the final crack failure are altered. With the
increase in strain rate, the main crack orientation of the
sample begins to move away from the loading direction.

4.4 Effect of strain rate on fragment characterization

The fragment of the specimen is determined by the micro-
scopic fracture process and influences the energy dissipa-
tion under uniaxial compressive loading to some extent. In
the modeling, the fragment sequence was mobilized as all
the boundary bonds of the assembly are ruptured, and the
clustered particles become an independent island. Figure 19
presents the ultimate fragment states at eight different strain
rates. Different colors were used to differentiate the frag-
ments. With the change in strain rate, the final failure mode
of the sample changes from the specimen without evident
fragments to the final pulverizing mode. The final frag-
mentation modes of GBMs are in great agreement with
those observed in the laboratory tests shown in Figure 20.

Figure 20 shows the true fracture mode of polycrystal-
line ice during the test, and the corresponding fracture fail-
ure occurs in the sample under axial compression load.
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Under low strain rates (Figure 20(a)), the damaged sample
can still be completely assembled into a complete sample.
With the increase in strain rate, the fragmentation level of
the sample increases (Figure 20(b)) and the final fragments
become difficult to piece together into a complete sample.
§=4x10%s"  §=1x102s"

£=2x102s7" £=2x10"s"

Figure 19 Ultimate fragment states of the specimen at eight strain
rates: different colors are used to differentiate the fragments

By combining the numerical simulation and test, the prob-
ability distribution of debris area of polycrystalline ice under
different strain rates was calculated as shown in Figure 21.
Figure 21(a) displays the probability distribution of the frag-
ment area of the numerically simulated sample under dif-
ferent strain rates. The fragment area at 50% was calculated
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(b) Fragments of specimen under high strain rates
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from the probability distribution curve. In this work, the
median particle size (d,,) was used as an indicator to mea-
sure the fragmentation of polycrystalline ice samples. It
represents the extent of damage to the samples under dif-
ferent strain rates: the smaller the d,,, value, the higher the
fragmentation degree of the samples. Figure 21(b) shows that
dyy, is significantly negatively correlated with the strain rate,
that is, the larger the strain rate, the smaller the d.,, value.

Figure 22 shows the hand-drawn diagram of the failure
of the polycrystalline ice sample. At low strain rates, the
fracture failure of the sample is single, a few branch
cracks appear near the main crack, and the fragments are
also large. With a further increase in strain rate, the frag-
ment area decreases, the main cracks are no longer single,
and the branch cracks begin to increase. When the strain
rate reaches 10/s, the sample is violently crushed, and the
cracks and branch cracks intermingle.
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Figure 22 Hand drawing for microscopic fracture distribution of
ultimate specimens at four different strain rates

4.5 Effect of strain rate on unconfined compressive
strength

After understanding the brittle failure and microfracture
of polycrystalline ice from the crystal scale, we discuss the
rate-dependent effect of polycrystalline ice from the mac-
roscopic mechanical response. The relationship between
UCS and strain rate was determined from the UCS of poly-
crystalline ice. Obtaining a rate-dependent model for the
UCS of polycrystalline ice is a significant issue. In this sec-
tion, the experimental results and numerical simulations
were combined to develop a rate-dependent model tailored
for the UCS of polycrystalline ice. On the basis of the
UCS values at low and different strain rates, a UCS rate
correlation factor RDF was proposed:

RDF = — ¢ (19)

O nominal

where o, is the UCS under high strain rates, o, mina IS
UCS value when the strain rate is 4 x 107%/s from the labo-
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ratory test in Section 2. Finally, the stress-strain curve of
the numerical test was statistically analyzed, and the results
shown in Figure 23(a) reflect the correlation of the stress
response rate of the numerical sample under different strain
rates. In the rate range below 2 x 107%/s, the stress-strain
response of the polycrystalline ice sample shows minimal
difference. When the strain rate exceeds this value, the stress-
strain curve changes greatly. The initial stage is linear elas-
ticity. However, with the increase in strain rate, the stress-
strain curve at the initial stage is no longer stable due to
the uneven distribution of stress inside the sample. With
the increase in strain rate, the peak UCS is positively corre-
lated with the strain rate.
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(b) Rate-dependent factor fit curve combined with numerical
and experimental results

Figure 23  Uniaxial compressive strength curves under different
strain rates

As shown in Figure 23(b), the UCS rate dependence factor
obtained from the polycrystalline ice sample test was fitted
and found to be consistent for the numerical and experimen-
tal tests. Finally, the rate-dependent model based on experi-
mental and numerical methods is shown in equation (20):

RDF = 1 + 2.25:00 (20)

This rate-dependent model reflects the mechanical
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response of polycrystalline ice under different loading
rates in terms of UCS. It should be suitable for scenarios
where the strain rate is less than 10/s.

5 Discussion

In this study, combined numerical and experimental meth-
ods were adopted to explore the failure characteristics of
polycrystalline ice under different strain rates to further
understand the uniaxial compressive strain rack-related
characteristics of polycrystalline ice. The test results are
reasonable as shown in Figure 5, proving that polycrystal-
line ice has a strain rate effect, whether from the stress-
strain curve or from the failure mode of the sample. The
laboratory test of UCS is also within a reasonable range of
magnitude when compared with other existing results. Our
model is based on the discussion of the rate dependence of
polycrystalline ice, and the strain rate range studied is
between 4 x 107%/s and 10/s.

For the numerical model, we adopted the DEM. The estab-
lished numerical model based on the real grain structure of
S2 columnar ice is the basic work in the early stage. To estab-
lish the numerical model of ice, Voronoi also applied other
methods (Lu et al., 2020; Li et al., 2023; Gribanov et al.,
2018a; Gribanov et al., 2018b; Sun et al., 2023). The key
point of the DEM is to select the appropriate bond contact
model to describe the failure behavior of the material. The
damage and microscopic fractures occurring within the
material are manifested in the DEM as the damage of PBs.
For the mechanical modeling of ice, the reproduction and
reasonable description of the destructive behavior is an
important link. The selected PB model can describe the
behavior of brittle failure inside ice, while the GB-DEM
polycrystalline ice model can reflect the initiation, propa-
gation, and coalescence of microscopic cracks.

A discrete element calibration framework capable of cal-
ibrating multiscale mechanical parameters was successfully
implemented, obtaining discrete element mesoscopic parame-
ter groups that can meet the mechanical properties of sin-
gle-crystal and polycrystalline ice. On the premise of the
good comparison between the experimental and numerical
results, further research on the failure characteristics of poly-
crystalline ice was carried out using numerical experiments.
With the change in strain rate, the difference in crack prop-
agation within the GB-DEM model leads to the transfor-
mation of the final failure mode of the specimen from split-
ting to fragmentation. In addition, the number of micro-
scopic cracks inside polycrystalline ice increases, aggravat-
ing particle movement such as friction and dissipation. Under
the increase in strain rate, the kinetic energy of the sample
also increases, and the movement speed of the particles is
controlled by the strain rate.
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6 Conclusion
6.1 Main conclusion of this study

The main results of this research are as follows:

1) The specimen was obtained from the Songhua River
during winter, and the grain structure of columnar ice was
observed. Uniaxial compression tests were conducted at a
laboratory scale to investigate the stress-strain behavior and
failure modes of polycrystalline ice under different strain
rates. Results showed that the UCS and failure modes exhib-
ited a significant rate-dependent effect. The UCS showed
an initial increase and a subsequent decrease with the increas-
ing strain rate. Moreover, the failure mode transitioned from
cleavage fracture to comminution as the strain rate increased.

2) This study presented a numerical model for polycrys-
talline ice based on the geometric topology of polycrystal-
line ice observed in experiments. A 2D model for colum-
nar ice in the horizontal direction was established by defin-
ing two contact groups in the discrete element. On the basis
of the mechanical properties of polycrystalline ice, the micro-
scopic parameters in the DEM numerical model were numer-
ically calibrated and found to be consistent with the experi-
mental results under a nominal strain rate. Therefore, the
numerical model used in this study is suitable for investi-
gating the fracture characteristics of ice under compressive
loading at different strain rates.

3) This study investigated the strain rate-dependent
behaviors of ice specimens under axial compressive load-
ing through a combination of numerical simulations and
laboratory experiments. The findings revealed that the axi-
al compressive strength, internal microcrack propagation,
internal dissipated energy conversion, and fracture frag-
mentation characteristics of the ice specimens all exhibited
significant strain rate-dependent effects. The strain rate of
2 x 10™Y/s was a rate-dependent transition point, after which
the rate-dependent effect of polycrystalline ice became evi-
dent and the damage became severe. These findings are
crucial for an improved understanding of the mechanical
response of ice and its engineering applications. Using the
proposed rate-dependent model, we can perform ice load
calculations at the engineering scale.

6.2 Future developments of continuity-related
work

1) This study combines experimental and discrete element
numerical methods to investigate the rate-dependent behavior
of polycrystalline ice. A mechanical model for polycrystal-
line ice is established at the crystal scale, and the micro-
structural parameters of the discrete element numerical
model are calibrated using multiple scales. This approach
allows for a comprehensive understanding of the brittle
failure mechanisms in polycrystalline ice. However, given
the inherent complexity of polycrystalline ice as a material,

its mechanical properties and structural behavior are sensi-
tive to external loading conditions and structural dispari-
ties. Addressing these challenges will be the focus of future
research endeavors.

2) This work studies the polycrystalline ice fracture
mechanism using GBM to explain the special phenomena
observed in the experimental results from multiple perspec-
tives. However, in practical applications, the fracture prob-
lem of grain boundaries in polycrystalline ice is challeng-
ing due to its unique geometric morphology and mechani-
cal properties. Further research is warranted on modeling
grain boundaries and their fracture problems to accurately
describe the mechanical properties of polycrystalline ice in
numerical models.

3) This study develops a numerical model at the labora-
tory scale. However, our ultimate goal is to directly apply
this model’s observed phenomena and conclusions to the
research and development of equipment in polar regions.
Existing upscaling methods provide a practical approach
by obtaining a representative volume element at a low scale.
We can then investigate the mechanical behavior of this
representative volume element and apply the derived
mechanical laws to engineering-scale applications using
appropriate methods. This concept has already been suc-
cessfully applied in upper scaling calculations for other brit-
tle materials. Considering the similarities of ice with other
brittle materials, we believe that a multiscale computational
framework applicable to the field of polar regions will be
proposed in the future.
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