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Abstract

The fracture process and breaking capability of ice cover impacted by high-speed
projectiles before underwater explosion is an urgent subject of scientific research in ice
engineering applications. This paper presents the results of numerical simulations of
the dynamic fracture behaviour induced by the impact of a small spherical projectile on
an ice plate. The proposed 3D rate-dependent peridynamics model is validated by the
dynamic ring Brazilian disc testing of ice specimens. Good agreements between the
present model and the previous experiments are obtained in ice breaking processes and
damage patterns of thin, medium and thick ice plates. Several cases are analysed and
discussed in terms of various impact velocities, ice thicknesses, and boundary
constraint conditions. The simulations identify detailed fracturing characteristics that

are not observed in experiments, including the sequence and shape of crack propagation
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peridynamics; SHPB, split Hopkinson pressure bar; Tr., transmitted bar.
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in a short time interval, the crater formation and the damage evolution along the
thickness direction. The proposed peridynamics computational model provides new
understanding of the potential of using penetrator—ice block impact tests to observe the

evolution of complex brittle damage and reveal the failure mechanism.

Keywords: Ice breaking; Peridynamics; Impact; Brittle fracture; Failure process;

Penetration

1. Introduction

Ice flooding is a widespread natural disaster that has a significant effect on the
safety and reliability of maritime ships, offshore platforms and cross-sea bridges near
the coast. Ice breaking by underwater explosive detonation is an effective method to
prevent ice jams after launching ammunition at high altitudes to penetrate the ice cover.
Several studies have been published describing fragmentation of an ice cover by an
underwater explosion from blast loading (Leslie and Nelson, 1961; Barash, 1966;
Mellor, 1982; Wang et al., 2018c). However, the fracture process and penetration
mechanism of an ice cover impacted by a high-speed projectile before the use of
underwater explosives is a subject of scientific research that must be urgently
progressed. Another scenario is the development of resources and exploration for life
on icy planets. Icy ocean worlds on Europa are of substantial interest to the planetary
community, especially because of the potential habitability of the subsurface ocean

under ice sheets (Bayer et al., 2015; Marusiak et al., 2021). Many laboratory-scale
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model tests have been conducted to investigate the scientific issue of penetrator—ice
impact (Lange and Ahrens, 1987; Iijima et al., 1995; Kato et al., 1995; Arakawa et al.,
2000; Suzuki et al., 2016). However, the above studies focused on the dynamic
behaviours of thick ice blocks due to impact by a penetrator, while few studies have
examined the process of crack propagation in thin or medium-thick ice plates under
impact loading. Moreover, the above studies lacked effective numerical methods to
accurately capture the dynamic fracture and fragmentation characteristics of ice under
impact loading.

The simulation of ice material fragmentation is a challenge in computational
mechanics research, and many methods have been applied to the ice numerical
modelling. The most common approach, the finite element method (FEM) is widely
used to evaluate the failure behaviours and load features of ice cover in ice-structure
interaction (Wang and Derradji-Aouat, 2010; Millan and Wang, 2011; Kim et al., 2013;
Leeetal., 2013; Kim et al., 2014), but the difference between the continuity assumption
and discontinuous displacement field along the ice cracks caused the difficulty in
dealing with the complicated discontinuous dynamic problems, including predicting the
dynamic crack propagation and revealing the failure mechanisms. The development of
meshfree methods on ice fracture mechanics and ice-structure interaction has become
a newly popular research approach, such as Discrete Element Method (DEM) and
Smoothed Particle Hydrodynamics (SPH). Jou et al (2019) predicted the failure modes
of floe-ice and ice cakes when loaded by a moving ice-breaking ship bow based on the

bonded DEM simulations, which proved that the method has potential application value
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in investigating the behaviour and fracture of sea ice and the performance of icebreaker
ships. Long et al (2021) exploited DEM to investigate the breaking characteristics of
ice cover and ice load on upward—downward conical structure. The study found that ice
cover is prone to appear local crushing failure while contacting with the junction of
upward—downward cone, but it has almost no influence on the maximum ice load. DEM
has advantages for modelling the discontinuous phase of the fracture process, but
accuracy problems during the continuous phase make it unreliable for simulating the
whole process from continuous to discontinuous. Zhang et al (2019) presented a
Drucker—Prager plasticity SPH model to explore ice-ship interactions and ice failure
process, and the simulation results are in good agreement with the experimental results
of the Araon icebreaker model. Recently, Zhang et al (2023a) established a two-way
coupling SPH model to simulate wave-induced breakup of ice floes. The results
revealed that the length of broken ice piece decreases with increasing solitary wave
height, and the ice floe is easier to breakage and shattered into more pieces under the
action of the focused wave groups than solitary waves. However, SPH method requires
external crack growth criteria to simulate damage (Madenci and Oterkus, 2013).

Over the past two decades, there have been sustained research activities on the use
of a nonlocal meshless method called the peridynamics (PD) method. The bond-based
peridynamics (BBPD) method was first proposed by Silling (2000) and provides an
effective and viable method for modelling impact damage. Differential equations are
replaced with spatial integral equations in PD, making it more suitable for solving

discontinuous problems, especially the nucleation and propagation of cracks in brittle
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materials. Han et al. (2019) and Javili et al. (2019) systematically reviewed the basic
theory, applications and development trends in various fields, including static and
dynamic failure, constitutive models of materials, fatigue problems and multi-physics
coupling models. Moreover, the computational efficiency and multiphase interaction in
PD are gradually being improved by coupling PD with the finite element method (Sun
and Fish, 2021; Liu et al., 2022a), extended finite element method (Liu et al., 2020b),
cohesive zone model (Yang et al., 2020), smoothed particle hydrodynamics (Ren et al.,
2015; Fan et al., 2016) and boundary element method (Kan et al., 2020).

Dynamic fractures produced in brittle material plates upon impact by a rigid
penetrator are one of the most active research topics in BBPD. Silling and Askari (2005)
first predicted fragmentation with the formation of small debris when a brittle polymer-
modified binder disk is impacted by a rigid ball, which proved that BBPD had the
potential to address complex penetration and damage problems. Oterkus et al. (2012)
demonstrated the applicability of PD simulations to assess the damage behaviour and
residual strength of a concrete panel with steel reinforcements during impact loading.
Hu et al. (2013) extended BBPD to a two layered glass—polycarbonate system, captured
images of damage paths on the strike surface and the back surface, and found that the
evolution of damage in brittle materials was sensitive to fixed boundary conditions.
Bobaru et al. (2012) and Ha (2020) explored the dynamic fracture of multi-layered
brittle glass plates caused by high-velocity impact and analysed the interfacial
interactions between layers under stress waves. Levine et al. (2014) exploited BBPD

theory for graphical modelling and realistic animation of fracture development in brittle
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materials. Ren et al. (2017) reformulated the BBPD governing equation under a
discontinuous Galerkin weak form and established a corresponding numerical approach
for the fracture of glass layers by high-speed impact. Ma et al. (2021) focused on the
variation in energy absorption characteristics with the thickness and angle of the glass
plate. Recently, Anicode et al. (2020) adopted a new frictional stick-slip contact
algorithm to simulate single and multiple impacts of sand particles on a zinc sulfide
plate, and the final failure results were basically consistent with the available
experimental studies. Chu et al. (2020) presented a rate-dependent BBPD model to
investigate the fracture mechanism for ceramics during ballistic impact, and the rotation
effect of bonds was further considered by Liu et al. (2022b) for simulations of fracturing
when a steel column impacts a silicon carbide ceramic target. Silling and Fermen-Coker
(2021) demonstrated the ability of the BBPD model to simulate the perforation of brittle
elastic membranes. However, BBPD describes the interaction between material points
by simply using a single elastic "spring" and thus leads to a fixed Poisson's ratio of 1/4
in 3D or 1/3 in 2D (Madenci and Oterkus, 2013).

This issue has been addressed by means of a generalized formulation referred to
as state-based peridynamics (SBPD) (Silling et al., 2007; Fan et al., 2023). SBPD
method is no longer regarded as a simple spring, but only the concept of pairwise force
densities, which is defined as the force state. A major difference with BBPD is that the
interaction between two material particles in SBPD not only depends on the
deformation of the pairwise force, but also the deformation of other material particles

connected to these two material particles. Thus, SBPD method can account for the
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volume deformation of material and establish a closer relationship with traditional

continuum mechanics theory, which can break the limitation of Poisson's ratio.

However, this has led to relatively complicated implementation and expensive

computational costs. The BBPD method is simpler and can be used in more stable

simulations of crack propagation compared to the SBPD method, especially in cases of
catastrophic fragmentation. Moreover, Poisson's ratio has notably less influence on the

crack propagation speed or path when utilizing PD to simulate impact damage problems

(Silling et al., 2007; Ha and Bobaru, 2010; Hu et al., 2013). Therefore, BBPD is

employed in our study, and the Poisson effect is not discussed.

In the field of ice mechanics, BBPD has been widely applied to laboratory-scale

S2 ice homogenization theory (Li et al.,, 2022; Li et al., 2023), modelling of
polycrystalline ice (Lu et al., 2020), medium-scale polar ice engineering problems such

as the interaction between ships (Liu et al., 2018; Wang et al., 2018b) or offshore

structures (Liu et al., 2017) and ice, ice breaking by explosions (Wang et al., 2018c),

thermal shocks (Song et al., 2020; 2021; 2023), propellers (Wang et al., 2018a), and

bubbles (Kan et al., 2020). Few PD studies have investigated the dynamic

fragmentation of ice plates under impact. In one of the earliest studies, Song et al. (2018)
modified a Drucker—Prager plasticity SBPD model to provide a preliminary description

of impact-induced fragmentation of thin ice plates, but the eventual failure results did

not show obvious radial and circumferential cracks. Later, Song et al. (2019) extended

the model with adaptive particle refinement to simulate the crater impact test of ice

blocks. Recently, Liu et al. (2020a) simulated the ice—water interactions of a rigid ball
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impacting a floating ice plate by coupling PD with updated Lagrangian particle
hydrodynamics, and captured the dynamic ice breaking process, which produced first
circumferential cracks and then radial cracks. Ren and Zhao (2022) proposed a new
coupling model based on BBPD, the volume-of-fluid method, and the boundary data
immersion method, which investigated crack propagation in an ice cover, the evolution
of cavity shape, and the motion of spheres during ice breaking and water entry. However,
none of the above studies were based on experiments, and none addressed the process
of crack propagation in ice plates along the thickness direction. More recently, Zhang
et al. (2023b) conducted systematic experimental studies on the effects of impact
velocity and ice thickness on fracture modes and damage mechanisms. However, it was
not possible to observe cracks along the thickness direction due to obstruction by the
fixture, so there is a need to further explore the related damage mechanism.

The remainder of this paper is organized as follows: In Section 2, the PD
methodology is briefly introduced, including BBPD theory, the failure criterion, the
contact model and the validation of the proposed model. Section 3 describes the
modelling and failure mode analysis for a rigid ball penetrating an ice plate, including
the establishment and analysis of the penetration model, comparison of numerical and
experimental results for failure processes, and discussion of the factors influencing the

final damage morphology. Finally, Section 4 summarizes some concluding remarks.

2. Numerical methodology
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2.1 Bond-based peridynamics theory

PD is a reformulation of elasticity theory for discontinuities and long-range forces;
the discrete version of PD may be viewed as macroscale molecular dynamics in a
continuum situation. For BBPD, the equation of motion of the particle marked by x in

the reference configuration at time t (shown in Fig. 1) is:

pu(x,t) = J.Hx f(u(x',1)—u(x,?),x'—=x)dV_ +b(x,t) (1)

Fig. 1. Interaction between material points through bonds in the sphere A _ .

where p is the material density, u is the displacement vector field, b is the body

force density, V, is the volume of point y', H = {x' € R:||x’-x|| < 5} represents

the collection of other material points within the horizon range, ¢ is the radius of the
horizon, and f'is the constitutive force function whose value represents the interaction
force density between material points x and x’ at time t. The corresponding

pairwise force density is derived as:

fE&m) = éim esp(t.Em) @)

where &=x'—X is the relative position in the reference configuration, and n=u'—-u

is the relative displacement between two material points, X and x'. The function c¢
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is called the micromodulus function and represents the bond elastic stiffness, and the

3D formulation can be derived according to the literature (Rédel and Willberg, 2018):

18K
c= 3)
o
where g is the bulk modulus. s is the bond relative elongation defined as:
+ J—
_le+nl-f “

]
The damage model in PD consists of breaking the PD bond connecting any two

nodes when the relative change in distance between them exceeds a certain prescribed

value s, . The critical relative elongation is obtained as follows (Li et al., 2018):

P EL )
6E0

where G, is the mode I critical energy release rate. g is the elastic modulus. The

following bond failure criterion is introduced:

Ls<s,
[’ R = 6
T ©
The damage index D is described as:
u(x,t,E,n)dv.,
D(x,t):l—jH" ( ) (7)

v,
Hx

The value of D(x, t) is between 0 and 1, and the closer it is to 1, the greater the degree

of ice damage.

2.2 A rate-dependent failure model of ice

In the present study, a new failure model is implemented to simulate the dynamic

10
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fracture of ice in response to an impact. The model considers the rate effect on the

fracture toughness of ice. The crack growth occurs when the stress intensity factor at

the crack tip is larger than the fracture toughness of the ice material. This is expressed
by:

K, >K, (8)

Zhang et al. (2021) explored the dynamic fracture toughness K, of freshwater ice

using a modified split Hopkinson pressure bar (SHPB) devices at temperatures ranging

from —5°C to —45°C. The results revealed a linear relationship between the normalised

dynamic loading rate K | K,.,and normalised dynamic fracture toughness K, / K, -
Here, the dynamic loading rate ( K ) 18 determined by fitting the slope of the rising
part of the stress intensity factor history curve. For the normalised loading rate below a
critical value, the toughness fracture K, is represented by a constant quasi-static

toughness fracture K, ; for the normalised loading rate above the critical value, the

normalised dynamic toughness fracture increases approximately linearly with
increasing the normalised dynamic loading rate (Zhang et al., 2021). Fig. 2 shows the

fitting results at —15°C.

11
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Fig. 2. Normalised dynamic fracture toughness as a function of the normalised dynamic

loading rate of freshwater ice at —15°C (data from Zhang et al. (2021)).

The normalised dynamic fracture toughness, K, /K, is described by:

ox [ (K, /Ko <5832 )
d R0 T 0 A14142.7193%10° K,/K,, otherwise

The relative stretch rate of the bond § according to the literature (Liu et al.,
2022b) is:

. n(E+m)

=— > Y 10
e (19

Notably, some researchers assumed ¢ as the strain rate of material points to

establish failure models while considering tensile strength (Zhu and Zhao, 2021) and

compression strength (Liu et al., 2022b) rate effects in PD. In this study, g is considered

approximately equal to the normalised dynamic loading rate. The numerical results of

the two rate-dependent models of ice are initially compared in Section 3.1.3. G, inEq.

(5) can be expressed by fracture toughness under plane strain condition, that is,

G,=(1-v*)K, / E (Toussaint and Polyzois, 2019). The derivative of Eq. (5) can be

12
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expressed as:

o K [30-v) (11)
65

2.3 Contact model

An algorithm for contact-impact between a rigid body and a deformable body was
described in Madenci et al. (2014); it is suitable for the contact interaction between a
rigid projectile and a target structure. At a particular time step ¢, the rigid impactor
moves with an initial velocity v, as shown in Fig. 3a. After contact occurs between the
impactor and target material at time 7+ Az, there is initial interpenetration of material
points, as illustrated in Fig. 3b. To reflect this physical reality, the material points inside
the impactor are relocated to their new positions outside the impactor (see Fig. 3c). For
a rigid sphere, the particles in the region where contact occurs are pushed to the closest

surface along the radius of the sphere. The velocity of such a material point, X, , in its

new location at the next time step, 7+ A¢, can be computed as

t+At
— Ugy —U,
VZ‘+At — (k) (k) (12)

“ At

I

Fig. 3. Relocation of material points inside a deformable target to represent contact with
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a rigid impactor.
Thus, at time step ¢+ At the force exerted on the impactor by point X, is:

—t+At

L

R =—p ==V (13)
At time step ¢+ Az, the total force of the impactor can be computed from:
Fo=2 R ALY (14)
k=1
where:
qi {1 insid'e in.qpactor 15)
0 outside impactor

2.4 Validation of numerical simulation

To verify the effectiveness of the numerical model, the ring Brazilian disc ice test
is performed using an improved SHPB (as shown in Fig. 4a).

Similar to previous studies (Zhang et al., 2021; Zhang et al., 2023c¢), ring Brazilian
disk granular ice specimens with an outer diameter of 70 mm, an inner diameter of 20
mm, and a thickness of 15 mm are specially prepared in cylindrical silica gel moulds
and processed at —15°C in cold storage. The material parameters of the ice adopted in
this case are as follows: Young’s modulus E = 10 GPa , Poisson’s ratio v = 0.25, density
897 kg / m*, and quasi-static fracture toughness 184.9 kPa-m"* (Zhang et al., 2021).

The basic assumption of the SHPB device is to satisfy one-dimensional stress
wave theory. Therefore, we adopted the modelling method for the SHPB test proposed
by Gu et al. (2016). Fig. 4b shows the model for the calculation of ice in the SHPB after

PD dispersion. The striker bar, incident bar and transmitter bar are made of aluminium

14



Numerical investigation of ice plate fractures upon rigid ball impact

alloy, with a Young’s modulus of 68.9 GPa and a density of 2,750 kg / m’ . The lengths
of the striker bar and incident bar with a diameter of 60 mm are 0.45 m and 3.3 m,
respectively. To increase the magnitude of weakly transmitted signals, a hollow
transmitted bar is adopted with an outer diameter ¢ of 60 mm, an inner diameter i of 40
mm, and a length of 2.42 m.

The PD simulation measures the strain—time relationship at the position of the two
strain gauges. The striker bar moves with an initial velocity v of 3.61 m/s, and the
incident bar is initially static. A rigid contact model is applied between the incident bar
and specimen and between the transmitter bar and specimen. A flexible contact model
is adopted between the striker bar and the incident bar. A detailed description of the
contact model is available in Madenci et al. (2014) and Gu et al. (2016). The PD
simulation is conducted with a material point size of dx=0.00048 m for the specimen
and dx'=0.0005 m for the bars, a horizon size ¢ that is three times the particle point
size. In BBPD, the explicit method requires a critical time step for numerical stability
(Silling and Askari, 2005). Here, a time step of dt=5.0x10"s, which is less than the

critical time step for the explicit time integration.

15



Numerical investigation of ice plate fractures upon rigid ball impact

(a) Cooling chamber
-
Damp t E LEIyamp
~ == é g
| S 1 I - " . s
Silicone sleeve AP \\ k | P . Parallel lights Emitter cavity Gas gun
Strain guage2 L Strain guagel
\ -
1 el LU © — \
Transmission bar ™ h - Incident bar Striker bar
( Sponge cushion|
N Velocimeter
HS camera
(b) A0 S Rigid zone .d;‘ Flexible zone
3 fe—s Strain gauge v
e
L
T o ERE e Tee] B e .‘[ &
X ® | |'V40mm \:“\IH\/\; [ BN J o ®h N EI while | e ® po v | D60mm
1120mm " . 1740mm .
2420mm . ®T0mm___ |, 3300mm _ 450mm
Hollow transmitted bar (1D) Sample (3D) Incident bar (1D) Striker bar (1D)

Fig. 4. Modified SHPB apparatus for the dynamic ice impact tests: (a) schematic of the

SHPB device; (b) calculation model of the PD simulation.

Fig. 5 shows a comparison between the experimental and simulated results for the
strain—time curves measured in the incident (In.) bar and transmitted (Tr.) bar with an
impact velocity of 3.61 m/s. The incident strain and reflected strain are sine waves in
the experiment but rectangular waves in the simulation. This is related to the waveform
shaper technology (Zhang et al., 2020; Zhang et al., 2021) adopted in the test to make
the rising edge of the incident wave smoother, which is conducive to stress balance.
The error of peak transmitted strain obtained by simulation is less than 17% of the
experimental value. Fig. 6 shows the progressive failure process in the experiment and
numerical results for the SHPB. The PD simulation results are in good agreement with
the experimental observations, which proves that the numerical simulation is

reasonable and applicable.
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Fig. 5. Strain—time curve in the dynamic ring Brazilian disc ice test.
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Fig. 6. The dynamic crack propagation process of a ring Brazilian disc ice specimen:

(a)—(e) experimental results; (f)—(j) PD simulation results.

3. Results and discussion
3.1 Establishment and analysis of a numerical model of a rigid ball penetrating an
ice plate

To enable a better comparison with the experimental results (Zhang et al., 2023b),
we choose the dimensions of the ice plate and rigid ball to match those from the

experiments in the literature. The diameter of the steel sphere is 15 mm, and it has a
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mass of 13.99 g. The length, width and thickness of the rectangular ice plate are 0.22
m, 0.22 m and 0.01 m, respectively. The impact velocity of the rigid ball is 71.7 m/s,
and the residual velocity is 60.8 m/s in the experiment (Zhang et al., 2023b). The
material parameters of ice in this case are as follows: Young’s modulus £ = 3.8 GPa,
Poisson’s ratio v=0.25, density p =907 kg / m’, and quasi-static fracture toughness 220
kPa-m'"* . We select the particle spacing of dx=1 mm and a horizon size § = 4dx used
for the discretization of the domain integral in the numerical model. The calculation
time step (d¢) is set to 5.0x10” s, which is approximately one order smaller than the
critical time step estimated using the approach proposed by Silling and Askari (2005).
3.1.1 Applied boundary condition

In the experiment, two transparent acrylic frames with 150 mm diameter circular
openings are utilised to fix the ice sample. Thus, complete boundary modelling
including two acrylic plates, four screw clamps and an ABS positioning plate leads to
complex calculation costs. In addition, the pressure exerted on the fixture is uncertain.
Eventually, we choose two simplified fixed boundary conditions, as shown in Fig. 7.
The first condition is to manually add 4-layer boundary particles at the boundary and
then set its displacement and velocity in the z-direction to 0 (Fig. 7a). The other method
is to treat the acrylic frames as two fixed rigid bodies, that is, set the boundary

conditions through a rigid contact model (Fig. 7b).
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Fig. 7. Two approaches of imposing fixed boundary conditions: (a) virtual boundary

layer method; (b) fixed rigid contact model.

The residual velocities obtained by the two approaches are 59.0 m/s and 60.5 m/s,
with deviations of 2.96% and 0.49%, respectively, from the experiment. The results for
the damage in the two approaches are shown in Fig. 8. The virtual boundary layer
method leads to an obvious local damage effect at the opening of the acrylic frames,
and the central main crack is severely constrained to extend to the edge of the ice plate.
This issue was described and discussed by Hu et al. (2013). In the actual test, the
response between the acrylic fixtures on both sides and the ice plate is more flexible,
resulting in no obvious circular cracks at the opening. In contrast, the fixed rigid contact
model still produces circumferential cracks near the opening, which is more consistent
with the experimental results. Moreover, by using the rigid contact model instead of
modeling multiple layers of virtual boundary particles, computational efficiency is

further improved.
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(a)virtual boundary layer method (b) fixed rigid contact model (c) experimental result

Fig. 8. Comparison of damage in PD simulations: (a) and (b) are for various applied

boundary conditions; (c) experimental observations (Zhang et al., 2023b).

3.1.2 Horizon size

The dependence of crack propagation on horizon size is discussed in this section.
The ratio of the neighbourhood horizon size to particle spacing is recorded as
m=0/Ax. Six different neighbourhood horizon sizes (m =1, 2, 3,2\5 , 4 and 3\/5 )
are selected for analysis and comparison. The residual velocities obtained by simulation
are 68.9 m/s, 68.2 m/s, 65.6 m/s, 63.8 m/s, 60.5 m/s and 63.5 m/s, with deviations of
13.32%, 12.17%, 7.89%, 4.93%, 0.49% and 4.44%, respectively, from the test. Fig. 9
shows the numerical failure effects for different neighbourhood sizes. By comparison,
four non-through-thickness radial cracks form at m =1. When m =2, multiple
microcracks are generated near the centre of the ice plate. At m =3, radial cracks extend
to the boundary of the ice plate, and circumferential cracks appear. However, when

3<m< 3\/5 , the crack propagation path is more consistent with the experimental results

at m=4. Therefore, m =4 is adopted for the further study here.
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Fig. 9. The damage results of ice plates for different neighbourhood sizes (m =06/ Ax).

3.1.3 Comparison of two rate-dependent BBPD models
Compared with Eq. (5), several scholars have adopted tensile strength to describe
the critical stretch (Wu et al., 2020):
Sy =0,4/E (16)
where o, is the tensile strength of the material.
Experimental tests demonstrated that ice is sensitive to the strain rate (Zhang et al.,
2020). Thus, it is extremely significant to consider the effect of rate for dynamic loading.

The rate effect under tensile conditions was described by (Zhu and Zhao, 2021):

o, (££¢,)

Ta™ exp{qln(iﬂaﬁ, > &) 17
E

0

where & refers to the equivalent strain rate at a specific point as calculated in Eq. (10),

and ¢, is a critical strain rate when the dynamic effect is considered. Eq. (17)

essentially describes a relationship between the strain rate and tensile strength, as

illustrated in Fig. 10. That is, for strain rates below ¢, , the tensile strength is
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represented by a constant static tensile strength o, ; for strain rates above &, the

st ?
tensile strength increases exponentially with increasing strain rate. The static tensile
strength of the ice is selected to be 1.43 MPa (Petrovic, 2003). The critical strain rate
&, is determined to be 1.04 5" in this study. Based on available experimental data for

freshwater ice (Zhang et al., 2020), the constant C,is determined to be 0.21.
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Fig. 10. The relationship between the strain rate and dynamic tensile strength of ice.
Experimental data are extracted from Zhang et al. (2020).
Assuming that s is the tensile strain rate (Wu et al., 2020), the critical relative

elongation can be written as:
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The residual velocity obtained by the model is 62.90 m/s, with a deviation from
the test of 3.45%. Fig. 11 shows the damage based on the tensile strength rate effect

model. Catastrophic damage occurs in the central area and near the four boundaries of

the ice plate, which is a significant discrepancy from the experimental observations (Fig.
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8c). In contrast, the proposed model in this paper has better consistency.

Fig. 11. The damage results of the ice plate using the tensile strength rate effect for

the BBPD model.

3.2 Comparison of the numerical simulation and experimental results for the ice
breaking processes

Based on the ice breaking process observed in the experiment, Zhang et al. (2023b)
classified ice plates into three types according to thickness: thin (6 mm), medium (10
mm) and thick (26 mm, 36 mm and 50 mm). In this study, we simulate typical cases
and compare the ice breaking process with experimental results. The moment when the
projectile contacts the ice sample in the PD is selected as the initial time (0 ps).
3.2.1 Ice breaking of thin ice plates

Fig. 12 shows the failure process of a 6-mm-thick ice plate at an impact velocity
of 28.8 m/s. The residual velocity obtained by simulation is 24.8 m/s, which is almost
equal to the experimental measurement value of 24.6 m/s. At 50 ps, the crack formation
of the ice plate on the impact surface (Fig. 12a) and back surface (Fig. 12¢) is not

completely consistent; only four radial cracks develop from the centre of the strike
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surface, while several circumferential cracks appear on the back surface. After 50 ps,
circumferential cracks initiate and converge simultaneously from two adjacent radial
cracks (green arrow in Fig. 12), while radial cracks continue to extend to the edge. The
model exhibits a generally consistent result on the strike surface compared to the
experimental study (Fig. 12b). At 450 ps, the back view (Fig. 12¢) shows that the debris
in front of the rigid ball has a cylindrical shape with a hemispherical head, which

demonstrates good agreement with the experimental observations (Fig. 12d).
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Fig. 12. Comparison of the failure processes of the 6-mm-thick ice plate at an impact
velocity of 28.8 m/s: (a) and (c) PD models, and (b) and (d) experimental observations
(Zhang et al., 2023b); (a)—(b) strike surfaces, and (c)—(d) back surfaces. Green arrows
indicate the propagation direction of circumferential cracks.

Due to the limitations of the high-speed camera, the shortest observed time interval
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is 50 ps in the experiment. The numerical method has the ability to display more
detailed crack evolution in a shorter time interval. In the PD model, when the damage
index D of aparticle is greater than 0.5, the particle is completely disconnected from
more than half of the bonds within the horizon and therefore has the potential to
transform into part of the fracture surface. In this study, we define the failure process
under this condition as an individual fracture surface, as shown in Fig. 13a. At contact
(0 us), damage forms in a small cylinder. Subsequently, a lower conical crater is rapidly
generated at 12 ps, and four radial cracks and many microcracks appear in the centre.
After 24 ps, the central high-pressure zone stops expanding, while radial cracks
continue to propagate. From the cross-sectional view (Fig. 13b), we can identify that

once a lower conical crater is formed, there is no significant variation in the cone angle.
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Fig. 13. Damage processes in the thickness direction of the 6-mm-thick ice plate at an

impact velocity of 28.8 m/s: (a) the individual fracture surface, and (b) the cross section.
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Fig. 14 shows the failure process of the 6-mm-thick ice plate at an impact velocity
of 70.8 m/s. The predicted residual velocity is 65.2 m/s, which is close to the
experimental measurement value of 67.1 m/s. In the experiment, the cracks on the strike
surface (Fig. 14b) and back surface (Fig. 14d) exhibit apparent asymmetry, mainly due
to the sophisticated interaction between the fragile thin ice plate and the frames under
impact loading (Zhang et al., 2023b). In contrast, the fracture results of the PD
simulation under more ideal boundary conditions show symmetry on the impact surface
(Fig. 14a) and back surface (Fig. 14c). At 50 ps, petal-shaped cracks appear near the
centre of the ice plate, and they are generally concentrated inside the circular opening
diameter (15 mm) of the acrylic fixture. At 150 ps, the radial cracks are fully extended,
and two circumferential cracks (green oval symbol) occur at some positions in Fig. 14c.
In the simulations, the cracks no longer evolve at 450 ps, and the debris cloud in front
of the rigid ball has a cylindrical shape with a semi-ellipsoidal head (as shown in Fig.

14c¢), which is very consistent with the experimental observations (Fig. 14d).
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Fig. 14. Comparison of the failure processes of the 6-mm-thick ice plate at an impact
velocity of 70.8 m/s: (a) and (c) PD models, and (b) and (d) experimental observations
(Zhang et al., 2023b); (a)—(b) strike surfaces, and (c)—(d) back surfaces. Green oval
symbols indicate the two circumferential cracks.

Fig. 15a presents individual images of the progression of damage of a 6-mm-thick
ice plate at an impact velocity of 70.8 m/s. At contact, a small conical damage area
forms directly, and then it instantly evolves into a zone shaped like a flat cake at 8 ps.
Central radial cracks appear at 24 ps, while a small number of corner cracks form due
to the reflection of the tensile wave at the corners. At 50 s, radial cracks converge with
some corner cracks, and the shape of the central crack resembles a wagon wheel with
16 spokes. As the impact velocity increases from 28.8 m/s (Fig.13b) to 70.8 m/s (Fig.

15b), the area of the high-pressure zone is significantly larger along the thickness
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direction. Notably, the shape of the damage may differ at the selected cross-sectional
positions. At 450 s, the green rectangular symbol (shown in Fig. 15b) is not the crater
boundary but the radial crack initiation zone outside the crater. Therefore, the top and
bottom views are more conducive than the cross-sectional damage map for accurately

evaluating the value of the crater diameter.
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Fig. 15. Damage processes in the thickness direction of the 6-mm-thick ice plate at an
impact velocity of 70.8 m/s: (a) the individual fracture surface, and (b) the cross section.

Green rectangular symbols indicate the radial crack initiation zone.

3.2.2 Ice breaking of medium ice plates
Fig. 16 shows the failure process of the 10-mm-thick ice plate at an impact velocity

of 27.9 m/s. The magnitude of the residual velocity is slightly different from the
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experimental tests: the model gives a residual speed of 16.1 m/s, while in the
experiments, the measured value is 12.9 m/s (Zhang et al., 2023b). At 50 ps, substantial
clustered microcracks appear at the centre of the strike surface (Fig. 16a). At 200 ps,
the propagation of 8 radial cracks on the impact surface and back surface are basically
synchronized, indicating that these radial cracks are penetrating cracks. At 450 ps, the
radial cracks fully extend to the boundary. The area of the debris cloud is larger in the
numerical simulation than in the experimental results (Fig. 16d) on the back surface,
while the overall crack propagation modes (Figs. 16a and c) are consistent (Zhang et

al., 2023b).
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Fig. 16. Comparison of the failure processes of the 10-mm-thick ice plate at an impact

velocity of 27.9 m/s: (a) and (c) PD models, and (b) and (d) experimental observations

(Zhang et al., 2023b); (a)—(b) strike surfaces, and (c)—(d) back surfaces.
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Fig. 17 shows the damage processes in the thickness direction of the 10-mm-thick
ice plate at an impact velocity of 27.9 m/s. In Fig. 17a, at contact, a small truncated
conical shape damage area is generated. At 12 ps, the crater gradually transforms into
a low cone; at 50 ps, the upper conical crater forms; from 100 to 450 ps, the crater shape
remains invariant, while 8 radial cracks propagate outwards. Specifically, from 100 to
200 ps, radial cracks propagate not only from the centre to the boundary but also from
the strike surface along the thickness to the back surface, which is obviously difficult
to observe in tests. At 450 s, the shape of the upper crater on the 10 mm ice plate is
more pronounced than that on the 6 mm ice plate from the cross-sectional view (Fig.

17b), but the diameter of the upper crater is less than that of the lower crater.
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Fig. 17. Damage processes in the thickness direction of the 10-mm-thick ice plate at an
impact velocity of 27.9 m/s: (a) the individual fracture surface, and (b) the cross section.
Fig. 18 shows the failure processes of the 10-mm-thick ice plate at an impact

velocity of 71.7 m/s. The residual velocity calculated using this PD method agrees well
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with the results of physical experiments (Zhang et al., 2023b). The model gives a
residual speed of 62.6 m/s, and the value measured in experiments was 60.8 m/s. In Fig.
18a, circumferential cracks continue to form in the ice place at 200 us, and many radial
cracks, branching cracks, and corner cracks are generated instantly, which is consistent
with the experimental results (Fig. 18b). In Fig. 18c, the fragmented zone in front of
the projectile changes from slightly convex to a semi-ellipsoidal cylinder, which is

basically the same as the experimental findings on the back surface (Fig. 18d).
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Fig. 18. Comparison of the failure processes of the 10-mm-thick ice plate at an impact
velocity of 71.7 m/s: (a) and (c) PD models, and (b) and (d) experimental observations
(Zhang et al., 2023b). (a)—(b) strike surfaces, and (c)—(d) back surfaces.

Fig. 19a shows individual images of the damage progression of the 10-mm-thick
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ice plate at an impact velocity of 71.7 m/s. At contact, small truncated conical damage
occurs; at 12 ps, the high-pressure zone evolves into two short conical craters, and more
through-thickness radial cracks at 50 ps initiate from the crater boundary. At 100 ps,
the radial crack at the centre appears in the form of a wagon wheel with 8 spokes. At
450 ps, the central red conical damage area in the thickness direction (Fig. 19b) is

significantly larger than that at an impact velocity of 28.8 m/s (Fig. 17b).
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Fig. 19. Damage processes in the thickness direction of the 10-mm-thick ice plate at an

impact velocity of 71.7 m/s: (a) the individual fracture surface, and (b) the cross section.

3.2.3 Ice breaking of thick ice plates
Fig. 20 shows the failure processes of a 26-mm-thick ice plate at an impact velocity

of 26.3 m/s. The numerically determined residual velocity is 0.8 m/s, which is slightly
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less than 2.9 m/s measured in the experiment (Zhang et al., 2023b). The value reveals
that the impact velocity is close to the ballistic limit velocity, that is, the projectile just
penetrates the ice plate, and the energy is almost completely absorbed by the ice plate,
leading to the formation of cracks. In Fig. 20a, four radial cracks at 150 ps start to
initiate and propagate near the high-pressure zone; at 1000 ps, the radial cracks
propagate to the boundary. The overall numerical simulation results are slightly delayed
compared to the fracture process observed in the experiment (Fig. 20b). Unlike the 6-
and 10-mm-thick ice plates, no damage appears on the back plate at contact (Fig. 20c).
Radial cracks on the back surface at 150 ps evolve slightly faster than those on the
impact surface. At 1000 ps, the numerical results show blocks of spalling on the back

surface, which is consistent with experimental observations (Fig. 20d).
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Fig. 20. Comparison of the failure processes of the 26-mm-thick ice plate at an impact
velocity of 26.3 m/s: (a) and (c) PD models, and (b) and (d) experimental observations
(Zhang et al., 2023b); (a)—(b) strike surfaces, and (c)—(d) back surfaces.

Fig. 21a shows that a small cylinder forms in the local high-pressure zone in the
area of contact and then evolves into two stacked cones at 12 ps. The damaged area
expands rapidly at 50 ps, and its surface morphology resembles the roots extending
from the trunk of a sturdy tree. After 150 ps, radial cracks propagate towards the
boundary but also extend from the bottom to the top along the thickness direction for
thick ice plates, which is opposite to the radial path of crack propagation in medium-
thick ice plates. From the cross-sectional view (Fig. 21b), the shapes of the upper and
lower conical craters are visible at 50 us, and the diameter of the upper crater appears

to be less than that of the lower crater. Two forked radial cracks appear near the centre
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of the cross section at 150 ps, and they converge with the main radial cracks extending

from the rear at 1000 ps.
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Fig. 21. Damage processes in the thickness direction of the 26-mm-thick ice plate at an
impact velocity of 26.3 m/s: (a) the individual fracture surface, and (b) the cross section.
Green arrows indicate the propagation direction of radial cracks.

As the impact velocity increases to 72.1 m/s, the PD simulation results on the strike
surface (Fig. 22a) show the formation of 8 radial cracks and the appearance of small
branched cracks near the fixture opening. Many aggregated broken particles surge
upwards in the shape of a head of garlic. The radial crack propagation speed computed
by the PD model is slower than the experimental results (Fig. 22b), but the overall
evolution trends are highly consistent. At 150 ps, an area of white clusters observed on
the bottom surface (Fig. 22d), and the numerical results (Fig. 22¢) reveal that it consists

of completely fragmented particles that do not scatter in front of the rigid ball.
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Fig. 22. Comparison of the failure processes of the 26-mm-thick ice plate at an impact
velocity of 72.1 m/s: (a) and (c) PD models, and (b) and (d) experimental observations
(Zhang et al., 2023b); (a)—(b) strike surfaces, and (c)—(d) back surfaces.

Fig. 23a shows individual images of the damage progression of a 26-mm-thick ice
plate at an impact velocity of 72.1 m/s. From 150 to 1000 ps, radial cracks have
identical propagation modes, extending from the back plate to the strike surface while
propagating towards the boundary. In the cross-sectional view, the diameter of the upper
crater is still slightly less than that of the lower crater at 50 ps, and the crater shape

remains basically unchanged thereafter, as shown in Fig. 23b.
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Fig. 23. Damage processes in the thickness direction of the 26-mm-thick ice plate at an

impact velocity of 72.1 m/s: (a) the individual fracture surface, and (b) the cross section.

3.3 Factors influencing failure modes
3.3.1 Impact velocity

Fig. 24 shows the damage maps of the 10-mm-thick ice plate computed by the PD
simulations at various impact velocities. For the 5 m/s case, the rigid ball does not
penetrate the ice plate and only local radial cracks form. As the speed increases to 10
m/s, the projectile is still unable to penetrate the ice plate; however, four straight radial
cracks extend from the centre to the edge. At an impact speed of 20 m/s, the projectile

just penetrates the ice plate and small particles splash on the impact surface; however,
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the final failure mode remains unchanged. For the 27.9 m/s case, the number of radial
cracks increases to 8. At an impact speed of 52.9 m/s, local failure increases, and
boundary cracks appear. For the 71.7 m/s case, many circumferential cracks occur. At
an impact speed of 100 m/s, the ice plate breaks more severely. From 150 to 200 m/s
impact speed, the size of the completely comminuted area (dark red concentrated zone
in Fig. 24) in the centre rapidly increases. A network of dense cracks develops near the
boundary as the speed reaches 200 m/s, and the debris clouds on the strike surface centre

resemble a surging wave in a body of water.
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Fig. 24. Damage of the 10-mm-thick ice plate obtained by the PD model at different

impact velocities.

3.3.2 Ice thickness

In the test, the speed of the bullet is indirectly controlled by adjusting the pressure
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of an air gun. Therefore, tiny deviations in the bullet speed at the same air pressure may
lead to experimental errors. In addition, ice plates with thicknesses less than 5 mm are
fragile during handling and clamping, and it is difficult to prepare ice plates with
thicknesses more than 50 mm with no visible bubbles. Consequently, this section
compares and analyses the failure progression of ice plates computed by PD within a
large thickness range at the same impact velocity.

To better observe the crater surface morphology, we remove the completely
damaged particles ( D =1). Fig. 25 shows the formation of craters on the cross sections
of ice plates with different thicknesses at typical moments. There is no significant
difference in the local failure process between the 4-mm- and 6-mm-thick ice plates. In
both cases, complete circumferential cracks form, and the central area of local damage
resembles a smooth crater perpendicular to the surface of the ice plate. The crater
diameter decreases slightly as the ice thickness increases. Notably, from 80 to 550 ps,
circumferential cracks in the 6-mm-thick ice plates propagate from a radial crack to an
adjacent radial crack rather than initiating and converging in tandem from two adjacent
radial cracks. For the 10-mm-thick ice plates, a clear conical crater forms at 132 pus; a
smooth crater surface and slices of spalling fragments appear at 840 ps. For the 26-mm-
thick ice plates, the circumferential crack disappears. The upper conical crater is more
apparent, and the crater surface is rougher. The diameter of the upper crater is close to
that of the lower crater. At 550 ps, a large amount of peeling occurs at the bottom. At
1300 us, because the velocity of the projectile is greater than that of the peeled block,

the block shatters into multiple scattered blocks.
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The 60-mm-thick ice target can be regarded as an ice block, and its failure mode
is entirely distinct from those of ice plates with thicknesses of 4-26 mm. At 800 pus, the
ice target no longer has radial cracks, and only a conical upper crater forms. At 1600
us, a rigid ball penetrates through the ice block. A cylindrical tunnelling zone forms in
the centre of the cross section, and a deeper conical crater with a small amount of
peeling is produced at the end of the trajectory. The steep surface can be clearly seen
on the upper conical crater, further confirming the speculation in a paper about an
experiment from the literature (Zhang et al., 2023b). Under the same impact velocity,
for the thin and medium ice plates, kinetic energy is distributed to initiate radial and
circumferential micro-cracks along the thickness direction, and complete local
fragmentation tends to produce a smooth surface. However, for thick ice targets, more
energy is transferred to break ice along the thickness direction, and local nonviolent

damage ultimately forms rough and uneven surfaces.

Radial crdck
initiation zone

0%

Block spalling

0.26
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Fig. 25. Typical cross-sectional views of the processes of crater formation in ice plates
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with various thicknesses at an impact velocity of 50 m/s. Green arrows indicate the

propagation direction of circumferential cracks.

3.3.3 Boundary constraint conditions

To explore the influence of boundary constraints (with or without fixed upper
and lower surface conditions) on the failure modes of ice plates, two representative
examples are selected. Figs. 26a—b show the failure results of a 10-mm-thick ice plate
with upper and lower fixed constraints and only lower fixed constraints, respectively.
The upper fixed constraint has little effect on the failure results, which is consistent
with the conclusions drawn from the experimental results (Figs. 26d—e). Fig. 26¢
shows that the lower fixed constraint still has no significant effect on the final failure
mode in this case. The study indicates that the deflection of the ice plate is slight
during the transient impact, and the subsequent vibration no longer causes additional

crack propagation.
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Fig. 26. Failure results for a 10-mm-thick ice plate with different restrictions at similar

impact velocities: (a)—(c) are the PD simulation results with upper and lower fixed
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constraints, only a lower fixed constraint, and no upper and lower constraints,
respectively; and (d)—(e) are the experimental observations with upper and lower fixed
constraints and only a lower fixed constraint, respectively (Zhang et al., 2023b).

Fig. 27a shows the failure results of a 6-mm-thick ice plate with different
restrictions at an impact velocity of 70.8 m/s. The central circumferential crack zone
reflects the effect of constraint by the upper and lower fixtures with openings. With
only a lower constraint (Fig. 27b), more microcracks appear on the impact surface.
However, without any constraints, the circumferential cracks at the centre exhibit more
severe damage, and the range of the circumferential cracks is greater than the opening

diameter (15 mm). Therefore, if circumferential cracks appear on an ice plate, the

presence of the lower fixed constraint has a significant effect on failure.

Fig. 27. Numerical failure results of a 6-mm-thick ice plate at an impact velocity of
70.8 m/s with different restrictions: (a) upper and lower fixed constraints, (b) only a

lower fixed constraint, and (¢) no upper and lower fixed constraints.

4. Conclusions
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This paper presents the results of numerical simulations of the damage of ice plates
subject to impacts by small spherical projectiles at various impact velocities. The
proposed 3D rate-dependent peridynamics model is validated by comparison with
experimental results from the dynamic ring Brazilian disc ice test. The dynamic fracture
processes of the ice plates upon impact by a rigid ball are compared and analysed with
previous experimental results, and the factors influencing the modes of failure are
explored. The following conclusions are drawn from the results:

For simplified boundary conditions, the virtual boundary layer method produces
apparent local circular damage at the opening of the acrylic frame, while the fixed rigid
contact model effectively reduces this effect and improves the calculation efficiency.
Compared with peridynamics model accounting for the tensile strength rate effect, the
proposed model accounting for the fracture toughness rate effect is more suitable for
simulating crack propagation in ice plates under impact loading.

Good agreement is found between the proposed model and previous experiments
in terms of ice breaking processes of thin, medium and thick ice plates. For thin ice
plates, radial and circumferential cracks appear in the numerical model, and the
surrounding area of the lower conical crater gradually crumbles after contact.
Circumferential cracks present a petal-like form, and two circumferential cracks are
observed with increasing impact velocity. For the medium-thick ice plates,
circumferential cracks no longer appear at low impact velocities, and an upper conical
crater forms. The ice plate recovers to produce circumferential cracks with increasing

impact velocity. For thick ice plates, circumferential cracks completely disappear, and
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the number of radial cracks decreases. At lower impact velocities, block spalling occurs
at the bottom of the ice plate. As the impact velocity increases, damage on the back face
becomes extensive and diffuse, with the debris on the strike surface resembling the
shape of a head of garlic.

The calculation results reveal detailed characteristics of cracks that were not
observed in experiments, such as the sequence and shape of propagating cracks during
shorter time intervals and crater formation and damage evolution along the thickness
direction. For thin or medium thickness ice plates, cracks basically penetrate and
propagate towards the boundary of the ice plate. Partial nonpenetrating radial cracks
extend from the top to the bottom. For thick ice plates, radial cracks tend to extend
towards the boundary and grow along the thickness direction from the back to the top.
Circumferential cracks sometimes initiate and converge simultaneously from two
adjacent radial cracks, while sometimes they propagate from a radial crack to an
adjacent radial crack. No spalling cracks produced by the reflected tensile wave
preferentially appear on the rear after contact. In cross-sectional views, the damage
always initiates and expands rapidly from the high-pressure zone to the bottom along
the thickness.

For medium or thick ice plates where only radial cracks form, the presence of
boundary constraints has little effect on the damage mode. However, for thin ice plates
that evolve into circumferential cracks, the constraint of the upper surface still has no
obvious effect. However, the presence of the lower boundary constraint with an opening

has a significant effect on suppressing the range of circumferential cracks.
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For the same ice thickness, as the impact velocity increases, the final failure modes
of the ice plates change from no perforation accompanied by several nonpenetrating
radial cracks to a network of radial and circumferential cracks. Branching cracks, corner
cracks, and boundary cracks gradually appear and rapidly increase in size. When the
impact speed is greater than 150 m/s, massive catastrophic damage appears at the centre,
forming in a pattern that resembles a surging wave in a body of water.

For the same impact velocity, as the ice thickness increases, the numerical results
further confirm the mechanism of the transition of the crater surfaces from smooth to
steep. For the thick ice plates, the same kinetic energy preferentially causes penetration
damage along the thickness direction rather than further damage on the crater surface
or initiating more radial cracks near the high-pressure zone, ultimately generating a
rougher upper crater surface. Moreover, the studies reveal great differences in the
damage process, crater shape, and failure mechanism between the 60-mm-thick ice
target and the 4-26-mm-thick ice plates, demonstrating the potential of the present
peridynamics model for simulating projectile penetration into thick ice blocks.

Compared to the top and bottom views, the cross-sectional view is more useful for
observing the movement of the projectile and the formation of debris clouds, but it is
not suitable for determining the crater diameter, especially in cases with complex failure
modes. The crater boundary of the transverse section may form a radial crack initiation
zone, which interferes with the determination of the actual crater shape and size.

The impact speed of the projectile is aimed at the low-speed impact range in

current study. Therefore, ice is simply regarded as an elastic brittle material. However,

45



Numerical investigation of ice plate fractures upon rigid ball impact

as the impact velocity increases from 100 m/s to tens of km/s, thermo-mechanical effect
gradually emerges. Ice material presents a sophisticated failure mechanism transition
from viscoelastic plasticity (Pernas-Sanchez et al, 2012) to melting and vaporization
(Stewart et al, 2008) characteristics. The simulation results of the local damage area are
generally larger than the experimental results, which may be related to the plastic
deformations of the rigid ball and the ice plate during the initial stage of impact.
Therefore, we conduct only qualitative analysis on the crater parameters. It is
meaningful to establish an elastic—plastic constitutive model suitable for ice in the state-
based peridynamics model that will more accurately characterize the progression of

damage and reveal the fracturing mechanism in penetrator—ice impact tests.
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