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a b s t r a c t

The computational investigation on the ice cover fragmentation under extreme loadings,
such as a shock wave, is still a poorly understood research topic. In this process, the
influence of the temperature change on the crack evolution, and the damage of the ice
cover can be significant since the temperature is one of the critical factors affecting ice
behaviour. Thus, it is necessary to analyse the coupled case of mechanics and thermotics.
Based on ordinary state-based Peridynamic theory, a fully coupled model of mechanics
and thermodynamics is employed to study the failure process and crack evolution of the
ice sheet subjected to explosive loading in this paper. The load of the explosion, which
is defined by the empirical formula, is non-uniformly distributed on the bottom surface
(underwater side) of the ice layer. By comparing the damage modes to the observation
from the existing field test, the present Peridynamic model is rigorously validated. The
exponential decay constant, which is a coefficient that determines the distribution of
shock waves acting on the bottom of the ice layer, is numerically examined. Since the
fracture toughness (FT) of the ice contributes to the failure criterion and has no clear
value, it is discussed according to the ice damage with various FT values. Finally, ice
fragmentation with thermal effects is analysed and compared to uncoupled cases, and
the crack propagation paths influenced by the thermal field are further investigated.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The study of the behaviour of the sea and river ice under dynamic loads is an urgent subject of scientific research, and
t has been attracting extensive attention. This is due to various reasons, for instance, underwater explosion technology is
ne of the most powerful and effective ways to break ice regardless of cost (Wang et al., 2020, 2019). It is also related to

the understanding and elimination of ice jams in various regions, such as the Yellow River region in North China, Siberian
rivers in Russia and Canadian rivers (Beltaos and Prowse, 2001). Another example is the need to develop the infrastructure
for the exploitation of polar resources, the creation of protective structures against micrometeorites (Orlov et al., 2017).
It is widely acknowledged that sea ice presents different physical properties, most of these characteristics are affected
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y temperature (Ji et al., 2011; Thomas, 2017). Thus, the influence of temperature change in studying ice fragmentation
rocess can be important.
Predicting fragmentation of ice cover under extreme loading is a challenging task, especially in the field of computa-

ional mechanics. The engineering properties of ice are typically complex (Tryde, 1980) due to its complex composition,
he mechanical variations controlled by the environment, as well as the random and multimodal deformation and
estruction (Bogorodskii and Gavrilo, 1980). Besides, the ice layer’s failure process and the formation of broken ice are
articularly challenging to be solved by traditional numerical methods (Wang et al., 2018b). It is vital to develop a
uperior method to find out about ice behaviour under shock loading. Furthermore, the temperature of ice affects not
nly the physical properties of ice but also the ice–structure interaction (Marchenko, 2018). Marchenko et al. (2016)

investigated the thermomechanical properties of saline ice by Fibre Bragg Grating (FBG) sensors. It is reported that brine
moves from enclosed pockets to permeable channels is caused by temperature-induced structure change. Heating and
thermal expansion are also observed.

There are three common approaches to study ice layer’s fragmentation due to blast loading, the experimental
measurement, the theoretical method, and the computational simulation. If conducted properly, the experimental method
can obtain the most accurate results of ice damage revealing relationships between experimental variables (for instance,
parameters of charges, the distance between charges and ice cover, and characteristics of ice cover) and blast effects.
There have been many field experiments in studying the scientific issue of ice blasting (Leslie and Nelson, 1961; Ma et al.,
2011; Mellor, 1986; Mellor and L’Heureux, 1988; Orlov, 2019; Orlov et al., 2017; Orlova and Orlov, 2015; Wang et al.,
019; Zamyshlyaev and Yakovlev, 1973). However, the destruction of ice cover under explosion takes place in a moment,
imited data are collected during this process (Barash, 1966; Meilor, 1972; Mellor, 1982). Most likely, such research has
ecome a bibliographic rarity (Orlov, 2019). Very limited research work was conducted by the laboratory test due to the
imitations associated with the laboratory infrastructure. A recent test of icebreaking by a collapsing bubble was reported
Cui et al., 2018), and the work concentrated more on the behaviour of bubbles than the damage response of ice. More
ecently, a pair of interacting collapsing bubbles breaking ice was studied (Cui et al., 2020); multiple-bubble interaction
nd the resultant damage effect, especially the shock wave and its damage to ice, is investigated (Cui et al., 2021). These
aboratory experiments are beneficial to more efficient icebreaking by explosive loading.

The theoretical method often focuses on the analysis process of using the physical and mathematical models. A
heoretical approach based on elastics vibration theory is proposed to simulate the dynamic characteristics of the thin
ce cover under the explosion loading (Ma et al., 2011). Only the dynamic loads was obtained by the model. Another
nalytical method is developed based on the macroscopic concept in the field of traditional classical mechanics (Orlov
t al., 2019). The model can predict the failure of the materials, for example, ice. However, the analysis method is more
uitable for some special and simple cases in general (Gao and Oterkus, 2018), for example, studying a single or a
ew variables and predicting some simple-shaped structures. It is noted that it is not a trivial task to expand to more
omprehensive quantitative analysis and engineering events. In addition, a model of the thermo-elastic behaviour of
aline ice is formulated to describe thermo-elastic waves (TEW) propagating into a half-space of the ice. Both simulation
esults and experiments show that the brine in saline ice is divided between closed pockets and open, permeable channels
Marchenko and Lishman, 2017).

The numerical method has become a necessary tool for a wide range of scientific research with efficient computational
echnology. It can be applied to various complex physical problems, multiphase coupling problems, and large-scale model
alculations. As one of the most frequently used computational simulation approaches in various scientific disciplines,
he finite element method (FEM) has already been applied to model and forecast ice behaviour in the events of extreme
last conditions. Based on the FEM theory, a computational simulating code is developed to investigate the ice failure
rocess under impulsive loading (Mansour and Seireg, 1983). Numerical simulation and pressure prediction based on
ommercial FEM software of the ice plate subjected to underwater explosion by group charge were carried out before
Xing et al., 2010). However, since the element failure was not allowed, the ice failure process and crack propagation
ere not investigated in this work. The failure characteristics of 20 cm thick ice under underwater blasting at different
epths were studied using LS-DYNA (Meng et al., 2013). The FEM is commonly used in traditional continuum mechanics,
nd it solves partial differential equations, which leads to the inefficiency in the crack position of the object (Chen et al.,
002). In addition, Orlov et al. (2019) proposed a numerical model for researching modern multi-impact events of the
eformation on solid mechanics. The numerical technique developed an updated idea of extracting the crack surface of
aterials. Moreover, meshfree particle method offers a great way to solve ice fragmentation and structure damage by
xplosive loading. This topic has been studied by the Smoothed particle hydrodynamics (SPH) (Ming et al., 2013, 2015,
016; Zhang et al., 2014), Coupled SPHS–BEM (Zhang et al., 2013); Reproducing kernel particle method (RKPM) (Peng et al.,
018a,b, 2020) also was embedded to SPH to simulate near-field underwater explosion (Peng et al., 2021); Peridynamics
nd its differential operator are other potential meshfree methods to study underwater explosion (Kan et al., 2020, 2021;
hang et al., 2021a,b). These recent works show that meshfree methods will be further developed to solve the problem
f underwater impact failure.
Although there are many methods and models to simulate the mechanical characteristics of the ice under various

onditions, the investigating of ice fragmentation is still in the development stage, and there are no reliable numerical
odels for predicting the behaviour of ice failure, such as crack propagation, under dynamic loads (Orlov et al., 2019;
chulson and Duval, 2009; Stewart and Ahrens, 2005). To the authors’ knowledge, there is no public literature related to
he numerical analysis of ice damage by blast loading with thermal effect.
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Peridynamics (PD) theory was firstly introduced in 2000 (Silling, 2000); unlike FEM, it solves the integral equation
Asgari and Kouchakzadeh, 2019). PD is viewed as a nonlocal method compared with classical mechanics (Liang and Tai,
006) since any particle on the object has the interaction with the neighbouring points and particles in a certain range.
t has two theoretical forms: (1) bond-based PD (BB-PD) (Silling and Askari, 2005) and (2) state-based PD (SB-PD) which
ncludes ordinary state-based PD (OSB-PD) (Silling et al., 2007) and non-ordinary state-based PD (NOSB-PD) (Gu et al.,
018). The interaction between two particles is equal with the opposite direction in BB-PD, which disregards the effects
f the deformation of other bonds while the force can be different in OSB-PD. BB-PD, a simplified special form of PD,
imits Poisson’s to 1/4 in 3D and 1/3 in 2D while OSB-PD allows the free setup of Poisson’s ratio and divides the total
eformation into volumetric and deviatoric parts (Asgari and Kouchakzadeh, 2019). Over the last twenty years, PD has
een utilized in a couple of engineering disciplines, for example, heat transfer problems, mechanical problems, physical
iffusion problems, battery simulation as well as porous flow (Javili et al., 2018). Especially in fracture mechanics, PD has a
lear advantage in predicting failure and crack since it can predict crack propagation by integral form and define failures
ithout extra assumptions. PD has been effectively utilized in the analysis of ice failure under explosive loading and
igh-speed impact loading (Song et al., 2019a,b; Wang et al., 2018b; Zhang et al., 2021). As for thermal problems in PD,
ilic and Madenci (2010) first applied thermomechanical loading into the PD model. Then a PD formulation coupled with
eat transfer was developed (Bobaru and Duangpanya, 2010, 2012), and the bond-based thermal mechanics is applied to
ce simulation in the ice removal process of frozen structures and de-icing prediction (Song et al., 2020, 2019a). Later, a
state-based thermal diffusion model and bond-based fully coupled thermomechanical model were derived (Oterkus et al.,
2014a,b). Recently, the state-based fully coupled thermoelastic formula was derived by Gao and Oterkus (2019a,b).

Based on the above work, OSB-PD theory for fully coupled thermomechanics is employed as the basic theory, and the
model of ice fragmentation is further developed to study ice fragmentation beneath dynamic loads. The present work
is going to study the ice failure process under explosive loading by considering the fully coupled thermomechanics. The
highlights of this article can be summarized in two aspects. First, a new material point method (OSB-PD) is applied to ice
fragmentation prediction under extreme loading, which is of unique advantage to solve the problem of fracture failure.
Although the PD principle has already been employed in ice–structure interaction (Jia et al., 2019; Liu et al., 2017, 2018;
u et al., 2018; Song et al., 2019a,b; Vazic et al., 2017, 2019b,a; Wang et al., 2018a,b; Ye et al., 2020, 2017). It is well
oted that BB-PD method is widely used and mature in the current progress of using PD equation to study ice. However,
s mentioned above, the Poisson’s ratio of BB-PD is limited by the constitutive equation, which cannot show the better
eality that the Poisson’s ratio of ice generally exceeds 0.33. Second, fragmentation of the ice layer with fully coupled
hermomechanics under extreme load is proposed and implemented in the present work.

This paper is organized as follows. A comprehensive literature review is provided on fully coupled thermoelastic
rdinary state-based Peridynamics, and some necessary concepts are explained. Then, the mechanical model for ice plate
y explosive loading of an underwater blast is formulated based on OSB-PD. In the present study, the exponential decay
onstant in loading condition is treated as an unknown parameter, thus it is firstly discussed numerically using an inverse
pproach. Considering that fracture toughness dominates the threshold of the damage of sea ice, the influence of fracture
oughness is further analysed. The fragmentation of the ice plate is simulated with comprehensive mechanics and thermal
oupled model. The corresponding temperature distributions are investigated. The damage and crack propagation of
he ice plate is analysed and compared to uncoupled cases, and the damages in all cases are compared with existing
xperimental results.

. Fully coupled peridynamic (PD) thermomechanics framework

.1. Review of peridynamics

PD theory is a nonlocal integration method with particles as the discrete domain. It is called the nonlocal method
ecause, unlike the traditional local continuummechanics, the particle i in the PD domain interacts with all other particles,
uch as j, in a certain range (all interacted particles in this range Hx are called family members of particle i; the dimension
f the range is presented by the horizon δ) instead of interacts only with their adjacent particles. The motion model of
he PD is presented in Fig. 1. x and x′ represents position vectors of particles i and j in undeformed state while y and y′
re position vectors of two particles in deformed state; u and u′ are deformation vectors of two particles.
An important variable dominating the deformation state of the object in PD is stretch that is defined as (Gao and

terkus, 2019b):

s =

⏐⏐y′ − y
⏐⏐ − ⏐⏐x′ − x

⏐⏐
|x′ − x|

=
|ξ + η| − |ξ|

|ξ|
(1)

The governing equation of the PD method is expressed as (Madenci and Oterkus, 2014; Silling et al., 2007):

ρ(x)ü(x, t) =
∫ {

T [x, t]
⟨
x′ − x

⟩
− T

[
x′, t

] ⟨
x− x′

⟩}
dV ′

+ b(x, t) (2)

Hx

3
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Fig. 1. Material point i interacts with those in the sphere Hx through bonds (Zhang et al., 2021).

in which ρ is the mass density of the object. V ′ is the volume of the material point j. T [x, t] and T
[
x′, t

]
are vectors

f force density of particles i and j. ü is the acceleration of the particle, and b is an external force. The force density is
xpressed as:

T [x, t]
⟨
x′ − x

⟩
=

1
2

{
4δdΛa(θ − nαT )

|x′ − x|
+ 4δ(s− αT )b

}
y′ − y
|y′ − y|

(3a)

nd

T
[
x′, t

] ⟨
x− x′

⟩
= −

1
2

{
4δdΛa(θ ′

− nαT ′)
|x− x′|

+ 4δ(s− αT ′)b
}

y′ − y
|y′ − y|

(3b)

.2. Fully coupled PD thermoelastic model

Considering the temperature change T at each material point, substituting force density into Eq. (2), the PD governing
quation is expressed in detail as (Gao and Oterkus, 2019b):

ρ(x)ü(x, t) =
∫
HX

{
2δdΛa
|x′ − x|

((θ − nαT )+ (θ ′
− nαT ′))+ 4δb(s− α

(T + T ′)
2

)
}
MdV ′

+ b(x, t) (4)

with

n =

{
2 for 2D

3 for 3D
(5)

where M represents the deformed direction:

M =
y′ − y
|y′ − y|

(6)

In Eq. (4), the temperature change is the difference between real-time temperature Θ and reference temperature Θ0,
.e., T = Θ(x, t)−Θ0. α is thermal expansion coefficient. The dilatations θ for material point i, θ ′ for particle j in Eq. (4),
re calculated as (Gao and Oterkus, 2019b):

θ =

∫
HX

dδ(s− αT )ΛdV + nαT (7a)

θ ′
=

∫
HX

dδ(s− αT ′)ΛdV ′
+ nαT ′ (7b)

The parameter Λ in Eq. (4) is called PD auxiliary parameter:

Λ = (
y′ − y
|y′ − y|

) · (
x′ − x
|x′ − x|

) = (
ξ + η

|ξ + η|
) ·

ξ

|ξ|
(8)

The related PD parameters a, b, d are provided (Gao and Oterkus, 2019b; Madenci and Oterkus, 2014):

a = 0, b =
E

2Aδ3
, d =

1
2Aδ2

for 1D (9a)

a =
1
(K − 2µ), b =

6µ
, d =

2
for 2D (9b)
2 πhδ4 πhδ3
4
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µ), b =

15µ
2πδ5

, d =
9

4πδ4
for 3D (9c)

The coupled thermomechanics in the PD domain by integral form was obtained as (Oterkus et al., 2014a):

ρcv Ṫ (x, t) =
∫
HX

{
k
T − T ′

|x′ − x|
− Θ0β(x′ − x)ė(x′ − x)

}
dV ′

+ hs(x, t) (10)

in which cv is specific heat. k is PD micro conductivity, and they are calculated as (Oterkus et al., 2014b):

k =
2kT
Aδ2

for 1D (11a)

k =
6kT
πhδ3

for 2D (11b)

k =
6kT
πδ4

for 3D (11c)

ė =
y ′ − y
|y ′ − y|

(u̇′ − u̇) (12)

β in Eq. (10) is the local thermal modulus in PD theory. Since PD is a nonlocal method, its thermal modulus is different
rom that in the local method. It can be derived from the corresponding relationship between classical mechanics and
D theory. The physical meaning and theory foundation of the PD thermal modulus are fully discussed by Oterkus et al.
2014a,b). Thermal modulus is expressed as (Madenci and Oterkus, 2017):

β =
Eα

Aδ2
for 1D (13a)

β =
4α

πhδ3
(
K − 2µ

πhδ
Λ

|x′ − x|

∫
HX

ΛdV ′
+ 3µ) for 2D (13b)

β =
3α
πδ4

(
27K − 45µ

16πδ2

Λ

|x′ − x|

∫
HX

ΛdV ′
+ 5µ) for 3D (13c)

.3. Failure model

When the deformation degree between particles reaches a threshold, that is, if the stretch s reaches the limit value
s0, irreversible destruction will break the connection between two particles. This process is called bond breaking, which
is also used to judge whether the material fails. Then a pointer function Ω is introduced to measure the failure of the
material (Madenci and Oterkus, 2014; Silling and Askari, 2005):

Ω(t, ξ) =

{
1 s(t ′, ξ) < s0, no failure

0 s(t ′, ξ) ≥ s0, failure
(14)

in which s0 represents the limit value under critical tension conditions. However, the failure is not only caused by the
tension but also the compression when the ice is being impacted by structures and external loading. By making the
compressive strength 3–4 times the tensile strength, both tension failure mode and compression failure mode are included
in the failure criterion (Wang et al., 2018b). With consideration of tensile failure and compression failure, Eq. (14) is
redefined as (Yuan et al., 2021):

Ω(t, ξ) =

⎧⎨⎩
0 s(t ′, ξ) > s0
0 s(t ′, ξ) < −3s0
1 otherwise

(15)

With the thermal consideration, the temperature change is included in the failure criterion, then the Eq. (15) is updated
as:

Ω(t, ξ) =

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
0 (s− α

T + T ′

2
) ≥ s0

0 (s− α
T + T ′

2
) < −3s0

1 (s− α
T + T ′

) < s0

(16)
2
5
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Fig. 2. Constitutive model of the ice: PMB material with fully coupled thermodynamics.

The critical stretch value s0 is (Gao and Oterkus, 2019b; Madenci and Oterkus, 2014) :

s0 =

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

√
Gc

(3µ + ( 43 )
4(K − 2µ))δ

for 3D√
Gc

( 6
π
µ + ( 16

9π2 )(K − 2µ))δ
for 2D

(17)

n which Gc is the energy release rate of the ice. K is the bulk modulus and µ is the shear modulus. Gc is the parameter
related to fracture toughness KI of ice (Timco and Weeks, 2010):

Gc =
KI

2

E
(18)

By integrating all the completely broken interaction in the volume occupied by the horizon, the overall failure degree
of each particle point can be obtained, that is, the macro failure degree of the material, as expressed as follow (Madenci
and Oterkus, 2014):

ϕ(x, t) = 1−

∫
Hx

Ω(x, t, ξ)dVξ

dVξ

(19)

The ice material specified by Eq. (13) through (16) is called the prototype microelastic brittle (PMB) material with the
onsideration of fully coupled thermodynamics. Therefore, the constitutive model of the ice for force density as a function
f stretch is linear, as shown in Fig. 2.

. Results and discussion

In this study, the thermal equation Eq. (10) and motion equation Eq. (4) of the coupled thermomechanics problem
escribed in Section 2 are solved simultaneously by explicit time integration in FORTRAN. The discretized form for Eqs. (4),
7), (10) and (12), and the programme procedure for the main algorithm are guided by Oterkus et al. (2014b) and Gao
nd Oterkus (2019b). The imposition of boundary conditions in terms of displacement/velocity and force is applied in
ccordance with the existing model (Oterkus et al., 2014a). Furthermore, the stability analysis is carried out in Section 3.2.
Before the numerical simulation, the accuracy of the model and programme is verified by comparing with the Finite

lement Method (FEM) result. Thermal and deformation behaviours of a plate under pressure loading are studied. The
eometry dimensions of the plate are L = 0.1 m, W = 0.5 m, with the thickness being 0.001 m. The material properties
re given as: elastic modulus E = 200 GPa, Poisson’s ratio ν = 0.17, thermal expansion coefficient α = 11.5 × 10−6

−1, density ρ = 7870 kg/m3, specific heat capacity cv = 472 J/(kg K) and thermal conductivity kT = 51.9 W/(m K). The
eference temperature is Θ0 = 285 K. The grid size is ∆x = 0.0005 m. The time step size is 0.001 µs with total simulation
ime 8 µs. The pressure P = 109 sin( π

2 t×106) Pa is applied to the left boundary, as shown in Fig. 3. The temperature and
deformation responses along the horizontal centreline of the plate are compared with FEM results, as shown in Fig. 4.
FEM results are calculated in Abaqus software, and the calculation parameters are consistent with PD method. The results
are consistent, which verifies the accuracy of the model in this paper.
6
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Fig. 3. The plate subjected to pressure loading.

Fig. 4. Comparison of FEM and PD solutions.

3.1. Problem description and explosive load conditions

The thermal OSB-PD model for fragmentation of ice cover is implemented to investigate its dynamic response
under explosive loading previously studied by BB-PD (Wang et al., 2018b). As one of the highlights, thermal effects on
7
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Table 1
Mechanical properties and thermal properties of the ice sheet.
Mechanical properties Thermal properties

Yong’s modulus 1.229 Gpa Reference temperature 263.15 K−1

Poisson’s ratio 0.33 Thermal expansion coefficient 51.9 × 10−6 K−1

Density 896.977 kg/m3 Special heat capacity 2000 J/(kg K)
Thermal conductivity 2.3 W/(m K)

Table 2
Fracture toughness of ice and corresponding critical stretch.
Fracture toughness Critical stretch

134 kPam0.5 1.32× 10−4

160 kPam0.5 1.58× 10−4

190 kPam0.5 1.89× 10−4

220 kPam0.5 2.17× 10−4

250 kPam0.5 2.47× 10−4

Fig. 5. Geometry dimension illustration of test ice cover.

deformation and crack path are taken into account in this study due to the significance of ice impact response under
dynamic, explosive loading. Since the OSB-PD concept is adopted here, Poisson’s ratio of ice is input according to the
actual situation (Wang et al., 2018b).

As for the mechanical properties of ice, Yong’s modulus and density are E = 1.229 Gpa and ρ = 896.977 kg/m3

espectively which is the same as in Wang et al. (2018b). Due to the lack of Poisson’s ratio in the field test (Zhang et al.,
015) used for comparison, an average value of Poisson’s ratio of ν = 0.33 is adopted (Weeks and Anderson, 1958). The
ngineering properties of the present model are listed in Table 1. Fracture toughness (FT) of ice, which describes the stress

required for crack occurrence, determines the critical stretch (in other words, failure criterion). However, it is difficult to
specify the exact value since it depends on multiple factors, including the loading rate, ice type, as well as temperature
and grain size. For small sample ice, FT is in a range of 115 kPam0.5

∼150 kPam0.5 (Dempsey, 1991) while the value of
250 kPam0.5 of FT is measured on large scale field programmes (Dempsey et al., 1999). It is also reported that FT can be
134 kPam0.5 at a high strain rate for freshwater ice (Liu and Miller, 1979). Typically, FT can have a wide range of values.
Thus, the influence of FT on crack occurrence needs to be properly examined. As a result, five equally spaced values of
FT from 134 kPam0.5 to 250 kPam0.5 representing a reasonable range of ice damage scenarios under explosive conditions
are selected. The corresponding critical stretch shown in Table 2 is calculated using Eqs. (17) and (18). The results for the
influence of FT are subsequently analysed in detail (see Section 3.3).

In terms of thermal properties of ice, the reference temperature is set to be Θ0 = −10 ◦C, which is close to the
environmental condition of the experimental region. The thermal expansion coefficient is set to be α = 51.9× 10−6 K−1

according to measurements conducted by Butkovich (1959). The other thermal properties of ice are summarized in Table 1.
As depicted in Fig. 5, the newly developed numerical model is applied to the ice cover of a circle shape with a diameter

of 51.3 m which is regarded as large enough to eliminate the effect of the boundaries. The thickness of the ice is h = 0.6 m
same as that of Wang et al. (2018b). The total time step is 0.024 s which corresponds to the complete process of typical
crack occurrence and damage process.

In the present work, the loading charge is an emulsion explosive of 10 kg. It is located at 1.2 m away from the ice sheet.
At the moment of detonation of underwater explosives, it produces shock waves and gas bubbles underwater (Mellor,
1982). The shock wave spreads from the explosive source at high speed. The shock wave first reaches its peak within
10−7 seconds, then decreases rapidly with the increase of propagation distance until the energy disappears (Liang and
8
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Fig. 6. Recession curve of shock pressure.

ai, 2006). The pressure of the shock wave can be predicted by the empirical formula derived from experimental data.
he present investigation adopts the same shock pressure as that in the article (Wang et al., 2018b):

Pm =

⎧⎪⎪⎨⎪⎪⎩
4.41× 107(

W 1/3

R
)1.5 6 ≤

R
R0

< 12

5.24× 107(
W 1/3

R
)1.13 12 ≤

R
R0

< 240
(20)

n which Pm is the peak shock pressure. W represents charge weight and R denotes the distance between charge and
target. R0 = [3W/(4π × 1600)]1/3 is a scale parameter known as the radius of spherical satchel charge. Then, shock wave
attenuation is obtained as (Wang et al., 2018b):

Pt =

⎧⎨⎩Pm · e−
t
λ 0 ≤ t < λ

0.368Pm
λ

t
λ ≤ t < 100− 150λ

(21)

where λ is the time constant describing wave decay. The ‘time constant’ is actually not constant, it varies somewhat with
radius R from the source, and acoustic velocity is va = 1500 m/s. λ can be expressed as:

λ =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
0.45R0(

R
R0

)0.45 × 10−3 R
R0

≤ 30

3.5
R0

va

√
lg

R
R0

− 0.9
R
R0

> 30
(22)

he shock wave specified by Eqs. (20) through (23) is plotted in Fig. 6. The attenuation curve of the shock wave produced
by the explosive charge (which is 1.2 m away from the charger) decays rapidly after reaching the peak value.

The pressure distribution of shock waves over the ice sheet is usually described by two different types, uniform
distribution and non-uniform distribution, and it is dependent on whether it is a deepwater explosion (far-field explosion)
or an explosion near the surface (near-field explosion) (Kazancı, 2016). The near-field explosion wave is typically
propagating spherically or spreading non-uniformly (Mellor, 1982, 1986). Pressure distribution decays behind the shock
front is approximately exponential. In this study, the non-uniform loading for near field explosion and a decoupled
approach are utilized. The pressure shock is expressed as P(r, t) = Pr(r) · Pt (t), and the pressure distribution of shock
effects is further expressed by an empirical exponential formula (Langdon et al., 2014):

P(r, t) =

⎧⎪⎨⎪⎩
Pt r ≤ r0

Pte−ω(r−r0) r0 ≤ r < rp
0 rp ≤ r

(23)

In which r represents the distance from the specified position on the ice surface to its centre. r0 is the explosive disc’s
radius used in the experiments, which is 0.15 m in the experiment. rp is the radium of the ice plate. ω is a constant which
represents the attenuation of shock waves on the surface of the ice sheet.
9
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Fig. 7. Variation of displacements in the z-direction along the central line at 0.024 s for m-convergence study.

Table 3
Detailed information on discretization for the m-convergence.
Ratio m Horizon δ Grid size ∆x Discretization

in x-direction
Discretization
in y-direction

Discretization
in z-direction

2.015 0.403 0.2 256 256 3
3.015 0.403 0.13 426 426 5
4.015 0.403 0.1 512 512 6

Table 4
Detailed information on discretization for the δ -convergence.
Horizon δ Ratio m Grid size ∆x Discretization

in x-direction
Discretization
in y-direction

Discretization
in z-direction

0.3015 3.015 0.1 512 512 6
0.45225 3.015 0.15 342 342 4
0.603 3.015 0.2 256 256 3

3.2. Convergence study

Before any formal case analysis, convergence analysis is very necessary to ensure the reliability of the results. All
umerical parameters, including the grid size, ∆x, the horizon size, δ, and the time step, ∆t needs to be tested. In this
ection, those parameters are discussed and analysed in order to obtain the optimal values to ensure the accuracy of the
esults with acceptable computation efficiency. Similar to the approach in Bobaru et al. (2010) and Pashazad and Kharazi
2019), the convergence analysis of m and δ are carried out to obtain the optimal ratio m = δ/∆x, in which ∆x represents
ide size of the discretization. It is noted that the δ-convergence study is to find the best value of horizon size δ, thus,
he δ is fixed in the m-convergence study while m is fixed in the δ-convergence study.

In the convergence studies, the fracture toughness of ice is set to 134 kPam0.5. The constant, ω, is set to 0.8. It should
e noted that the displacement in the z-direction along the middle line in the x-direction of the ice sheet at 0.24 s is used
s the comparison basis of convergence analysis.
In terms of the m-convergence study, three values of the ratio are chosen: m = 2.015, m = 3.015 and m = 4.015,

and the horizon is set to δ = 0.403. Then the detailed discretization information for the model is listed in Table 3. The
displacement variations along the centre line are plotted in Fig. 7. The displacement in the z-direction increases slightly
with the increase of ratio m. It is noted that the requirement of computational resources by the numerical model increase
with the increase of the ratio m. For this reason, it is very important to choose the appropriate value for the ratio m. As
plotted in Fig. 7, it is evident that the results of the displacement curve reach convergence with the discretized domain
for m = 3.015 and m = 4.015, while the result is slightly lower for the discretization with m = 2.015. Accordingly, the
ratio m is set to m = 3.015 in the following numerical simulation.

In the δ-convergence case study, three different horizon sizes are selected for analysis, δ = 0.3015, δ = 0.45225,
δ = 0.603, in which case m = 3.015. The detailed discretization information for the model is listed in Table 4. The
variations of displacements in the z-direction along the central line in the x-direction of the ice cover at 0.024 s are plotted
in Fig. 8. The calculated results of the three different horizon sizes are consistent. Therefore, ∆x = 0.2 and m = 3.015 are
acceptable particle spacing and optimal ratio for the present model.
10
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Fig. 8. Variation of displacements in the z-direction along the central line 0.024 s for δ -convergence study.

As for the time step ∆t , the convergence criterion is given as (Silling and Askari, 2005):

∆t <

√ 2ρ(k)∑
j(2adδ

(dδ
∑

l(
1

|ξ(l)(k)|
+

1
|ξ(l)(j)|

)V(l))

|ξ(k)(j)|
+

4bδ
|ξ(k)(j)|

)(vc(j)V(j))

(24)

herefore, the time step is calculated as ∆t = 0.5× 10−5 s in this paper.

.3. Numerical analysis of ω value

The value of the exponential decay constant is usually measured in the experiment. However, this measurement is
ifficult to carry out in an underwater explosion. Therefore, the value of ω can be extracted by an inverse approach
Madenci and Oterkus, 2014). By performing the simulation with trial exponential decay constants, the results predicted
re compared with experimental results until the simulation results, and experimental results are consistent to a certain
xtent. The decay constant has values ranging from 0.7 to 1.2 for different explosives (Cole and Weller, 1948; Mellor,
982, 1986). According to trial simulations with the ω value of 0.7, 0.8, 0.9, 1.0 1.1, and 1.2, it is found that the radius
f damaged area of simulation is closest to that of the experiment when ω equals to 0.8. Then the trial simulations of
igher precision of ω values of 0.76, 0.78, 0.80, 0.82, and 0.84 are carried out. In this case, the fracture toughness is set to
34 kPam0.5. The distribution of pressure at the bottom of the ice sheet under different attenuation constants is shown
n Fig. 9.

The experimental measurements and numerical results of the damage area radius Rb in different ω values are presented
n Fig. 10. Note that the radius of damage area of ice cover for the underwater explosion is a kind of data measured in the
xperiment, which will be further explained in Section 3.4. Compared with the Rb obtained by experiments and numerical
imulation (Zhang et al., 2015), the ω = 0.8 is eventually determined for the subsequent numerical simulations in Sections
.4 to 3.6.

.4. Influence of fracture toughness on ice fragmentation process

In this section, the fragmentation of ice cover due to explosive loading with fracture toughness listed in Table 2 was
imulated numerically. Firstly, the results of numerical simulation with FT of 134 kPam0.5 are shown in Fig. 11. The
imension of the ice cover in snapshots is 16 m×16 m×0.6 m covering entire broken areas (See Fig. 13 for the definition
f various failure areas). It is shown that the destruction and crack evolution in the centre part of the ice plate is evident
n the x-y plane. The damage zone of the ice cover, represented in red colour, is seen extending with a circular shape. As
ime progresses, the radius of the fracture zone increases rapidly from 0 to approximately 5.2 m before t = 11.0ms. Then
he radius remains almost unchanged; however, radial and circumferential cracks begin to form around the damage zone.
urthermore, the radius of the cracked zone (in red) is far greater than the radius of the fracture zone with nearly five
imes to that at the initial stage, as shown in Fig. 11(d) compared to Fig. 11(a). It is noted that the radius of the cracked
one increases gradually with time while that of the fracture zone appears to remain unchanged. Finally, two radii are
pproximately equal to each other at the end of the damage expansion as shown in Fig. 11(h).
By observing the experimental scenario in Fig. 12 (Xu, 2014), which was carried out in the Yellow River in Baotou, the

ce was seen broken by the shock wave and has a certain range of failure area. The hole-shaped fracture zone is measured
y its radius (Rb) shown in the red circle in Fig. 12. Outside the damaged zone, the radial cracks and circumferential
racks are also observed, which is known as the cracked zone or transition region, as depicted in Fig. 13. The final shape
11
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Fig. 9. Non-uniform pressure distribution of explosive loading on the bottom surface ice sheet at the initial time.

Fig. 10. Comparison of the radius of damage area for different ω value numerical results and experimental measurements.

of the damage zone is shown in Fig. 14, which also demonstrates the crack path of the ice plate. It is clearly seen that the
fracture zone is similar to the shape of a circular hole. Note that the radius Rb of the hole for a range of different ω values
is plotted in Fig. 10 for comparison. The radius of the numerical simulation agrees well with that of the experimental
adius.

Failure diagrams of ice under five different fracture toughness conditions are plotted in Fig. 15. On the one hand, the
adius of the fracture zone remains basically the same while the area of the cracked region reduces slightly with the rise
f the fracture toughness. On the other hand, the size, location and number of radial cracks are different from one another.
or example, uniform radial cracks are easily observed in the first two diagrams, which is under the FT of 134 kPam0.5 and
60 kPam0.5 respectively as shown in Fig. 15(a) and (b). As for KI = 190 kPam0.5, KI = 220 kPam0.5 and KI = 250 kPam0.5

hown in Fig. 15(c), (d) and (e), the radial crack is no longer a radial shape but a spline shape instead. It can be seen a
eneral trend existing that the area of the cracked zone decreases with the increase of FT. Furthermore, when the FT is
qual to 134 kPam0.5, the crack on the ice cover propagates to a large extent, and ice damage is in brittle failure mode.
12
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Fig. 11. The snapshots of damage of ice plate with FT of 134 kPam0.5 at different times.
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Fig. 12. The snapshot of ice damage by blast loading in the field experiment (Xu, 2014).

Fig. 13. Schematic diagram of ice damage by explosive load. (For interpretation of the references to colour in this figure legend, the reader is
eferred to the web version of this article.)

he larger the FT is, the smaller number of cracks and area of the transition zone can be observed, a clear indication that
he propagation ability of the crack decreases with the increase of FT. At KI = 134 kPam0.5, the radius of the transition
egion is seen almost equalling to damage zone whereas it is slightly smaller at KI = 250 kPam0.5, a demonstration that
ecreasing trend of the outer radius (the radius of the cracked zone) is more pronounced than that of the inner radius
the radius of the fracture zone).

In addition to the above numerical analysis, Schulson and Duval (2009, page 204) point out, however the large values
re likely only apparent values due to insufficiently fast loading rates. Since loading rate will always be fast in explosive
oading, it is unlikely that these larger values are appropriate. Therefore, smaller fracture toughness is more suitable for
tudying ice damage under underwater explosion.

.5. Influence of horizon length on crack branching

The particle spacing of 0.2 m and multiplier of 3.015 are determined as acceptable parameters in PD solution according
o numerical experiments (studies of m -convergence and δ -convergence) in Section 3.2. However, it is concluded by
any literature studies that the calculation results will be very different with the increase of horizon size due to excessive
ave dispersion (see e.g. Silling and Askari, 2005; Bobaru and Hu, 2012; Madenci and Oterkus, 2014). Therefore, the ice

fragmentation under different horizon sizes is presented in this section (the fracture toughness ice is KI = 134 kPam0.5).
The horizon sizes are set to δ = 3.015 · ∆x, δ = 4.015 · ∆x, δ = 5.015 · ∆x and δ = 6.015 · ∆x, respectively. The
fragmentations of ice cover at 24.0 ms are depicted in Fig. 16.

Fig. 16 shows significant influence of the horizon size ice crack branching. It is noted that since the damage of ice sheet
under explosion has a complex crack propagation mode, and both tensile failure and compression failure are included
in the present model, thus the damage of ice sheet caused by the variation of horizon size does not appear an obvious
propagation trend of a single crack (Silling and Askari, 2005; Bobaru and Hu, 2012; Madenci and Oterkus, 2014). Although
the failure modes are consistent, it is evident that the crack branches increases with the increase of horizon size. In
14
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Fig. 14. Forms of crack propagation of damage of ice plate with FT of 134 kPam0.5 at different times.
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Fig. 15. Comparison of the damage plots of ice cover for different FT between numerical results and experimental results at 24.0ms.
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Fig. 16. Fragmentation of ice cover for horizon size values of (a) δ = 3.015 · ∆x, (b) δ = 4.015 · ∆x, (c) δ = 5.015 · ∆x, and (d) δ = 6.015 · ∆x at
4.0ms.

ddition, less severe damage to the ice sheet is observed with the increase of horizon length. The results show a similar
rend with those reported in Chapter 7 of Madenci and Oterkus (2014).

3.6. Crack propagation of ice sheet with thermal effects

3.6.1. Top surface of the ice cover
In this section, the numerical results with thermomechanics are analysed. Fracture toughness is the key parameter

to determine the damage of the ice, KI = 134 kPam0.5 is chosen to study the thermal case in this section since this
is the best value for the experiment described in Section 3.4. The crack propagation pattern and temperature change
distribution of the top surface of the ice cover corresponding to the time series of Fig. 11 are presented in Fig. 17. By
comparing Fig. 17(a)(c)(e)(g)(i)(k) with Fig. 11, it can be found that the evolution process of ice damage in the uncoupled
case is generally similar to the coupled case. However, different crack propagation patterns and the degree of damage are
observed, especially from t = 11.0 ms to t = 22.0 ms, as shown in Fig. 10(d)(e)(f)(h) and Fig. 17(c)(e)(g)(i)(k). Radial crack
growth in the coupled case is longer and faster, and the damage level of the circumferential crack is more marked; for
example, the radial cracks in the transition zone of the fully coupled thermal case are observed more clearly than that in
the uncoupled case from t = 11.0 ms to t = 15.0 ms; more radial cracks propagate from inner circle edge to outer edge in
the coupled case, while they have not occurred in the uncoupled case. This is a clear indication that the coupled condition
has a noticeable effect on the ice damage considering the heat transfer caused by the deformation of the ice cover under
external pressure. By observing the snapshots of temperature change, temperature change increases as time goes by.
Moreover, the evolution of crack is more evident under the influence of temperature change. The temperature increases
17
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Fig. 17. Damage plots and temperature change distribution of the top surface with fully coupled thermomechanics.
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Fig. 18. Damage plots and temperature change distributions of the bottom surface of ice cover with fully coupled thermomechanics.
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long the cracks and the boundary of the fracture zone at all time steps. In the fracture zone, a distinct temperature drop is
bserved primarily due to the ice body in this area being fully fractured. There is a general trend of temperature elevation
n the most central part. Since the central position of the ice sheet has been completely burst by the shock wave, and the
articles have a large displacement in z-direction in this area which consequently causes the temperature elevation.

.6.2. Bottom surface of the ice cover
It is also noted that the damage and temperature distribution on the bottom surface is rather different from that of

he top surface, which indirectly formalizes the reliability of the numerical model because the bottom surface contacts
he impact load directly. Both mechanical and thermomechanical simulations present such differences in damage and
emperature distribution. Fig. 18 depicts the instantaneous fragmentation and the temperature distribution of the bottom
iew at different times. Although the fracture zone gets larger as time progresses, experiencing similar damage develop-
ent to the top surface, the significant differences of failure modes are observed. By comparing Fig. 18(a)(c)(e)(g)(i)(k)
ith Fig. 9(a)–(f), the bottom surface appears to have a larger radius of damage zone approximately 6.2 m. It is worth
oting that the transition region almost disappears and its radius is less than a third of the radius of the damage zone
n spite of the initial damage plot at 3.0 ms. In addition, the boundary of the fracture zone appears to be smoother. This
s probably because the bottom surface of the ice sheet is under the direct impact of the shock wave in contrast to the
op surface. Accordingly, it bears greater pressure comparing to the top side ice cover. Thus, the force transmitted to
he top surface of ice sheet is smaller than the value of the bottom surface experienced. As a result, the more seriously
amaged phenomenon in the bottom surface of the ice sheet is apparent. Like the top surface, the increase and decrease
f temperature show a similar trend to the destruction of ice surface in damage plot.

. Conclusions

An OSB-PD ice model is developed and applied to predict the dynamic response of the ice cover under the pressure blast
oading. The numerical simulation focused on the behaviours of ice fragmentation under the different fracture toughness.
he newly developed OSB-PD ice model is capable of handling the coupled mechanical and thermal behaviours of ice
heet damage on both top and the bottom surface under explosive loading.
By examining the crack propagation and damage of the ice cover in time history, it is found that fracture toughness

as a significant influence on the ice failure mode by the explosive load. With the increase of fracture toughness, the
racture radius of the ice cover remains basically the same while the area of the cracked zone decreases. In addition, the
igher the fracture toughness is, the smaller the crack propagation ability is.
In the thermomechanical study of ice damage, both the temperature change caused by deformation and deformation

aused by temperature are considered. It is revealed that the temperature distribution follows a similar pattern with
rack propagation. It is demonstrated that the thermal term has an influence on both the radial and circumferential crack
ropagation process. Furthermore, the damage pattern for the top and the bottom of the ice cover has distinct differences
oth in coupled and uncoupled cases. The present numerical model has shown clear advantages for simulation with
ore realistic thermal and engineering properties of ice. In future work, the threshold of the damage criterion caused by

emperature change will be included to investigate a more accurate ice damage response.
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