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method (PSM) is introduced. PSM is a continuum-discontinuum coupled method with
time-dependent explicit algorithm of dynamic relaxation, which has combined the advan-
tages of particle-in-cell method, finite element method and discrete element method. The
governing equation of this method is deduced from Lagrange equation, which is a unifi-

I;g:/\;vords. cation of expression for continuous deformation, fracture and failure. The complex failure
Brittle failure behaviors of brittle ice under uniaxial tension and compression in laboratory scale are sim-
Ice ulated. The progressive failure process with fracture evolution can be well described with
Strain rate effect this method. The results show that failure mode and the strength of ice material are af-
Size effect fected by loading rate, boundary conditions and the size of the specimen. The strain rate

effect and size effect with transition property are naturally obtained and can be explained
with internal fracture evolution process within the material.
© 2020 Published by Elsevier B.V.

1. Introduction

Ice is a quasi-brittle material with obvious characteristics of heterogeneity and discontinuity. Especially for sea ice, which
consists of solid ice, brine and gas, would exhibit different grain structures and grain size that depending upon the tem-
perature, salts and other environmental conditions [42]. The changeable meteorological condition and disturbance of waves
could result in chaotic microstructures of ice in nature. There is a very large variation in the grain size and shape even
over small distances. Meanwhile, lots of voids and discontinuous interfaces exist within the ice material. Thus, the mechan-
ical property and behavior of ice could be quite complex. Failure process of ice should accompany with deformation, crack
growth, and even movement of fragments.

There have been a large number of tests performed to research the mechanical properties and failure process of ice.
Tensile and compressive failure were the most concerned failure modes in the lab, and lots of tests have been conducted
to measure the tensile strength [20,25,34,35] and compressive strength [19,27,40,41]. The strength of ice is affected by the
loading rate and the size of the grain relative to the specimen, which is called strain rate effect and size effect respectively
[6,21,32,38,45,47]. At low loading rate, i.e. lower than 10-6-10-> s—1, the ice material is relatively ductile. The strength
increases with the increase of the strain rate, which exhibits little dependence upon the grain size [5,36]. However, at
higher loading rate, i.e. above 10-4-10-3 s~1, ice exhibits brittle behavior, and the strength decreases with the increase
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of the strain rate and the grain size. The brittle failure envelope of ice is different depending upon the loading condition.
Uniaxial compression without confinement will result in longitudinal splitting, while compression with confinement would
lead to inclined shear fault [37].

In order to describe the mechanical behavior of ice precisely, numerical method must be capable of simulating the whole
process of failure. Not only continuous deformation, but also fracture and interactions at the cracks within the ice material
should be calculated properly. And the latter usually plays the dominant role in the failure process. Finite element method
and discrete element method are the most wildly applied computational frameworks to simulate the brittle failure of ice
[31,39,43,48,49]. However, study on numerical modeling for ice failure in laboratory scale is scarce. More advanced compu-
tational algorithm is required to obtain more realistic failure behavior.

The objective of this paper is to simulate and investigate the brittle failure properties of ice under tension and com-
pression in laboratory scale with a new numerical method called particle-subdomain method (PSM). In Section 2, the ba-
sic concept of PSM with systematic expressions is introduced and numerical examples for validation are demonstrated. In
Section 3, tensile failure and compressive failure of ice are modeled and validated respectively, strain rate effect and size
effect are discussed. Major conclusions are drawn in Section 4.

2. Theory of particle-subdomain method (PSM)
2.1. Basic concept

PSM is a new type of continuum-discontinuum coupled method, which is based on time-dependent explicit iteration
with dynamic relaxation (RD, see [9,10,12,14,29,44]). PSM has combined the advantages of particle-in-cell method (PIC, see
e.g. [1-3,15]; Sulsky, 1994,1995; Bardenhagen and Kober, 2004), finite element method (FEM, see e.g. Zienkiewicz and Taylor,
1977; Johnson, 1987) and discrete element method (DEM, see e.g. Cundall and Strack,1979; Cundall and Hart, 1992), which
can be widely used in nonlinear, dynamic and fracture problems. It's a mixture of particle system and subdomain system
composed of elements. At the very beginning, the initial mesh is divided to establish the computational system. Particles
are formed by the nodes. Each particle will get a subdomain composed of all the associate elements, as shown in Fig. 1.
The subdomains can be divided into new ones with new mass and boundaries by the crack surface, when exceeding the
strength. The newborn crack surface and boundaries will be detected and calculated with contact and friction law during
the computational procedure.

2.2. Governing equations

The equation of motion for a particle and associate subdomain in PSM is derived from the Lagrange equation, which is a
unification of expression for the continuous system and the discrete system. The first step is to establish the energy function
and determine the non-conservative forces for the system.

Kinetic energy ITyof the Nth particle can be written as

Mp = 1fpu,?dv (1)
2y

Where, the roman subscript m is a text identifier that represents mass, p is the density, i = 1, 2, 3, u;is the displacement of
the Nth particle, V is the volume of the subdomain of the Nth particle, 1u; represents the velocity, the first-order derivative
of u;versus time.

Potential energy of the Nth particle consists of the strain energy of the subdomain and the work of the conservative
force.

The strain energy of the subdomain is

I, :/ lO',‘jé‘ijdv (2)
v 2
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Fig. 1. Basic concept of PSM. The system is composed of particles and subdomains assembled by associate elements. Particles and subdomains can be
divided into new ones when cracks initiate. Interactions at the boundaries and cracks are described with contact and friction.

(_:ra_ck
Contact & friction _ ——



J.-P. Zhang and D. Zhou Commun Nonlinear Sci Numer Simulat 96 (2021) 105614

where, the roman subscript ¢ is a text identifier that represents strain, oj; and ¢;; are the stress tensor and strain tensor
respectively, i = 1,2,3,j =1, 2, 3, V represents the volume of the subdomain.
The work of conservative force on the Nth particle is the work of the body force, which can be expressed as

l'If = —/vfiu,dV (3)

Where, the roman subscript f is a text identifier that represents force, f; represents the body force of the Nth node.
Non-conservative forces of the Nth particle include the damping force and the external boundary force, that should be
written as

Qu =~ [ widv 4)

Q= /5 Tds (5)

Where pis the damping coefficient, Tjis the external surface force on boundary of the subdomain.
The Lagrange equation is written as

aat(;?ﬁ) - g =0 (6)
Where L is called the Lagrange function expressed as
L=Tl, - I, — I (7)
And Q; is the non-conservative forces of the system, which is expressed as
Q=0Qu+0Qs (8)

The Lagrange equation needs to take partial derivative with respect to u;and u;. The energy function should be written
as the function of the velocity and the displacement. So the transformation for the expression of strain energy needs to be
done.

Eq. (2) can be expressed as the function of strain

1
I, =/ jDklmneklgmndv (9)
v

Where Dy, is the tensor of the elastic constant.
The partial derivative with respect to u;for Eq. (9) is written as

oIl 1 de 1 de

811,‘6 = L (ZDklmnaL:(ilgmn+2chlmn8k1aumin>dv
- 1 88k’ 1 88,11,7

) (z"k'au,- *50m g |4

_ 88k[
= fVUkl L, dav (10)

Where the strain tensor &ycan be written as

1
En = i(uk,l + k) (11)
Considering the symmetry of the stress tensor oy = oy, Eq. (10) can be further expressed as
d I, 8uk i
—=[ o0 ~dv 12
I /v Wy, (12)
According to the formula of integration by parts and Gauss formula, Eq. (12) can be written as

aTl, a ad
au: = Tmf‘/aklu"‘ldv = 37%(/‘/ (Ukluk),zdv—/V‘Tlcll“kdv)

0
W(/ leukn(dS—/akl,lude) = /GkISiknldS_ / Uk1.15ide
i \JS v B v

= /o,-,nldS—/aﬂvldV (]3)
S 14
It is equivalent to
ans = fUij”de—fUijjdV (14)
ou; s v 7

Where n; is the direction cosine.
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Fig. 2. The structure of a subdomain and an analogy with a spring system. (a) The structure of a subdomain composed of the associate elements; (b) A
spring system used as an analogy to explain the relationship between the subdomain and the central particle. Deformation of the subdomain will produce
potential energy, just like energy storage in a spring. Meanwhile, the deformation will impel or constrain the movement of the particle.

With the energy functions, expressions of the non-conservative force and Eq. (14), one could obtain the following equa-
tion from the Lagrange equation

/V(a,-j,j-i-f,'—,oil',-—uui)dV+/s(7_",»—0ijnj)dS:0 (15)
In the problems of dynamic equilibrium, the boundary condition satisfies
oijn; = T, (16)

Then, the differential equation of motion can be derived and written as
()’,‘jvj-i-ﬁ—pﬂi—ﬂlli:(] (17)

Eqgs. (16) and (17) have proved the correctness and validity of the energy function and the non-conservative force system
established above.

The subdomain of each particle is composed of all the associate elements, as shown in Fig. 2. The deformation of the
subdomain will produce potential energy, and will impel or constrain the movement of the particle. A simplified spring
system is shown in Fig. 2 (b) as an analogy, which demonstrates that the movement of the particle is restricted by the
associate springs. To determine the force of the subdomain to the particle, one just need to calculate the nodal forces
generated by the associate elements, and nodal forces of an element can be easily calculated through finite element method,
finite volume method or spring element method, etc. In this work, Finite element method will be used to calculate the nodal
force.

According to Fig. 2, Eq. (2) can also be written as

1 o1
I, = /v iO’ij&jdV = E/vk iﬁueude (18)

Where n is the number of the elements in a subdomain, Vj is the volume of the subdomain from the kth associate
element. Thus, force caused by the deformation of the subdomain can be expressed as

1 1 PR ) § S
E_ 8u,~ _Z 8u,- _gﬁ (19)

k=1

Where TI¥ is the strain energy of the kth associate element, n is the total number of associate elements, Fl."is the local nodal
force caused by the deformation of the kth element, which can be calculated by

FF = Kkuk (20)

Where Kl.". is the component of the stiffness matrix of the kth element, uX is the nodal displacements of the kth element.
With Eqgs. (1), (3) to (5), and (18) to (20), the equation of motion the Nth particle obtained from Lagrange Eq. (6) can be
written as
miii+cui+F,-8 =F,~f+FiT (2])
Where m is the mass of the Nth particle, ¢ is the damping coefficient, F® is the internal force produced by the associate

elements of the Nth particle, Ff is the body force, and FiTis the external force.
Eq. (21) is the governing equation for each particle and subdomain in PSM. Dynamic relaxation method will be used to
iterate over all the particles and subdomains to obtain the whole field resolution within any time step.
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Fig. 3. New particles and new subdomains after breakage. When exceeding the strength, the original particles and subdomain will be divided into new
ones along the interfaces of elements according to the stress state.
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Fig. 4. Wave propagation in a beam. Velocity of a half sinewave is applied to the left end of a free beam with the amplitude of 10 m/s and the period of
0.1 s. The wave propagates from the left to the right end of the beam during the calculation. The model and velocity at different time are demonstrated in
the Fig.. Wave velocity calculated by PSM agrees with the theoretical value.

2.3. The damping coefficient

The damping coefficient is a critical parameter to describe the energy dissipation during the deformation and progres-
sive failure process, which will influence the wave propagation, vibration and the breaking process of the material. So, it’s
necessary to determine the proper damping coefficient of the material in a simulation.

The governing equation of a node can be written as

mﬁi+cui+ﬁ‘9 =F (22)
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Fig. 5. Tensile breakage of a block. The model consists of 48 tetrahedron elements. The longitudinal degree of freedom for the bottom of the model is

fixed, while a constant longitudinal displacement loading is applied on the upper surface. Failure of the model takes place exactly at the point of the
tensile strength.

The characteristic time T.is defined as

T. =2m/m/K (23)

where Kis the stiffness of the subdomain.
Define t = Tt/, Eq. (22) can be written as

2mc 4772 4772
i + ——1; + —Ff = —F 24
t; + Mu, + T K (24)
The dimensionless damping coefficient {can be written as
2mc
— 25
¢ X (25)

Thus, the damping coefficient is
1
= — K 2
c o ¢vm (26)

The dimensionless damping coefficient determines the attenuation process of the vibration. Usually, it can be obtained
through standard tests. Otherwise, it can also be determined by inversion algorithm with calculation if the vibration curve
of a structure is given in a test.

2.4. The time step

In this method, time step is not only limited to the frequency of the external forces, but also depends on the natural
vibration period of the structure. The scale of the subdomain is a characteristic scale. In order to ensure the reliability and
convergence of the calculation, the distance of the wave propagation within a time step should be less than the characteristic
scale of the subdomain. Otherwise, it may result in computational divergence.
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Fig. 6. Contact and friction between two blocks. The slope of the model is 45°. When the internal friction angle of the material ¢ = 45.5°, which is a little
larger than the slope, the block is static. However, when ¢ = 44.5°, the block is sliding.

The minimum inherent period of the nodes in the system is defined as the characteristic time, which can be written as

m
T =2m /? (27)

where m is the mass of the node, K is the stiffness of the related subdomain.
In the meantime, when the frequency is high, such as the problem of blasting, the period of the external force T; should
be considered. So, the time step should satisfy the following condition.

At < min(T,, Ty) (28)
2.5. Fracture criterion

Nature of the failure process for brittle material is the growth and coalescence of internal micro cracks and micro defects
until macro structural failure takes place. Theories of plasticity use nonlinear constitutive models and relevant failure criteria
to describe this physical process. Internal fractures and crack growth within the material cannot be described clearly with
plastic model. Fracture mechanics based on stress intensity factor focuses on the mechanical behavior around the tip of a
crack, which is a great tool to investigate the behavior of crack growth. But it's quite hard to use it to describe the failure
process of a heterogeneous material or a practical structure, since the fracture state within the material is complex and
fracture mechanics usually concentrates on single-crack property. Moreover, the result of the fracture mechanical model
greatly depends on the element size.

The complex macro mechanical behavior of the brittle material is originated from the internal fractures, and the macro-
scopic nonlinear stress-strain relationship can be naturally obtained though elastic deformation of the intact parts and the
mesoscopic interactions of discontinuities within the material body [24]. Thus, simple constitutive model and fracture crite-
ria are used in PSM based on the conception “simple constitutive model, complex geometric construction”.

In this model, there are two basic failure modes, tensile failure and shear failure. Fracture of the material under other
stress or strain conditions, such as bending and compression, can be seem as the combination of the two basic failure
modes. Thus, the maximum tensile strength and the shear strength based on the maximum tensile stress criterion and a
simplified Mohr-Coulomb criterion [7,8,26,30,38] are used in this paper. When evaluating the fracture criteria, the stress
at the central node is defined as the average stress of the subdomain. When the first principal stress of the subdomain
exceeds the tensile strength, tensile failure takes place. Shear failure comes when the maximum shear stress exceeds the
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Fig. 7. Motion of the compound pendulum. The length of the compound pendulum is 2 m from the end the beam to the center of the disk. The pendulum
will swing freely around the fixed point under gravity without damping. The velocity and displacement at the center of the disk are shown, which fit well
with the theoretical resolutions.

shear strength according to Mohr-Coulomb criterion [22]. So cracks could occur in the computational domain when meeting
either of the following conditions,

01 >0t (29)

Tmax = Ta >optang +C (30)
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Fig. 8. Size(mm) and boundary conditions, specimen used by Mohamed and Farzaneh [25].

Where o is the first principal stress of a subdomain, o7 is the maximum tensile strength, Tmax is the maximum shear stress
and oy, is the normal stress on the plane of the maximum shear stress, ¢ is the internal friction angle, C is the cohesion
value of the material.

Moreover, any other criterion could be used to evaluate the fracture considering the applicability to distinct materials
and problems. The particle as well as the subdomain will be divided into two new ones, when the stress on the interface
of the elements within the original subdomain exceeds the strength, as shown in Fig. 3. The new born crack will be a new
boundary within the computational domain. During the failure process, the position and type of the contact will be detected
and the contact force will be calculated to describe the interaction of the cracks within the material and the motion of the
fragments with discrete element method.

2.6. Computational procedure

With the theory and technology introduced above, PSM could resolve plenty of problems relating to the dynamic, fracture
and motion. The code for PSM has been written and implemented in C++ language. The iteration process is based on the
dynamic relaxation. Movement of the particle system is based on the dynamic equation derived from the Lagrange equation,
as shown in Eq. (21). The forces of the particles consist of internal force produced by the subdomain with associate elements,
body force and external force. The internal force of a subdomain is calculated with the finite element method. Given fracture
criterion, a subdomain can break along the interface of the associate elements, when exceeding the strength. Then, the
original subdomain and particles will be divided into two new ones by the crack surface. The new born crack is a new
boundary within the computational domain, and interactions at the crack are described with contact and friction. During
the fracture process, the original continuous domain may break into some individual blocks. The minimum size of a block
is an element. As long as the stiffness matrix of each element keeps updating with the time and position, the movement
and rotation of blocks can be accurately expressed with the equation of motion (21).

The computational procedure of PSM is:

i) Mesh the computational model and determine the initial subdomain for each particle, determine the boundary con-
dition and initial condition for the model;

ii) Generate the element stiffness matrix for each element and assign mass to each particle according to the associate
subdomain;
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Fig. 9. Distribution of the tensile strength with Weibull distribution.

iii) Calculate the internal force of the subdomain with the finite element method using Eqs. (19) and (20);
iv) Detect the contact information at the boundaries, and determine the contact force. The contact force will be regarded
as external force added to the associate particles.
v) Loop over all the particles and subdomains, calculate the acceleration of each particle with equation of motion (21),
and then calculate the velocity and displacement of the nodes within a time-step;
vi) Evaluate the stress state in the subdomains to judge if the fracture criterion has been met, and that may produce new
particles, subdomains and boundaries;
vii) Renew the particle and subdomain system, update the coordinate of the particles to the current position, and then
renew the element stiffness matrixes as well;
viii) End the current time-step and start the calculation for the next time-step;
ix) Loop from step (iii) to (viii), until meeting the terminal condition.

It's worth mentioning that the method is 3D in its origin. The theories and techniques are suitable for both 2D and 3D.
2D simulation can be realized with a single layer of elements in thickness and displacement constrain in thickness direction.
And FEM is not the only way to calculate the internal force of a subdomain. Any other continuous model can be used. The
core concept of PSM is a dynamic algorithm with dynamic relaxation to solve a particle system with associate subdomains,
considering fracture, contact and motion. The continuous computational domain can be easily changed to discrete blocks
composed of new generated particles and boundaries along the interfaces of the elements. Once blocks are generated, con-
tacts at the cracks or boundaries can be described with DEM. Since the mesh keeps updating during the computational
process with fracture and movement of the system, mesh distortion can be completely avoided. PSM has combined the
advantages of particle-in-cell method, continuous element method (i.e. FEM and FVM) and discrete element method. Fail-
ure process from continuous deformation, crack nucleation, fracture evolution and motion of blocks can be expressed and
described with a unified form.

2.7. Verifications

Simple numerical examples are demonstrated to verify this method. Fig. 4 shows the wave propagation process in a
beam calculated with PSM. Size of the beam is 5 m x 5 m x 60 m. Velocity of a half sinewave is applied to the left end

10
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Fig. 10. Stress-strain curve under uniaxial tension and the fracture process of the specimen. Failure of the specimen consists of linear elastic stage with
continuous deformation, nonlinear stage with homogeneous micro-cracks, strain softening stage with cracks localization and the breakage stage with one
or several principal cracks.

of the free beam with the amplitude of 10 m/s and the period of 0.1 s. During the computational process, wave in the
beam will propagate with a specific velocity depending upon the material property. Theoretical expression for the velocity
of longitudinal wave in a material is

B (1-)E
=V T o

Where V. represents the velocity of the longitudinal wave, E is the Young’s modulus, p is the density, v is the Poisson’s
ratio. Wave velocity calculated by PSM is 3.79 x 103 m/s, which agrees with the theoretical value precisely. It demonstrates
that PSM is effective to solve problems with dynamic and wave propagation.

Fig. 5 shows the tensile failure of a simple model. The model is composed of 48 tetrahedron elements. With uniaxial
tension, the interfaces in the middle of the model break at the point of tensile strength 1MPa precisely. Fig. 6 shows the
contact and friction between two blocks. The slope is 45°. When the internal friction angle is larger than the slope, as model
I with ¢ =45.5°, the block keeps still. When the internal friction angle is less than the slope, as model II with ¢ = 44.5°,
the block will slide. Numerical results show remarkable consistency with the theoretical condition. Fig. 7 shows the motion
of the compound pendulum. The length of the compound pendulum is 2 m from the end of the beam to the center of the
disk. The size and mesh are shown in Fig. 7 (a). The Young’s modulus E is 210 MPa. The Poisson’s ratio v is 0.25. The density
is 7800 kg/m3. The pendulum will swing freely around the fixed point under gravity without damping on the XY plane.
The theoretical value of the velocity and displacement at the center of the weight can be calculated through the energy
conservation between gravitational potential energy and kinetic energy as

1 1
myghy + myghy = imﬂ/% + imzvﬁ (32)

Where m; is the mass of the rod, m, is the mass of the weight, h;and h,are the vertical falling distance for the center of the
rod and the weight respectively, v;and v,are the velocity for the center of the rod and the weight respectively. When the
weight moves to the button, the displacement in Y direction for the center of the weight is 2 m, the velocity in Y direction

1
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Fig. 11. The effect of element size on tensile strength. Under quasi-static loading, the peak stress is almost not effected by the size of element either with
homogeneous strength or distributive strength.

is 0 m and the velocity in X direction is about 6.37 m/s. The computational results fit well with the theoretical resolutions,
which validate that PSM is applicable to the problems with large displacement, motion and rotation.

3. Numerical modeling for brittle failure of ice
3.1. Ice parameters

Lots of tests for ice have been performed in the lab to investigate the material property of ice. However, the tests show a
wide range of scatter for the mechanical parameters. The tensile strength in the published investigations is ranging from 0.7
to 3.1 MPa. And the average tensile strength of ice is about 1.43 MPa at the temperature from -10 °C to -20 °C [4]. Typical
value of the compressive strength ranges from 0.5 MPa to over 5 MPa, and is a strong function of loading strain rate and less
dependent on the temperature until close to the melting point [41]. The typical measured values of elastic modulus are from
1 GPa to 10 GPa ([25]). The Poisson’ ratio ranges from 0.33 to 0.42 [28]. The internal friction coefficient (ice to ice) is about
0.05 to 0.2 according to the report of Frederking and Barker [13]. The variation of strength mainly depends on temperature,
micro-structure, grain size, specimen size and loading rate, etc. Complex mechanical behaviors of ice are determined by the
complex properties. Numerical modeling for the brittle failure of ice in the laboratory scale is scarce, primarily because of
the challenge of the complex characteristics of ice and the demand for more advanced numerical methods. In this study,
the brittle behaviors of the ice specimen are modeled with PSM introduced above. The variation of the parameters, complex
internal structures and components of ice are described by the distribution of strength within the material.

3.2. Tensile failure

Tensile failure is a common phenomenon in natural ice and the tensile strength is a fundamental parameter for ice.
However, just very few experiments have been performed to measure the tensile strength because of the complex brittle
property of ice and high demands for the test set up. Numerical simulations for the tensile test of ice are much scarcer,
because it's quite hard to use the current numerical methods to describe the brittle failure process of ice precisely, since the
process includes continuous deformation, distributive micro-cracks initiation, cracks localization and rupture.
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Fig. 12. Peak stress and crack position under different strain rates. At very low strain rate, i.e. below 1076 s-1, peak stress of uniaxial tension keeps
constant, and the localization band will be initialized in the weakest part of the specimen. When the strain rate is between about 10-6-10-* s~!, peak
stress will increase with the decrease of the strain rate, and the localization band is more likely to appear in the upper half of the specimen. However, if

the strain rate continues to increase, i.e. above 10~4 s~!, the peak stress will decrease with the increase of the strain rate, and the fracture is concentrated
at the top close to the loading surface.
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Fig. 13. Numerical model of the compressive test.
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Fig. 14. Failure process of the specimen and the stress-strain curve during compression.
Table 1

Key parameters used for uniaxial tension. The tensile strength complies with Weibull distribu-
tion law with scale parameter A and shape parameter k.

E(GPa) v p(kg/m3) T L(mm) V(s™1)
A k
3 0.33 920 5% 106 3 0.7 1x1077

PSM provides a new way to resolve these problems. Numerical model of the tensile test is established according to the
work of Mohamed and Farzaneh [25]. The specimen size and the boundary condition are shown in Fig. 8. and parameters
used for this model is listed in Table 1.

E is the Young’ modulus, v is the Poisson’ ratio, p is the density of ice, T is the tensile strength, L is the mesh size, V
is the strain rate. The tensile strength is distributed in the model to describe the heterogeneity of ice material. Each node
and subdomain will get a random strength according to Weibull distribution [46] with parameter A and k. The distributive
density function can be written as

k-1 }
fo=Y(5) e (33)

With A=5, k=3, the distribution of tensile strength within this model can be obtained as Fig. 9.

The stress-strain curve of the specimen under uniaxial tension at the strain ratio 1 x 1076 s~ is shown in Fig. 10. Failure
of the specimen under uniaxial tension has gone through 4 stages, which include linear elastic stage, nonlinear stage, strain
softening [33] stage and breakage stage. Internal facture state of the specimen has got specific characteristics during each
stage as shown in Fig. 12. In the linear elastic stage, the material is intact with elastic deformation. In the nonlinear stage,
micro-cracks within the material are homogeneously generated due to the distribution of strength. Taken in this sense,
nature of the macro nonlinear behavior of brittle material is caused by internal mesoscopic or microscopic damage and
fracture. During the strain softening stage, coalescence of the micro-cracks within the material starts to form a localization
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Fig. 15. Fracture evolution within the cylindrical specimen. The specimen has been cut into halves, the cracks on the middle section can be observed
through the cutaway view and the internal micro cracks evolution can be seen through the perspectives.

band. Thus, factures will focus on this localization band due to stress concentration. In the last stage, the specimen is totally
failed with one or several principal cracks.

In order to further validate and investigate the element size effect and loading rate effect, a simplified model is used
with 30 mm in width and 75 mm in length, since in numerical modeling, the uniaxial boundary condition can be easily
added to the model without special handling for the ends of the specimen. Under quasi-static loading condition, peak stress
is almost not affected by the element size as shown in Fig. 11. However, since the strength of the material complies with a
certain distributive law, increase of the element number will reduce the scatter of the results and produce more reasonable
outcomes. But on the other hand, the size of the elements could represent the size of grain, because the characteristic length
of cracks is the scale of the elements in PSM. Thus, it is more reasonable to choose the element size according to the grain
of ice.

Loading rate will influence the tensile strength of the specimen as shown in Fig. 12. The tendency is in accord with the
result of Mohamed and Farzaneh [25]. Under quasi-static loading, when the strain rate is quite low, i.e. under 10- s~1, the
peak stress keeps constant. Under this condition, the specimen can be regarded as maintaining in the static equilibrium state
at any moment during the loading process, crack initiation will occur at the weakest point within the material. There is no
strain rate dependency observed in this stage. With the increase of the strain rate, the peak stress increases. This happens
because the loading condition should no longer be regarded as quasi-static any more. Deformation close to the loading-end
is larger than that in the far-end. So the average stress in the upper half is a bit larger than that in the lower half of the
specimen. Under this circumstance, crack initiation will not start at the weakest part of the specimen, but at some other
position in the upper half where the strength is stronger due to stress inhomogeneous. That's why the localization band
tends to appear at the upper half of the specimen. And this may result in the increase of the macro tensile strength in the
test. If the strain rate continues to increase until exceeding a certain value, i.e. above 10~% s~! in this case, the peak stress
will decrease with the increase of the strain rate. This is caused by the high speed loading condition. Stress inhomogeneous
is more obvious. High strain rate of the loading-end would lead to the deformation and energy accumulation close to the

15



J.-P. Zhang and D. Zhou Commun Nonlinear Sci Numer Simulat 96 (2021) 105614

*
5 € Peak stress in different tests
* Average peak stress
4 4 *
¢
T ¢

Strength with Weibull distribution

Peak stress in unaxial compression (MPa)
N
|

1 -
i E = 3GPa
v =0.33
04 p = 920kg/m’
B Q= 10°
1 4
) L = 5mm~80mm
2 T T T y T v T v T ?
0 20 40 60 80

Size of the specimen (mm)

Fig. 16. Peak stress vs. specimen size. Specimens with length of 5 mm, 10 mm, 20 mm, 40 mm and 80 mm are tested with PSM. The average peak stress
will increase when the size decreases. If the size is large enough, i.e. above 20 mm in this case, the average peak stress is independent of specimen size.

]\;;;lljulzl parameters for the distributive strength used in the 3D compressive test.
C T @
Ac ke Ar kr Ay ke
4% 108 15 4% 108 15 10 15

loading surface. Rapid increase of the stress at the top will result in a large number of cracks generated at the very beginning
close to the loading surface. Energy dissipation of the fractures will reduce the energy and stress wave propagation to the
far-end. Failure of the specimen is manifested as local failure close to the top. So the global strength of the specimen would
show the phenomenon of decrease when local fracture takes place at the very beginning under this condition.

However, the variation range of tensile strength cause by strain rate is not profound comparing to compression, which
will be discussed in the following section.

3.3. Compressive failure

Brittle compressive failure is more complicated than tensile failure, since the failure process may include tensile fracture,
shear fracture and friction. Meanwhile, it is another very important failure mode in nature. Ice islands, icebergs and thick ice
sheets against each other or against off-shore structures will result in brittle compressive failure [38]. Lots of tests have been
performed to investigate the compressive property of ice. Numerical model used here is a cylinder with diameter 50 mm
and length 100 mm, as shown in Fig. 13. The mesh size is 2 mm, which is chosen to be the same scale as the grain size. The
bottom of the specimen is fixed and the horizontal movement of the top is constrained. Constant longitudinal displacement
loading will be applied on the top surface.

Fracture criterion used in this model is introduced in Section 2.3. Young’ modulus of the specimen is 3 GPa. Poisson’s
ratio is 0.33. The density of ice is 920 kg/m3. In order to describe the property of heterogeneity of natural ice, cohesion,
tensile strength and internal friction angle comply with Weibull distribution. The parameters are shown in Table 2.

Stress-strain curve under quasi-static loading is show in Fig. 14. Under quasi-static loading, the progressive failure pro-
cess is relatively slow. Strain softening behavior is obvious. The fracture evolution process within the material is shown in
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sive strength will increase rapidly with the increase of the strain rate. However, above about 10—3 s~!, the strength will decrease with the increased of the
strain rate. Numerical and experimental results of tension are also shown for comparison.

Fig. 15. The specimen has been cut into halves in order to observe the internal fracture state during the compressive failure
process. From the cutaway view of the axial section, one could see that the principal cracks are about 30" deviating from
the vertical axis. These cracks are mainly caused by shear fault accompany with local splitting (See Fig. 14). Development
of internal fractures can be easily seen from the perspectives in Fig. 15. At the very beginning, plenty of micro-cracks will
be homogeneously generated within the material until principal crack nucleation occurs at the weakest parts. Since then,
localization bands will gradually take shape and fractures will focus on these localization bands until the global failure hap-
pens. The four stages of compressive failure are the same as tensile failure. But there are two critical differences during the
failure process that may remarkably affect the mechanical property and distinguish compressive failure and tensile failure.
One is the shear fault, and the other is friction.

Size effect is studied through a quadrate plane strain model with random mesh and strength. The length of the pecimens
is ranging from 5 mm to 80 mm. The element size is 1mm, which is the same scale of the grain size of ice. Parameters used
are the same as the cylindrical specimen above.

5 groups of specimens with different size are studied. The length of the specimens includes 5 mm, 10 mm, 20 mm,
40 mm and 80 mm respectively. Under uniaxial compression, the average peak stress will increase when the size of the
specimen decreases, as shown in Fig. 16. If the size is large enough, i.e. above 20 mm in this study, the average peak stress
is independent of the specimen size. This is consistent with the result of experimental tests [18].

The strain rate effect is further studied with specimen size of 80 mm. The test results and experimental results
[11,16,17,19,23,36,37] are in good agreement. At relatively low strain rate, i.e. lower than 10~3 s, the failure stress will
increase when the strain rate decrease. When the strain rate is above 10~3 s~1, the failure stress will decrease with the
increase of the strain rate. The strain rate effect in tension is also included in Fig. 17, and the numerical results is in accord
with the results of Lee [23]. Comparing to compression, the variation range of failure stress in tension is much narrower. The
difference is caused by different failure modes. The compressive strength is depending upon the compressive stress. When
the strain rate is high, the stress increases fast and the strength also increases fast. Meanwhile, on the micro-crack surface,
friction takes place. And the friction is also dependent of the compressive stress. This will help to resist further fracture of
the material. So the compressive strength increases fast with the 1strain rate. However, the same as the tensile failure, if
the strain rate is too high, local fracture close to the loading surface will take place. Change of failure modes finally results
in the decrease of the compressive strength.
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Fig. 18. Different failure modes under different boundary conditions. Under uniaxial loading, the failure mode is a combination of shear fault and longitu-
dinal splitting. While under biaxial loading or compression with confinement, the principal failure mode is inclined shear fault. However, when the ends
of the specimen are constrained, the failure mode is shear extrusion in the middle of the specimen.

Loading condition and boundary condition will also affect the failure modes, as shown in Fig. 18. Under uniaxial com-
pression, the failure mode is a combination of shear fault and longitudinal splitting. However, with confinement, inclined
shear failure plays a dominant role, since the confinement will prevent the longitudinal splitting. If the horizontal freedom
at both ends of the specimen is constrained, which is corresponding to the extreme condition of coarse loading platens, the
failure mode will exhibit shear extrusion in the middle of the specimen.

4. Conclusions

In order to simulate the brittle failure process of ice, a new numerical method, particle-subdomain method (PSM) is
introduced at the first part of this paper. PSM is a dynamic explicit algorithm which has combined the advantages of ma-
terial point method, dynamic relaxation method, finite element method (or other continuous element model) and discrete
element method. The system of PSM consists of material particles and associate subdomains. At the very beginning, an ini-
tial mesh for the computational domain needs to be generated to establish the system. The material particles are formed
by the nodes. Each particle has got a subdomain constructed by all the associate elements. The dynamic equation for the
particle within a subdomain has been established with the energy function and Lagrange equation. Internal force of each
subdomain applied to the associate particle can be calculated with finite element method. However, only element stiffness
matrix is needed instead of the global stiffness matrix. Dynamic relaxation method is used to iterate over all the particles
and subdomains to obtain the whole field result during each time step. The particles and subdomains could be divided into
new ones in the calculation process when exceeding the strength. Thus, the cracks and new boundaries can be explicitly
generated along the interface of the elements. Interactions at the cracks and boundaries as well as the collision of blocks
are calculated with discrete element method. Numerical examples for wave propagation, brittle fracture, contact and motion
have validated its effectiveness in problems of dynamic and fracture.

Mechanical properties for tensile and compressive failure of ice in laboratory scale are investigated with PSM. The het-
erogeneous and micro-discontinuous characteristics of ice are model with the distribution of strength. The failure process
can be well described with PSM. The specimen shows four stages during the fracture process. At the very beginning, the
ice material is continuous with linear elastic deformation. Then comes the nonlinear stage with homogeneous micro-cracks
within the material until reaching the peak stress. Principal cracks start to nucleate at the peak stress and this is the signal
for the third stage with strain softening. During this stage, localization bands are formed and the fractures would focus upon
these bands until the last stage when global failure takes place.

It is also very interesting that the size effect and strain rate effect can be obtained and explained through the internal
fracture process of the material. When the specimen size is too small, i.e. less than 10 times of grain size, the diversity of
micro-structure and distributed character of the strength within the material is not so continuous, which has prevented the
chain reaction of the progressive failure process. Through increase of the specimen size, the strength will quickly tend to
a constant value. The transition property of strength due to strain rate are discussed within the range of 10-8-10-2 s-1,
Change of the strain rate will change the fracture state within the material and finally result in the variation of failure
strength. Under low strain rate, the whole process can be regarded as a quasi-static problem, that the state of the compu-
tational field is equilibrium. Under this circumstance, crack nucleation will occur at the weakest part of the specimen and
starts the progressive failure process. However, with the increase of the strain rate, the equilibrium state within the material
would be disturbed. Fractures and localization bands will gradually move close to the loading surface, because the average
stress close to the loading end will get larger than that in the still end with the increase of the strain rate. Crack nucle-
ation and localization band may no longer occur at the weakest part, which leads to the increase of the tensile strength
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with increase of the strain rate in a certain range. This is also true for the compressive test. And moreover, the compressive
strength depends upon the compressive stress. Increase of the loading rate will rapidly increase the strength. Even at the
cracks, the friction will also increase with compressive stress, which will further prevent the development of new cracks.
This is why the strain rate effect is much more remarkable in compression than in tension. But if the strain rate is higher
than a certain value, the failure strength will exhibit a tendency of decrease with increase of the strain rate. This is because
of the occurrence of local failures close to loading surface at the very beginning. Breakage and extrusion of material due to
local fracture have blocked the propagation of stress to the far end and intensive local fractures dissipate lots of the energy,
which results in the decrease of global strength.

Boundary conditions can affect the failure modes in compression. Without confinement, the specimen will show longi-
tudinal splitting. However, inclined shear fault should be a dominant form in biaxial loading or with confinement. Constrain
of loading ends will result in shear extrusion in the middle of the specimen.

The application of PSM in brittle failure of ice has further demonstrated its effectiveness in problems of dynamic and
fracture. Many more attempts in other fields could be conducted with this new numerical method. Thus future work may
extend the application of PSM in other materials, such as rock, glass or even metal. More theoretical and computational
models should be developed to further improve this method, for example, failure model for different materials, element
breakage mode to insure more fracture path and new contact model to further increase the computational efficiency and
precision.
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