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a b s t r a c t

A realistic numerical simulation technology using a Lagrangian Fluid-Structure Interaction (FSI) model
was combined with a fracture algorithm to predict the fluid-ice-structure interaction. The failure of ice
was modeled as the tensile fracture of elastic material by applying a novel FSI model based on the
Moving Particle Semi-implicit (MPS) method. To verify the developed fracture algorithm, a series of
numerical simulations for 3-point bending tests with an ice beam were performed and compared with
the experiments carried out in an ice room. For application of the developed FSI model, a dropping water
droplet hitting a cantilever ice beam was simulated with and without the fracture algorithm. The
simulation showed that the effects of fracture which can occur in the process of a FSI simulation can be
studied.
© 2019 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In the Arctic environment, ice accumulation plays a critical role
as extremely high loads acting on the moored structures or struc-
tures operating in the waters covered by ice. The floating ice loads
on the Arctic structures can cause serious structural damage and
safety for not only offshore platforms operating at fixed position,
but also vessels sailing in icy environments. In particular, when an
icebreaker conducts icebreaking operations, the interaction be-
tween crushed ice and the marine propulsor is an important factor
affecting performance and safety of the ship. The primary consid-
eration for Arctic transportation will be safety, effectiveness, and
cost. To evaluate a new design of an ice strengthened vessel,
physical model test or at least numerical simulation is required. In
this circumstances, how to simulate the fluid-ice-structure inter-
action in a reasonable way remains an issue.

Most Fluid-Structure Interaction (FSI) simulations were per-
formed using a grid system (Hübner et al., 2004). When fracture is
engaged, however, grid system interferes with the process and the
meshes need to be separated or decomposed to represent crack

propagation numerically. To solve these problems, a relatively
complex algorithm is required. In this respect, the meshless
method is less restrictive.

Up to now, many studies have examined fractures using a mesh
or meshless method. Chan (1981) studied fracture toughness and
creep behavior of ice using a Finite Element Method (FEM).
Sakharov et al. (2015) carried out a fixed end beam bending test
with lake ice and compared the experimental results with a finite
element simulation. Abbas et al. (2010) proposed two model-
independent approaches based on the Extended Finite Element
Method (XFEM), which the authors claimed to be independent of
the fracture model consideration. Sepehri (2014) examined the
hydraulic fracture propagation pattern using XFEM. Peixiang et al.
(2013) studied dynamic fracture problem in a functional graded
material based on the Element-Free Galerkin Method (EFGM). Bui
et al. (2008) presented a study of a geo-material containing large
deformation and failure flows using Smoothed Particle Hydrody-
namics (SPH). Tan et al. (2009) simulated the microscopic
machining process of ceramics by considering fracture and damage.
Beckmann et al. (2014) studied the concrete fracture phenomenon.
Recently, there have also been some research activities on numer-
ical simulations to handle the ice breakup feature during ice-
structure interaction and treat broken ice as a discrete-continuum
material using the Discrete Element Method (DEM). (Shen et al.,
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1987; Lepparanta et al., 1990; Hopkins, 1998; Hansen and Løset,
1999; Selvadurai and Sepehr, 1999; Hopkins and Shen, 2001; Dai
et al., 2004; Polojarvi and Tuhkuri, 2009; Zhan et al., 2010;
Karulin and Karulina, 2011; Lau et al., 2011; Sun and Shen, 2012; Xu
et al., 2012; Ji et al., 2013; Metrikin and Løset, 2013; Morgan et al.,
2015). On the other hand, most DEM-based simulations concerned
with ice floes were performed without considering the full inter-
action with sea water.

In the present study, a realistic numerical simulation technology
for predicting the fluid-ice-structure interaction has been newly
developed using a particle-based FSI model, which is combined
with a fracture algorithm. With respect to the failure of ice, it was
modeled as the tensile fracture of elastic material by applying a
novel FSI model using the Moving Particle Semi-implicit (MPS)
method (Koshizuka and Oka, 1996; Khayyer and Gotoh, 2010;
Hwang et al., 2014, 2016). To validate the developed fracture algo-
rithm, a 3-point bending simulation with an ice beam was per-
formed and the results were compared with the experiments
carried out in a cold room. For the application of the FSI model, a
dropping water droplet interacting with a cantilever ice beam was
simulated with and without the fracture algorithm. Although the
effect of FSI in this problem is different from effect of seawater and
ice in actual environment, in current stage the effectiveness of
fracture algorithm in FSI problem can be confirmed in a simple
manner by simulating this problem. Simulations closer to actual
problems will be included in subsequent studies.

2. Numerical method

The momentum conservation equation for both fluid and
structure can be expressed as

Du
.

Dt
¼ �1

r
V,sþ f

.
þ g

.
(1)

where r; t; u
.
; s; f

.
; g

. indicate the density of fluid, time,
velocity vector, stress tensor, external force, and gravity accelera-
tion, respectively. The stress tensor s is defined differently for the
fluid and structure analysis. For fluid analysis, the stress tensor
consists of a gradient of pressure and a viscosity term. For structure,
the stress tensor is composed of normal stress and shear stress.

sFij ¼ �Pdij þ
mF

2

 
vui
vxj

þ vuj
vxi

!
(2)

sSij ¼ lS
vDxk
vxk

dij þ
mS

2

 
vDxi
vxj

þ vDxj
vxi

!
(3)

where P; mF ; lS mS u Dx indicate the pressure and viscosity
coefficient of fluid, the first and second Lam�e's parameters, and the
components of velocity and displacement, respectively.

2.1. Governing equations of fluid

The momentum conservation equations of fluid, also known as
Navier-Stokes equation, can be obtained by introducing Eq. (2) into
Eq. (1). The mass conservation equation is also introduced as the
governing equations to solve the pressure term by the relationship
between density and divergence of velocity:

Du
.

Dt
¼ � 1

rF
VP þ nV2 u

.þ f
.

StoF þ g
.

(4)

DrF
Dt

þ rF

�
V,u

.
�
¼ 0 (5)

where rF ; t; u
.
; f

.

StoF ; g
.
; n indicate the density of fluid,

time, velocity vector, coupling force acting on the fluid boundary,
gravity acceleration, and the kinematic viscosity, respectively.

2.2. Governing equations of structure

The momentum conservation equations of structure can be
obtained by introducing Eq. (3) into Eq. (1), as follows:

Du
.

Dt
¼ 1

rs
V,ðlstrðεÞ þ 2msεÞ þ f

.

FtoS þ g
.

(6)

where rs; ε; f
.

FtoS; g
. imply the density of structure, strain

tensor, load acting on structure, and the gravity acceleration,
respectively.

The Lame's constants, ls and ms, can be calculated from Young's
modulus, E, and Poisson ratio ns as

ls ¼ Ens
ð1þ nsÞð1� 2nsÞ ms ¼

E
2ð1þ nsÞ (7)

To consider the rotation of structure particles, the angular mo-
mentum conservation equation was introduced as follows:

I
Du!
Dt

¼ r
.� f

.

shear (8)

where I, u!, r
.
, f
.

shear indicate the moment of inertia, angular ve-
locity, position vector, and shear force, respectively.

2.3. Fluid-structure interaction algorithm

Fig. 1 shows the concept diagram of the FSI coupling system
based on the improved MPS-based model (Hwang et al., 2014,
2016). After fluid analysis is complete in the current time step, the
coupling force for structure is considered by integrating pressure
over the surface of structure. Structural analysis is performed
considering the coupling force from fluid. Consequentially, the
updated position of structure particles plays the role of a new
boundary condition and acceleration at the new interface is given
as the coupling force for fluid analysis in next time step.

In the calculation procedure, the predictionecorrection solution
algorithm is introduced for fluid analysis based on the PNU-MPS
method (Lee et al., 2011). First, the intermediate velocity is ob-
tained from the viscous, coupling force, and gravity terms explicitly
as follows:

u
.*

i ¼ u
.k

i;F þ Dt

 
nFV2 u

.k
i þ f

.k

i; StoF þ g
.

!
(9)

where Dt is the time step and superscript k implies the time step
number. In addition, the coupling force, f

.

i; StoF , can be defined by
the acceleration of structure surface as

f
.

i; StoF ¼ du
.k

IF;F

dt
(10)

After calculating the intermediate velocity using Eq. (9), the
pressure field of fluid domain at time step kþ 1 can be obtained
implicitly by solving the Pressure Poisson Equation (PPE) as
follows:

D. Ren et al. / International Journal of Naval Architecture and Ocean Engineering 11 (2019) 639e647640



V2Pkþ1
i; F ¼ rF

Dt
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.*�
i
þ g

rF
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(11)

where g is a blending parameter considered as 0.03 (Lee et al.,
2011); n0 and nk represent the particle number density of initial
arrangement and that at the time k as follows:

ni ¼
X
jsi

wF

���� r.j � r
.

i

���� (12)

wF ¼
8<:

re
r
� 1 0 � r � re

0 r> re
(13)

In the correction step, the intermediate velocity is corrected by
pressure gradient term in Eq. (14) to obtain the new velocity at the
time step, kþ 1:

u
.kþ1

i;F ¼ u
.*

i �
Dt
rF

VPkþ1
i (14)

r
.kþ1

i;F ¼ r
.k

i;F þ Dt u
.kþ1

i;F (15)

In Eq. (14), the Gradient Correction (GC) scheme (Khayyer and
Gotoh, 2011) is used to calculate the pressure gradient.

After fluid analysis is completed, structure analysis is carried out
according to Hwang et al. (2014, 2016):

Du
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¼ 1
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k
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.

(16)

where ðD x!Þki; S is the displacement of the particle, i, from its initial
location and εll, the strain rate, is represented as follows:

εll ¼ εii þ εjj þ εkk

¼ d
n0i

X
jsi

��� x!k
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i; S

���� ��� x!0
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����
(17)

A coupling force, f
.k

FtoS, in Eq. (16) can be calculated by inte-
grating the pressure on the interface as follows:

f
.k

FtoS ¼
ð
IF

Pkþ1
i; F d s!¼

P
j
PjFw

��� x!j; F � x!i; IF
���

P
j
w
��� x!j; F � x!i; IF

��� (18)

where x!i; IF represents the position vector of the fluid-solid inter-
face corresponding to the structure particle, i, and is calculated
using the following formula (Antoci et al., 2007).

r
.

isurf ¼ r
.

i þ 0:5l0bni (19)

where l0 is the initial particle length and bni normal vector of the
structure particle i.

For a more detail description on the FSI algorithm, please refer
to Hwang et al. (2014, 2016). Fig. 2 shows the computational pro-
cedure of the numerical algorithm for FSI simulation.

2.4. Ice failure

In the present study, the maximum normal stress criterion is
used for the failure criteria of fracture (Juvinall andMarshek, 2006),
i.e., material will fail whenmaximum normal stress, s1, exceeds the
uniaxial tensile strength of the material, sf , as follows:

s1 � sf (20)

See appendix for details of calculation of the principal stress.
In numerical process, when a particle, i, is judged that a crack

occurs locally, a spring-like relationship will be disconnected with
the neighboring particle, j, which is located opposite the crack
plane within an effective radius re. For any pair of particles, i and j,
in the vicinity of crack, as long as they meet the following two
conditions, themutual influence of each other will be eliminated by
setting the value of weight function to zero:

i) A pair of particles needs to be located on both sides of the crack
plane and can be expressed ash�
r
.

i � r
.

c

�
,bnc

ih�
r
.

j � r
.

c

�
,bnc

i
<0 (21)

where r
.

c ¼ ð r.i þ r
.

jÞ=2 implies the midpoint between two parti-
cles, i and j, and bnc direction of crack propagation, as given in bnc ¼
ðcos a; sin aÞ.

Fig. 1. Concept diagram of the FSI coupling procedure.
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ii) One of two particles needs to be located opposite the crack as
follows:���n� r
.

i � r
.

c

�
�
h�

r
.

i � r
.

c

�
,bnc

ibnc

o��� � Cwl0���n� r
.

j � r
.

c

�
�
h�

r
.

j � r
.

c

�
,bnc

ibnc

o��� � Cwl0
(22)

where Cwl0 should be determined in the range, l0=2 � Cwl0 � re,
and Cw can be set to

ffiffiffi
d

p
=2 to avoid discontinuous crack capture,

particularly in the diagonal direction.

3. Three-point bending test

3.1. Three-point bending experiment

A series of three-point bending experiment with an ice beam
made of fresh water was conducted independently in a cold room
at the Korea Maritime and Ocean University as validation of the
developed fracture algorithm.

Fig. 3 illustrates a schematic diagram of the three-point bending
test. The distance between two simple support points was about
180mm and thickness of the ice specimen was about 40mm. A
concentrated load with a constant speed of 0.0025m/s was applied
to midpoint of the ice beam, which based on Timco and Weeks
(2010).

Fig. 4 presents the typical snapshots of three-point bending test

before and after the ice beam cracked. A vertical crack appears just
below the point where load is acting when the load is large enough,
which leads directly to the breakage of the ice beam.

From the experiment, the failure load, Pmax, and deformation on
loading point, Dd, weremeasured and thematerial properties of the
ice beam, such as Young's modulus, E, flexural strength, sf , and
flexural strain, εf , were calculated as follows:

E ¼ 1
4w

�
L
h

	3Pmax

Dd
(23)

sf ¼
3
2
PmaxL
wh2

(24)

εf ¼
6hDd
h2

(25)

where w and h are the width and thickness of specimen,
respectively.

Table 1 lists the summarized experimental results.

3.2. Numerical simulation of three-point bending test

To validate the developed fracture algorithm, a series of nu-
merical simulations of a 3-point bending test was performed and
compared with experiments.

In the numerical simulation, the Young's modulus and flexural
strength were used for the input data as material properties of the
ice beam. The Poisson's ratio was assumed to be 0.3. Based on the
convergence tests for case 01 shown in Fig. 5, the time increment
and particle length were set to 10�6 sec and 2� 10�3 m, respec-
tively, considering comprehensively calculation speed and stability.

Fig. 6 shows the time-sequential snapshots of crack path and
distribution of horizontal normal stress. Before the cracks appeared
at t¼ 0.3285sec, the tensile stress is observed at the lower part and
compressive stress separated near central position, where the
concentrated load acts at the upper part. As the crack evolves at

Fig. 2. Computational procedure of a numerical algorithm for the FSI simulation.

Fig. 3. Schematic diagram of the three-point bending test with an ice beam.
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t¼ 0.3286sec and 0.3287sec, the concentration of the horizontal
stress is evident. Eventually, the ice beam is completely broken at
t¼ 0.3392sec and corresponding stress is relived.

Fig. 7 shows the time history of the horizontal normal stress at
two middle points on the top and bottom surface of the ice beam. It
is seen that the stress curves increase linearly before fracture, and
decrease dramatically to near zero after failure. In 3-point bending
test, in general, the stress distribution at the top and bottom sides
of a beam is no longer symmetrical, because it can be affected by a
loader on top and two support points on the bottom. The similar

features can be found in Wang et al. (2015). After fracture, the
stresses decrease dramatically near to zero.

The detailed time-history of stress is shown in Fig. 8. Instanta-
neous increase in compressive stress on the top center is observed
at around 0.3287sec, and the corresponding stress distribution is
represented in Fig. 9. It is because the force and moment balance of
the half beam on one side is no longer achieved when failure oc-
curs, and a small rotation of the half beam causes a sudden increase
in compressive stress near the top surface.

Finally, the flexural strains of the present simulation are
compared with those of experiment as shown in Fig. 10. The overall
agreement is quite good, but the deviation with the experiment
became larger when the Young's modulus of material becomes
smaller. The average error is about 7%.

4. Fluid structure interaction problem

For application of the FSI model, a water droplet is dropped on a
cantilever ice beam. Fig. 11 shows the initial setup for FSI simula-
tion. The length and thickness of the ice beam are 0.5m and 0.05m,
respectively. The left end is fixed and a square water droplet with
0.1m is falling downwith an initial velocity of 9m/s above the free

Fig. 4. Experimental photos of three-point bending test with ice beam before (left) and after (right) cracking.

Table 1
Summary of experiments for three-point bending test with an ice beam.

Exp. No. Raw data Calculation results

wðmÞ hðmÞ PmaxðNÞ DdðmÞ EðMPaÞ sf ðMPaÞ εf

01 0.082 0.038 500.1 6e-4 270.084 1.140 0.0042
02 0.084 0.044 411.9 4e-4 209.822 0.684 0.0032
03 0.081 0.040 588.4 9e-4 183.875 1.226 0.0067
04 0.079 0.039 441.3 1e-3 137.300 0.992 0.0072
05 0.082 0.037 323.6 1.15e-3 98.775 0.778 0.0079

Fig. 5. Relative ratio of convergence tests about particle size (left group) and time increment (right group).
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end of the beam. The material properties of the cantilever ice beam
are set to be the same as in case 02 of the 3-point bending test with

the Young's modulus of 270.084MPa, Poisson's ratio of 0.3, and
flexural strength of 1.140MPa. The time step for fluid and structure
analysis are 1� 10�5 s and 1� 10�7 s, respectively, and the particle
size is 2:5� 10�3 m.

Figs. 13 and 14 present a series of snapshots for the local stress
distribution and crack propagation around two different positions,
A and B marked in Fig. 12. The crack occurs where the stress is
concentrated and the location of stress concentration moves ac-
cording to the front of crack propagation. At the same time, the
corresponding stress distribution becomes unstable, which results
in an unpredictable change in the direction of crack propagation.

Fig. 6. Snapshots of the crack path (upper) and normal stress in the x-direction (lower).

Fig. 7. Time history of stress at two mid-points on top and bottom surface of beam.

Fig. 8. Detailed time history of stress.

Fig. 9. Stress distribution at t¼ 0.3287 s.

Fig. 10. Comparison of the flexural strain with the experiments.
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Therefore, small differences in the conditions would produce
completely different simulation results. This makes an accurate
prediction of these types of problems difficult.

Fig. 15 presents the time-sequential snapshots for a FSI simu-
lation from t¼ 0.004se0.01s with an interval of 0.001s. The first
and second column indicate the cases without and with the failure
algorithm, respectively, and last column the crack path of ice in FSI
simulation with the failure algorithm. Failure occurs from where
the local stress exceeds the critical value, and dynamic behavior
and stress distribution over the beam were completely different
from simulation without the failure algorithm.

5. Conclusions

A realistic numerical simulation technology using a particle-
based Fluid-Structure Interaction (FSI) model combined with a
fracture algorithm was developed to simulate the fluid-ice-
structure interaction problems. The failure of ice was modeled as
fracture of elastic by applying a novel FSI model based on the
Moving Particle Semi-implicit (MPS) method. The developed nu-
merical algorithm of a fracture was validated by a comparison with
the experiments in a cold room for 3-point bending tests with an

Fig. 11. Schematic diagram and dimensions of the FSI simulation.

Fig. 12. Definition of the corresponding positions A and B.

Fig. 13. Snapshots of the failure path (upper) and horizontal normal stress distribution (below) at position A from t¼ 0.004s to t¼ 0.01s with interval of 0.001s.

Fig. 14. Snapshots of the failure path (upper) and the horizontal normal stress distribution (below) at position B from t¼ 0.004sec to t¼ 0.01s with interval of 0.001sec.
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ice beam. Ice failure was simulated successfully and an acceptable
range of error was obtained about 7% compared to the experiments.
Subsequently, to apply the application of the FSI model associated
with the fracture algorithm, the numerical simulation of the
dropping water droplet interacting with a cantilever ice beam was
carried out comparatively with and without the fracture algorithm.
From the simulation, the effects of fracture that can occur in the
process of the FSI simulation can be studied. However, in current
stage, the effect of FSI in this problem is different from effect of

seawater and ice in actual environment. Simulations closer to
actual problems will be included in subsequent studies.

In addition, although the present method could reproduce the
creation and propagation of crack and its effects, it seems that more
numerical investigation should be carried out to guarantee the
credibility of the developed method for the problems associated
with crack propagation by employing the factors such as cohesive
force in near future.

Fig. 15. Snapshots of the FSI simulation without failure (left), with failure (middle) and the crack path (right) from t¼ 0.004s to t¼ 0.01s with 0.001s steps.
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Appendix

Because the maximum normal stress that causes failure can
occur in any direction, the rotation of stress tensor is considered to
obtain the maximum normal stress as follows:

~s ¼ RTsR

¼
"

cos a sin a

�sin a cos a

#"
sxx syx

sxy syy

#"
cos a �sin a

sin a cos a

#
(a1)

From the above equation, the first normal components of stress,
~sn1, can be expressed as

~sn1 ¼ ~sðcos aÞ
¼ cos2 asxx þ 2 cos a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� cos2 a

p
sxy þ

�
1� cos2 a

�
syy

(a2)

In Eq. (a2), the stress tensor is a function of the rotation angle
and maximum stress in a normal direction should satisfy the
following equation as follows:

vsn1
vcos a

¼ 2 cos a
�
sxx � syy

�þ 2
1� 2 cos2 affiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� cos2 a

p sxy

¼ 0

(a3)

The above equation can be rewritten as

cos a
�
sxx � syy

�þ 1� 2 cos2 affiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� cos2 a

p sxy ¼ 0 (a4)

In general, Eq. (a4) becomes a quadratic equation as follows:

c2 � cþ B
ðAþ 4BÞ ¼ 0 (a5)

where c ¼ cos2 a, A ¼ ðsxx � syyÞ2, B ¼ s2xy.
Finally, the following equation can be obtained as a solution of

Eq. (a5):

c ¼ cos2 a ¼ 1
2
±
1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4B

Aþ 4B

r
(a6)

If the direction angle, a, for maximum normal stress is obtained
from Eq. (a6), the corresponding maximum normal stress
~smaxð¼ s1Þ can be determined by substituting a into Eq. (a2).

In addition, there is another way to consider the maximum
normal stress, so-called the first principal stress. Because the
maximum normal stress is indicated over crack propagation di-
rection, all components of shear stress should be zero, whichmeans
the first principal stress becomes the largest eigenvalue of stress
matrix. Therefore, the direction of the maximum normal stress is
the eigenvector corresponding to the maximum eigenvalue of
stress matrix.
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