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Abstract: The increase in global warming has secured the arctic region as a research hotspot, and the
existence of ice floes and massive icebergs poses a great challenge to the navigational safety of polar
ships. For the finite simulation of ship—ice collisions, a reasonable description of the ice constitutive
model is the most important factor for the accuracy of ice load prediction and structural deformation
assessment. Due to the complex physical properties of natural sea ice materials, there are still many
difficulties in achieving a widely accepted ice material model. In this paper, a constitutive model of
ice material considering the influence of temperature is established and embedded into finite element
software LS-DYNA, and the material property parameters are validated and analyzed. Then, the drop
test in a published paper is recapitulated by the numerical simulation with the proposed method,
and the results are compared. Good agreement is attained between the numerical simulation and
published results. The influences of temperature and drop height are discussed, and the results show
that both of them have an important effect on structural deformation. The research results can be
used for ice load prediction and polar ship structure design.

Keywords: ice material; constitutive model; temperature; drop test; numerical simulation

1. Introduction

The vast arctic waters are currently the largest area with undiscovered oil and gas reserves on earth,
and the actual proven reserves are equivalent to 10% of the currently known petroleum resources [1].
Meanwhile, the sharp decline in sea ice caused by global warming presents the possibility of the full
opening of the Arctic waterway, which will significantly shorten the trading distance between Asia and
Europe by more than 3000 km, or one third of the current distance [2]. The risk of collision between
ships and sea ice is greatly increased, which will cause not only irreparable life, property and economic
losses but also catastrophic damage to the fragile polar ecosystem. Therefore, it is of great significance
to study the collision performance between sea ice and ship structures. The constitutive model of sea
ice is the most important aspect of such study, as it will significantly affect the accuracy and rationality
of the calculation results.

Sea ice is a complex mixture composed of crystalline ice, brine, air and impurities, and its
proportions vary with external conditions, time and space [3]. However, as a temperature-sensitive
material, temperature, the basic thermal parameter, greatly influences the physical properties of sea ice
both in its growing stage and existing stage. In early studies, researchers mostly studied the material
properties of sea ice, including the physical and mechanical properties [4-6]. Then, empirical formulas
were obtained from mechanical tests and used in the estimation of ice load levels under different
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collision scenarios [7-10], which is simple and effective, but the precision is low and the application
scope is limited. In fact, the ice material is in a significant three-dimensional stress state during the
ship-ice crushing process, similar to that of soil. With the development of testing technology, triaxial
compression tests have been carried out, and the three-dimensional mechanical characteristics of sea
ice are intuitively and comprehensively reflected, which provides effective data support for numerical
simulations [11-13]. The test data show that the deformation of sea ice in nature presents a value of
plasticity with a certain degree of random variability, but in practice, the average value is used as the
plasticity parameter, especially in large-scale ice field calculations [14]. The thermodynamic-dynamic
sea ice model based on the viscoplastic rheological theory proposed by Hibler [15] has been widely
accepted as a classical sea ice dynamic model and was modified by Ji [16] to establish a model that can
reasonably simulate the viscoelastic behavior of sea ice under small strain and strain rates of sea ice in
the Bohai Sea area. In addition, hardened foam materials and other similar brittle materials have also
been used in the simulation of sea ice materials [17,18], which is convenient and fast but cannot fully
reflect the actual physical properties of ice. In recent years, based on reliable test data, user-defined
constitutive subroutines have been developed and applied to ship-ice collision scenarios [19-21],
which have been improved as a feasible and effective method. For ship-ice sheet collision scenarios,
the cohesive segments method and smoothed particle hydrodynamics (SPH) method are also widely
used [22-24], in which the DynaRICE model was the first software using SPH for river ice. However,
due to the complexity of the ice properties, which is affected by regional and environmental factors,
it is difficult to build a unified mathematical model to express it. Moreover, the ice properties are
also sensitive to strain rate, temperature and the coexistence of multiple failure modes. So, there are
still many difficulties to establish an accurate and comprehensive sea ice model considering all of the
affected factors.

In this paper, the constitutive relationship of sea ice material is established. An elastic-plastic
constitutive model with multisurface yield criterion and multiple empirical failure criterion is proposed.
Moreover, the corresponding user-defined subroutine is developed and embedded in finite element
software LS-DYNA. The influence of temperature is considered while the shear strength and the
diversity of material properties that has little effect on the results for collision scenarios. Based on this,
simulations and comparisons of drop test experiments of ice blocks conducted by a published paper
are carried out, and the effects of temperature and drop height are discussed. The research results in
this paper can be used for ice load prediction and polar ship structure design.

2. Ice Material Model

2.1. Ice Material Model Considering the Temperature Effects

For numerical simulations, uniaxial and triaxial experiments are the most important tests for the
measurement of material parameters and are essential for the establishment of a sea ice constitutive
model. Through uniaxial compression tests, some basic mechanical parameters of the ice can be
obtained, which can be used in empirical formulas to describe ice loading; however, in the actual
ship-ice interaction process, sea ice at the contact surface undergoes a more complex three-dimensional
stress-strain relationship state before failure. A triaxial test can reveal the three-dimensional stress
relationship of sea ice damage. Derradji-Aouat [25,26] gives a uniform multisurface yield criterion
for isotropic fresh water ice, iceberg ice and columnar ice, as shown in formula (1), which is widely
accepted and used.

((T_n)/Tmax)2+((p_)\l)/pc)z =1 (1)

The yield surface is an ellipse, 11 is the ellipse center coordinate, T is the octahedral stress, where

T= (sl-]- S j) /3, p is the hydrostatic pressure, and Tmax and p. are the maximum octahedral stress
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and ultimate hydrostatic stress, respectively. Since [, = s;; : 5;;/2 = 3 X 72 /2, the above formula can be
converted to
2+ Tmax2 X [3 X (Pz —2pA + }\2)/(2 X Pc2)] =3X Tmaxz/z )

where J is the second deviator invariant, which can be expressed in various ways, and in terms of the
principal stress component, it is written as

Jo = (01 = 02)* + (02 = 03)* + (01 - 03)°] /6 ©)

Obviously, it is a modification of the von Mises’ yield criterion, and the form of the yield formula
can be written in terms of parameters p and J, as

3X Tmax> 3% A? 3 X 2pA 3xp?
f(P/ ]2) = ]2 - 2max 2% Pcz malx2 - W max2 + 2% Pcz X Tmaxz (4)
Writing the coefficient value in a more simplified form gives
f(p.J2) = J2— (a0 + ap + azp) = 0 ©)

where f(p, J2) is the yield function, and the yield criterion is a form of the so-called Tsai-Wu yield
criterion, which is suitable for describing materials with different tensile and compressive strengths,
such as ice and soil, as shown in formula (6) in tensor notation [27].

Fi]'O'iO']' + Fio; > 1 6)

where o; is stress tensor, F1 = 1/X. —1/X;, X and X; means tensile and compression loading conditions,
Fp = 1/Ye=1/Yt, F3 = 1/Zc=1/Zs, Fi = 1/XXy, Fo = 1/Y Yy, Fag3 = 1/ZcZy, Fag = 1/53,
F55 =1/S%, Fgs = 1/5§y, Fip = =1/2VX XYYy, Fog = =1/2NZ:ZiY Yy, Fis = —=1/2VZ Zi XX

The yield criterion objectively reflects the fact that the hydrostatic pressure under complex stress
conditions will affect the yielding state of the ice material. The material properties of sea ice vary
with strain rate and temperature. According to the experiment [12,28], as shown in the yield curve
at different temperatures in Figure 1, as the ship-iceberg collision involves high strain rates (larger
than 1073 s_l), the ice should be in a brittle failure mode, and the deformation of the sea ice before the
plastic stage can be simply regarded as linear elastic behavior [19]. Therefore, the strain rate effect is
not taken into consideration in this paper.
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Figure 1. Yield curve at different temperatures.
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Considering the rationality of the constitutive model, an elastic-plastic constitutive model with
brittle failure characteristics is established. The yield function parameters are fitted by MATLAB, and
the yield formulas of ice materials at different temperatures are obtained. In a specific scenario, ag, a1,
and a, are constants, which are

f(p/IZ/ T) =]~ (ll()(T) —+aq (T)p +a2(T)p2) =0 7)

For an elastic-plastic constitutive model, three issues must be considered: the plastic potential
function for determining the direction of plastic strain, the yield function for judging the conditions
for entering the yield state, and the coordination formula for calculating the magnitude of the plastic
strain. The constitutive model satisfies the isotropic generalized Hooke’s law at the elastic stage, and

its incremental form is
Aoy = Aog +2G(Aey — Agg), ATyy = GAYyy

Aoy = Ao +2G(Aey - Agg), ATyz = GAy,, (8)
Aoz = Aoy + 2G(Aez — Agg), Atz = GAY,,
where Agg is the hydrostatic strain increment, Aeg = (Aeq + Aey + Aes) /3, and Aoy is the hydrostatic

stress increment, Aoy = (Ao + Aoy + Ao3)/3. In the plastic phase, due to the convexity of the yield
surface, the plastic strain increment can be written as

der — i ©)
[od0)

Using the associated flow rule in the plastic stage, f(J2,p, T) is the yield function, and the above
formula can be transformed to

o« fyield
X0jj

de = dsfj + dsfj = %dolj - %Ldpéij +dA (10)
where doj; is the stress increment and §;; is the Kronecker symbol, and its valueis 0 (i # j) or 1 (i = j).

In addition to the yield criterion, a reasonable failure criterion also needs to be established to
simulate the damage characteristics of sea ice materials. There are many kinds of failure modes, and
under normal circumstances, the damage forms of ice materials mainly include compression failure,
tensile failure and shear failure. In dealing with ship-ice collision problems, the use of shear failure
criteria actually underestimates the tensile strength or compressive strength of the ice material, causing
the unit to failure prematurely. In actual situations, ice will also undergo a plastic stage during the
extrusion process of ice, the hydrostatic stress of the ice material increases, and the strength increases
significantly. Obviously, this compressive failure criterion is more difficult to satisfy. Considering that
the upper limit should be used in practical applications, a dynamic failure strain criterion related to
the rate-independent and cumulative plastic strain is used in this paper to define the failure of the
element. The criterion originates from Jordaan’s empirical formula [29] and is used by Liu [19] and
Gao [20], as shown in formula (10, 11)

filp) =bi(1-p/p1)? (11)

fop) = ba(p/p2)" (12)

where by, by, p1, and p; are constant parameters, and r is a parameter related to the curve form. Similarly,
this paper gives an improved empirical failure criterion, considering the temperature effect and adding
the temperature term, that is:

When s’gq > eforp < peout, the element fails. Here, sfq is the equivalent plastic strain, el =

eq -
J(2/3) X (afj : sfj), e is the failure strain, ef = eg + (p/pa(T) - 0.6)?, and Peut 1s the truncated stress.

In addition, taking the tensile strength into consideration, the tensile strength limit is 2 MPa. ¢y is the
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initial failure strain and is set as the lowest point of the failure curve to 0.01. This failure criterion is
characterized by focusing on the difference in the bearing capacity between the high stress zone and
the low stress zone caused by the hydrostatic stress, the restraining friction slip, and the weakening
effect of the shear failure in ship-ice collision problems.

2.2. Stress Update Algorithm

When updating the constitutive formula, the numerical algorithm is actually a stress update
algorithm or constitutive integral algorithm. For rate-independent plasticity, the commonly used
constitutive integral algorithm includes explicit algorithms, implicit algorithms and semi-implicit
algorithms. A generalized rate-independent elastic-plastic constitutive model can be written as [30]

€ij sl‘fj + ef]

o oy
o4 = i (¢%9) (13)
& vrij(o,q)

where ¢; i s’lt’]., and 5?], denote the total strain, elastic strain and plastic strain, 0jj is the Cauchy stress, g
represents the plastic variables, r;; is the plastic flow direction, v is the plastic parameter and /i« is the
plastic moduli.

Before the constitutive formula enters the plastic stage, the ice material is in an ideal elastic state,
and the stress is calculated directly by Hooke’s law. While entering the plastic stage, in the next short
time period t, the trial stress is obtained by Hooke’s law and is updated in the same way as in the
elastic stage; if the stress exceeds the yield limit, it enters the iteration step. The nearest point projection
method is used, which is a semi-implicit returning mapping algorithm, and the integral expression can
be expressed as follows

€nt1 = €n + Ac
sfwl = 5571 + Avy1Tn
In+1 = Gn + DYpp1hn (14)
ont1=C: (eny1— 5Z+1)
fos1 = f(Ons1—=Gni1) =0

where n is the iteration number, ¢, and aZ are the strain and plastic strain in step n, Ae is the strain
increment, Ay, 1 is the plastic increment parameter, and C is the elastic matrix. It can be seen that an
implicit algorithm is applied to the plasticity parameter Ay, 1, while an explicit algorithm is applied
to the plastic flow direction and the plastic modulus /. At the end of each step, the increment of the
plasticity parameter is calculated, and the yield condition is strengthened. The plastic stage formula of
the above equations is expressed as

Ay = frll+,1/(v;+1: DS r;+1),
01 = q:1+1 - AV”H(D;H : r:1+1) (15)
i1 = Dy T AYnah

Thereafter, the convergence condition is checked in each iteration step, and if it converges,
the iteration is exited; otherwise:

_ i+
On+1 = 0y g
_ i+l
1=
I+ T2 (16)

52+1 = e(0n+1,9n+1)

_ e
Cop1 = Entl T &
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The plastic strain increment is Aan = sZ - sﬁ = AN, 417541, and it can be put into formula (13)
to obtain
Opp1 =C: (g1 — € Aan) C:(en+De—¢h Aan)
=C'(£n—£)+C Ae—C: Ae (6n+C:As)—C.A£n+1 (17)
— o - C AL, = o~ Ay
trial

In the formula, o, T is the prediction stress and —AMA,,+1C : r,,+1 is the value of plastic correction.

The specific steps are as shown in Figure 2, and the corresponding subroutine is generated after the
program execution ends.

START
Calculate stress, yield formulas in step k
“ ’ ]
$ REPORT&EXIT o) =0 g, 8~/ [,)]

n+l Tn+l

Y
Calculate parameters Y
ay,ay,a,

l N

- Calculate the plasticity consistency
Calculate trial stress parameter increment k+1
rial (k)
o ﬂ.(“ fu~
n+l = k). cth) .5 k)
l O fusi 1 Coit 100 S s
Calculate yield formula f l
I(pJ2)=J2=Gp) Update state variables and consistency
parameters
/)(A+l) /J(A) ;l(fxiﬂ (k) —
Y (YIELD) En+l En+l w4196 fy4l
f>0 k+1) _ A oK) (k)
Ay =AY + 07
N

A

Update stress

Calculate plastic strain and failure strain values

,;{’ = ;’) [[’ g, =g + L—O.G
“ 397y n.

Y Element
failed

| Input stress and historical variables |

END

Figure 2. Stress update algorithm flow.
2.3. Verification and Comparative Analysis of Sea Ice Materials

First, the single element test model is established, and the compression and tensile loads are
applied separately. In the subroutine calculations, to verify the logical correctness of the related
parameters, the values of the second deviating stress invariant (J,), the hydrostatic stress (P) and the
failure strain () are outputted, and the curves obtained are shown in Figures 3-5, respectively.
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Figure 3. Comparison of [, — p relationship between theoretical results and single element test results.
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Figure 4. Comparison of ¢ s — p curves obtained from single element test and other researchers.
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Figure 5. Relationship obtained from single element test.

From Figure 3, it can be seen that the second invariant of the deviatoric stress J, has a quadratic
relationship with the hydrostatic stress. The theoretical curve is a standard curve (black), and before
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point b, the output value is lower than the theoretical value, indicating that the element is in the elastic
stage. When point b is reached and exceeded, the two lines coincide, and the element reaches the yield
state. The initial yield point is approximately 10 MPa, which is in line with the theoretical solution.
At the same time, the failure strain curve is also quadratic with hydrostatic stress, and its minimum
value is 0.01, which is consistent with the set theoretical value and tend to be more likely to fail than
Liu’s and Gao’s model [19,20]. Under tensile loading, the minimum hydrostatic stress is —2 MPa and is
the same as the theoretical tensile ultimate strength, namely, the truncation stress, which shows that
the subroutine algorithm is convergent and correct.

Then, a rigid plate-spherical ice crushing model is established, and the rationality of the material
is verified by the pressure-area curve. The diameter of the ice sphere is 1 m, and the side length of the
rigid plate is 3 m. The side of the rigid plate is fixed and impacted by the ice sphere at a constant speed
of 1 m/s. The deformation of the ice sphere at 0.5 s is shown in Figure 6. It can be seen that the surface
of the ice sphere has been damaged, the failure surface is jagged, there are visible but small amounts of
ice blocks falling off, and the stress distribution on the contact surface is uneven. The high stress areas
and low stress areas are obvious. The maximum stress is approximately 23.5 MPa, and the minimum
stress is approximately 2 MPa, which indicates that the strength of the material is enhanced under
three-dimensional compressive stress.

Fringe Levels
Fringe Levels (b) 2.361e+07
2.361e+07 2.104e+07
2.1048+DT] 1.B48E+07]
1.848e+07 _| 1.592e+07 _

1.592e+07 _
1.336e+07

1.080e+07 :H
8.242e+06 _|

5.682e+06 _ |

1.336e+07

1.uaoe+u7:H
8.2426+06 _|

5.682e+06 _
3.121e+06

5.505&4-05]
2.000e+06

3.121e+06 __|
5.605e+05:l
-2.000e+06 = =

Figure 6. Damage of the ice ball at 0.5 s. (a) Main view (b) Side view.

The collision force and pressure-area curve are shown in Figures 7 and 8, respectively. The collision
force shows typical nonlinear characteristics due to instantaneous element failure. The force value
increases significantly at the beginning of the crushing process due to the rapid increase in the contact
area, and then the increase is gradual. Figure 8 shows the comparison of the pressure-area curves
calculated during the process with ISO standards and those measured by other researchers. It is shown
that the general trend of the pressure-area curve is in good agreement with the ISO standard and the
results of other researchers. While the contact area is small in the beginning, the value is close to the
standard value, and is significantly larger than the results of Timco’s and Molikpad Design’s [31], as the
area increases, the average pressure value gradually decreases and approaches the standard value,
the pressure value tends to be flat at the end, and the consistency with the standard curve is good.
It should be noted that the pressure-area curve of the ISO standard is based on the limit state design
(ULS) and the accidental limit state (ALS) method, which means that the pressure measurement takes
the limit value, makes the value slightly smaller than the standard value. By contrast, the pressure-area
curve obtained in this paper is more consistent with the curve obtained by other researchers when the
contact area is large, and reduces the deviation of their values from the ISO curve when the area is
small, makes it more reasonable.

To study the characteristics of the high stress zone and low stress zone during the reaction process,
Figures 9 and 10 show the positions of the nodes that are located diagonally in a partial area (1.0 m X
1.0 m) of the rigid plate and the nodal force of each node at four time points, 0.2 s, 0.4 s, 0.6 s and 0.8 s.
It can be seen that as the crushing failure progresses, there exists a mutual transformation between



J. Mar. Sci. Eng. 2020, 8,193 9 of 21

the high-pressure zone and low-pressure zone. The closer the node is to the center, the greater the
variation range of the node force is, and it gradually decreases from the center to the periphery.

15+

101

F/MN

0 T T T T
0.0 0.2 0.4 0.6 0.8
time/s

Figure 7. Force-time curve of the collision model between ice sphere and rigid plate.
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Figure 8. Comparison of pressure-area relationship between this study and other researchers.

Figure 9. Node location on rigid plate.
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Figures 11 and 12 are curves of the failure stress and strain of the single element under continuous
compression loading at different temperatures. It can be seen that with the decrease in temperature, the
failure stress increases, indicating that the material becomes stronger, while the failure strain decreases,
indicating that the material becomes brittle, which is in good agreement with the experimental
conclusions. The pressure-area curves at different temperatures are shown in Figure 13. It can be seen
that the pressure-area curves at different temperatures have the same trend, which is smaller than the
ISO standard curve at the beginning and is consistent with the standard curves when the pressure
tends to stabilize. The pressure value at lower temperatures is slightly higher, and the differences
are not obvious, which shows that the yield criterion plays a more important role in the influence of
temperature on the material properties.

From the figures above, it can be seen that, compared to natural sea ice materials, the user-defined
ice material proposed in this paper produces a fairly accurate simulation of the ice load and
the deformation characteristics under compressive loads, reasonably reflecting its temperature
sensitivity characteristics.

35-
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[\°] [\°] W
[—} wn [—}
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—
9]
.

—
=]
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30 25 20 -15 -10 -5 0

Temperature/C

Figure 11. Failure stress-temperature curve.
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Figure 12. Failure strain-temperature curve.
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Figure 13. Pressure-area curves at different temperatures.

3. Numerical Simulation Analysis of the Ice Drop Test
3.1. Experimental Introduction

In 2013, Kim [32] conducted a series of drop impact tests on ice blocks and stiffened plate frames at
Norwegian University of Science and Technology and Aalto University, as shown in Figure 14. In this
section, a typical condition with a drop height of 3.0 m will be selected and compared.

Figure 14. Photographs of the drop test experiment.
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The typical stiffened plate frame structure in the test is shown in Figure 15. The size of the stiffened
plate frame is 1.1 m by 1.1 m, the spacing between the stiffeners is 150 mm, and the spacing between
the ribs is 500 mm. There are L-shaped support plates on both sides to provide a rigid boundary.
According to the plate thickness difference of each structure, the plate frame is divided into three types.
In this paper, the P3 plate is used, as shown in Table 1.

Figure 15. Photographs of the stiffened panel.

Table 1. Thickness of the stiffened plate.

Items Material Thickness
plate 5235 4 mm
stiffener 5235 4 mm
rib 5235 4 mm

The test was carried out at a temperature of 3°C. The ice samples consisted of laboratory ice,
and the density was 900 kg/m>. The stiffened plate was made of S235 steel, and the engineering
stress-strain curve is shown in Figure 16. The ice block was used as the object of the free-fall drop
impact, the maximum length and depth of the dent were measured, and the crushing process was
recorded by a high-speed camera.

400 - -

300

[

S

<
1

Stress/MPa

0 ] T T T T T T T T T 1
0.00 0.02 0.04 0.06 0.08 0.10
Strain

Figure 16. Engineering stress-strain curve of mild steel.
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3.2. Finite Element Model

The computations are implemented by LS-DYNA. The finite element model is shown in Figure 17.
The dimensions of the plate frame and the ice block are exactly the same as the test, the plate frame is
modeled by four-nodes and five-integration-point shell elements (thin shell 163), and the ice block is
modeled by solid elements (solid 164). Both ends parallel to the rib of the plate are rigidly fixed, while
the ice block has no constraints during the simulation. In addition, a 5.0 mm overall finite element
length was developed for the stiffened plate, and the size of the ice block was the same.

scale 1:1

Figure 17. Finite element model of the drop test.

In the simulation, the initial fall height of the ice block is converted to the initial velocity to
reduce the calculation time, which is 3 m and 7.67 m/s%, and the temperature of the ice block is set
to =5 °C as a result of comprehensive consideration of the ice block reserving temperature and the
room temperature. A “combined material” [33-35] is used for the direct simulation input of the steel
material, and the temperature of the stiffened plate is not considered. Furthermore, the drop test
experiment is a strong, nonlinear high strain rate problem, so the hardening phenomenon and strain
rate effect of the material cannot be ignored. In this paper, using the Cowper-Symonds constitutive
formula [36], the materials D and P of the low-carbon steel are 40.4 and 5, respectively.

3.3. Numerical Results

Figures 18 and 19 show the deformations of the stiffened plate from the simulation. It can be
seen that due to the relatively weak material strength of the sea ice and the failure during collision,
the deformation is concentrated in the central contact position and presents a continuous concave
deformation because of the existence of the stiffener. The maximum stress reaches 385 MPa and
the maximum strain is nearly 0.03, which shows that the effect of the strain rate is obvious, and the
deformation length is approximately 750 mm between the 5 stiffened plates, which is consistent with
the test results.

Fringe Levels
3.854e+08
3.469e+08 ]
3.083e+08 _|
2.698e+08 _
2.313e+08
1.927e+08
1.542+08 _|
1.157e+08 _|
7.714e+07
3.861e+07
7.506e+04 _|

Figure 18. Stress contours of the stiffened plate.



J. Mar. Sci. Eng. 2020, 8,193 14 of 21
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0.000e+00 _|

Figure 19. Plastic strain contours of the stiffened plate.

The impact depth of the stiffened plate in the simulation is shown in Figure 20 and is compared
with the experimental results [32]. Take the original plane as the datum plane, negative number
represents depression, positive number represents unwarping, the collision depth results are basically
the same. In the test, due to the low accuracy of the value measured, the maximum depth in the test
is approximately 8 mm, and the contour is composed of broken lines, which is inclined to the right
side of the plate frame, showing that the ice block is skewed to some extent during the falling process.
In the simulation, the contours are curves because the height is converted into velocity, and the initial
interval is very close, so the symmetry of the structure deformation is obvious, and the maximum
depth is 8.6 mm. Considering that there is no loss of kinetic energy caused by the ice falling and due to
the difficulty in accurately modeling the occurrence of cracks and ice splits in the simulation, it can be
said that the plate deformation results in the simulation are conservative but reasonable.

Fringe Levels
2.162e-03
1.085e-03 ]
8.697e-06 _

1.068e-03 _

~2.145e-03

Figure 20. Dent distribution in the simulation (m).

During the collision process, both the structure and the ice can undergo significant deformations.
Figure 21 shows the damage and deformation of the ice block in the simulation. It can be seen that the
ice block is mainly damaged in the form of element failure, the debris is minimal, the stress distribution
is obviously localized, and the maximum stress is 8.9 MPa. In the experiment, the ice block is deformed
and crushed irregularly during the test, with the generation of new splitting cracks and the extruded
ice falling off. Therefore, for the deformation of ice material, because the finite element software is
based on the continuum medium theory, user-defined ice material has limitations compared with
actual ice material. Generally, the simulation results tend to be conservative.
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Figure 21. Stress contours of ice block in the simulation.
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Numerical analyses can offer much detailed information, and it is possible to record the data that
are difficult to obtain in the test through simulation to understand the characteristics of the interaction
between the plate frame and the ice block, such as the collision force and energy, which are shown in
Figures 22-24. Figure 22 shows the curve of the collision force during the drop test process. The entire
dropping process time is approximately 0.14 s, and the impact force is typically nonlinear with multiple

peaks, which are at 753.48 kN, 668.29 kN, and 540.31 kN, and gradually decrease with time.
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Figure 22. Collision force-time relationship of the stiffened plate obtained from simulation.
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Figure 23. Kinetic energy of the stiffened plate and ice block obtained from simulation.
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Figure 24. Internal energy of the stiffened plate and ice block obtained from simulation.

Figures 23 and 24 show the curves of the kinetic energy and internal energy of the ice block and
stiffened plate. It can be seen that the kinetic energy of the ice block decreases rapidly during the collision
process, the energy of the plate and the ice block is kept at a very small value, the energy absorbed by
the ice block is approximately 0.5 k], and the internal energy of the structure is approximately 2.31 kJ,
which is mostly due to the slightly larger deformation and the hard fragmentation of the ice block.

The stiffened plate frame absorbs most of the energy.
The comparison between the simulation and test is summarized and shown in Table 2. It can be

noted that in the test, the energy absorbed by the plate frame is smaller than that in the simulation,

which is partly due to the calculation method of applying a uniform pressure until the deformation of
the plate frame is equal to the measured value, and because the dynamic effect is not considered and

there is a relatively large deformation. Additionally, considerable kinetic energy has also been lost due

to ice fragmentation, which is the main reason for the energy error.

Table 2. Comparison between the simulation and test.

Items Drop Test Simulation
Plate number P3 P3
Kinetic energy/K] 17.7 17.7
Length of dent/mm ~750 ~750
Depth of dent/mm ~8 8.61
Peak force/KN - 753.48
Energy absorbed(ice/plate)/K] -/1.2 0.5/2.31

Generally, under the comparison with the drop experiment, the user-defined ice material proposed
in this paper can reasonably simulate the ice load and the basic deformation characteristics, and the
error is within an acceptable range. While for the description of the ice damage and failure, especially its
splitting and falling off, has limitations, which are mainly caused by the inherent characteristics of finite
element theory, the simulation results are conservative, but still reasonable, and do not overestimate

the strength of sea ice.

4. Discussions

4.1. Effect on the Temperature of the Ice Block

As a temperature-sensitive material, the properties of sea ice materials are dependent on
temperature. In Section 2.3, we determined that the effect of temperature on a single element is
significant but is not obvious in the pressure-area curve. However, for the deformable plate frame
structure, it is necessary to study the change in the deformation of the plate frame under different

temperature drop conditions.
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Four different temperature scenarios, namely, —5°C, —10°C, —=15°C, and —20°C, are modeled and
calculated; the temperature effect of the plate frame is not considered, and other parameters remain
unchanged in each scenario.

The deformation of the central section of the plate frame and the maximum depth are shown in
Figure 25, in which five pits were marked as no. 1 to no. 5 from left to right. It can be seen that under
different temperatures, the deformation shape of the middle sections of the stiffened plate is basically
the same, the nodal displacement at the center of the plate frame is slightly larger than that at other
locations along the plate frame. As the temperature of the ice decreases, the depth of each pit increases
slightly, and the decreasing trend is approximately linear for the three pits in the central position, while
linear characteristics are not obvious for the pits at the edge.

no.l1 no.2 no.3 no.4 no.5
-5C T -
-10C_

-15C
@ 20C

12

10+

®)

Depth/mm

6 T T T

Number

Figure 25. Deformation and maximum depth at different temperatures. (a) Deformation of the middle
sections of the plate frame. (b) Maximum depth measured in simulation.

The initial kinetic energy is the same as that of the typical scenario, which is 17.7 kJ. Table 3 shows
the dent length, peak force and energy absorbed in the final state under different temperatures. It can
be seen that, in general, as the temperature decreases, the peak force and the internal energy of the
stiffened plate increase, which is in line with the previous conclusion that as the temperature decreases,
the ice material gradually becomes harder and more brittle. The dent length remains unchanged, and
the internal energy of the ice block also remains stable, generally, which indicates that the energy
absorbed by the ice block is mainly related to its own deformation, while the temperature mainly
affects the initial internal energy of sea ice. Of course, for extremely low temperatures, due to the lack
of experimental data support, the applicability of the user-defined material cannot be guaranteed.

Table 3. Variation in drop parameters at different temperatures.

Items -5°C -10°C -15°C -20°C
Dent length/mm ~750 ~750 ~750 ~750
Peak force/KN 753.48 783.81 806.12 829.97
Energy absorbed (ice block)/K] 0.52 0.44 0.47 0.48

Energy absorbed (plate)/K] 2.31 2.73 3.09 341
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4.2. Effect of the Drop Height of the Ice Block

Another factor that requires attention and has a greater influence on structural safety during polar
voyages is the relative speed. Although Kim also performed drop tests at 1.1 m and 1.6 m, the results
do not contribute to the analysis of the influence of the relative speed of a collision. In this section, five
drop height simulation scenarios are established and analyzed, namely, 1 m, 1.5 m, 2 m, 2.5 m, and 3 m,
which will be transformed into the velocity in the simulation.

Similarly, Figure 26 shows the deformation of the central section of the plate frame and the
maximum depth of five pits marked as no. 1 tono. 5. It can be seen that the influence of the drop height
on the deformation of the plate frame is significant, the deformation amplitude of the stiffened plate
frame becomes increasingly obvious with the increase in the drop height, the relationship between
the drop height and deformation amplitude is nonlinear, and as the height steadily increases, the
increasing value of the deformation depth decreases gradually. At the same time, the situation in
which the deformation of the middle part is larger than that of the two ends is not changed.
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Im
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10 4 —=—1.0m
-#--1.5m
b 2.0m
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Figure 26. Deformation and maximum depth at different drop heights. (a) Deformation of the middle
section of the plate frame. (b) Maximum depth measured in simulation.

The kinetic energy has a linear relationship with the height at different drop heights, while the
velocity does not, as shown in Table 4, which also shows the other parameters of the drop test. It can be
seen that the dent length and energy absorbed by the ice block have no obvious change, and the energy
absorbed by the ice block is maintained at approximately 0.5-0.6 k]. This is because with the increase
in the initial height, the energy absorption of the ice block increases, while the failure number of the ice
elements also increases rapidly, which produces a trend of the energy absorption of sea ice that is not
obvious. While the energy absorbed by the stiffened plate structure and the peak force increase rapidly
with increasing height and have a nonlinear relationship with height, the general trend is similar to
that of the deformation depth.
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Table 4. Variation in drop parameters at different drop heights.

Items 1.0 m 1.5m 2m 2.5m 3m
Velocity/ms™! 442 5.42 6.26 7 7.65
Dent length/mm ~750 ~750 ~750 ~750 ~750
Peak force/KN 67749 705.71 74652 750.09 753.48
Initial kinetic energy/K] 6.25 9.35 12.48 15.61 17.7

Energy absorbed (ice block)/K] 0.59 0.53 0.61 0.53 0.52
Energy absorbed (plate)/K] 1.52 2.01 222 2.29 2.31

5. Conclusions

In this paper, an ice material constitutive model considering the influence of temperature is proposed,
and the corresponding LS-DYNA material subroutine is established. The ice material constitutive model
proposed in this paper can effectively simulate the ice load under collision and correctly reflect the
three-dimensional compressive strength characteristics of ice materials. The pressure-area curve is
consistent with the ISO standard and other experimental results. The temperature has a direct effect on
the material properties; as the temperature decreases, the material becomes harder and more brittle.

Through the simulation of the drop test, collision parameters such as the deformation and collision
depth are compared. The results show that the simulation results are in good agreement with the test
results, the error of the maximum depth is within the acceptable range, and the ice load can be relatively
accurately obtained. However, for simulating ice damage and failure, especially the phenomena of ice
splitting and falling off, the finite element method still has its limitations, which are mainly due to its
inherent characteristics of the continuum theory.

Through the parameter sensitivity analysis of the drop test, the results show that temperature
and drop height have an important influence on the deformation and damage of the stiffened plate.
Relatively speaking, the influence of the temperature is less than that of the drop height change; at the
same time, the influence of the temperature shows the characteristics of an approximately linearity
relationship, while the effect of the drop height on the deformation of the plate is gradually reduced,
which needs to be further verified by experiments.

In summary, compared with the experimental results and the research results of the sensitivity
to the influence of the parameters, it is shown that the simulation results are consistent with the
experimental deformation; generally speaking, the simulation results are more conservative without
being too conservative. The ice material model proposed in this paper can be used for the analysis of
actual ship—ice interaction scenarios.
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