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Investigation on the Ice Load on a Cylinder Vertically Breaking
through Model Ice Sheet from Underneath
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Abstract: Ice load on underwater vehicles breaking through ice covers from underneath is a significant
concern for researchers in polar exploration, and the research on this problem is still in its early stages. Both
mechanical experimental measurement and numerical simulation pose research challenges. This study focuses
on the ice load of a cylinder structure breaking upward through the ice sheet form underneath in the Small Ice
Model Basin of China Ship Scientific Research Center (CSSRC SIMB). A high-speed camera system was
employed to observe the ice sheet failure during the tests, in which, with the loading position as center, local
radial cracks and circumferential cracks were generated. A load sensor was used to measure the overall ice
load during this process. Meanwhile, a numerical model was developed using LS-DYNA for validation and
comparison. With this model, numerical simulation was conducted under various ice thicknesses and upgoing
speeds to analyze the instantaneous curves of ice load. The calculation results were statistically analyzed
under different working conditions to determine the influence of the factors on the ice load of the cylinder.
The study explores the measurement method about ice load of objects vertically breaking through model ice
sheet and is expected to provide some fundamental insights into the safety design of underwater structures
operating in ice waters.
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0 Introduction

The melting of Arctic sea ice has resulted in the opening of the Arctic route'. However, navigating in
the Arctic region has proved to be a challeng due to unexpected situations, with underwater vehicles stuck in
ice being a relatively common emergency. In such events, vehicles often find it difficult to extricate
themselves and require auxiliary ice-breaking methods. The focus of most of the existing research is placed
on longitudinal and transverse ice-breaking”. However, neither of these methods is suitable for solving the
problem of an underwater vehicle stuck in ice. On the other side, some scholars think that vertical ice-
breaking has demonstrated superior efficacy in dealing with underwater vehicles stuck in ice™. During
vertical ice-breaking, the ice sheet undergoes shearing and bending failures, which will assist vehicles in

freeing themselves from the ice sheet. Furthermore, when designing offshore structures, it is essential to
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consider the allowable stress of the ice plate as a bearing medium. The interaction between the offshore
structure and the ice sheet is nearly identical to the quasi-static loading form of a cylinder vertically breaking
through ice sheet underneath, underscoring the importance of the design ice load for a cylinder vertically
breaking through ice sheet. Research in this area not only enhances the ice-breaking capabilities of an
underwater structure but also provides vital insights for offshore structure design.

The theoretical investigation of the ice load on cylindrical structures has been the subject of rapid
advancement, with the predominant research method entailing the establishment of a mechanical model for
vertical loading and its subsequent solution through computer programming[4]. Notably, Chuangm suggests
that the effect of water is of relatively minor significance in the vertical ice-breaking process of a cylinder.
Utilizing the fundamental assumption of the small deflection theory of elastic thin plates and the theory of
elastic mechanics, Chuang could compute the deflection of a four-sided supported rectangular ice plate when
subjected to a concentrated force.

Limited experimental research has been conducted on measuring the ice load during the time when a
cylinder vertically goes upward to ice sheet. However, the research about ice load for a cylinder vertically
downward loading can be used as a reference. For instance, Masterson et al”’ investigated the allowable
stresses of ice as a safe load-bearing medium, which can help ensure that long-term creep deformation will
not lead to submersion of the ice surface. Furthermore, Wang[(’] conducted vertical ice-breaking tests on
cylinders in an anhydrous environment using freshwater model ice on a self-developed test platform. The ice
load of the cylinder was obtained through the observation of the destruction of the ice sheet during vertical
ice-breaking process.

There have been several numerical simulation studies on ice load for a cylinder vertically breaking
through ice sheet. A study by Ye et al”™® employed the peridynamic method to develop a model of cylinder
ice-breaking. The model was used to simulate the breakage process of sea ice and calculate the dynamic ice
load on the cylinder. Meng[gl established a numerical model of the action of underwater vehicle and ice plate
using ANSYS/LS-DYNA. The model's effectiveness was verified by comparing it with the real ice-breaking
process of the underwater vehicle. Additionally, Qian”! utilized the finite element method to investigate the
dynamic characteristics of the ice load during the vertical upgoing of the underwater vehicle.

This paper aims to enhance the level of research on the ice load on underwater vehicles when passing
from underneath ice covers using both model test and numerical simulation. The paper presents the
observation of the destruction phenomenon of the ice sheet due to vertical loading, measurement of the
overall ice load through a load sensor, and exploration of the measurement method of a cylinder vertically
breaking through model ice sheet. The finite element method is employed to establish a numerical model for
vertical loading on cylinders, which is compared with the model test results to verify numerical accuracy.
Cylinder vertical loading simulations under various ice thicknesses and upgoing velocities are carried out, and
the influences of different factors on the ice load of cylinders are analyzed. The study provides significant
insights into the vehicle under vertical loading and structural design. It is anticipated that the results of this
study will be of valuable reference to professionals in the field and will contribute to the development of

effective solutions to the challenge of vertical ice-breaking.

1 Physical experiments

1.1 The columnar saline model ice
The Small Ice Model Basin of China Ship Scientific Research Center (CSSRC SIMB) has a dimension
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of 8 m in length, 2 m in width, and 1 m in depth, as shown in Fig. 1", The ice-making process in the SIMB
U2 of the Hamburg Tank (HSVA) in Germany.

Cooling fans are suspended from the roof, ceiling panels with tiny holes are installed underneath to exhaust

is similar to, but improved from, the method by the Evers

the cooling air, and circulating fans with guide plates are set on the side walls to suck the air used for cooling;

thus, forced cooling air circulation is formed.

Fig.1 Interior scene of CSSRC SIMB

Model ice is made of sodium chloride solution, and the preparation process is divided into precooling,
crystallization and ice making. To control the density and to lower the strength, an underwater air bubbling
system is used to produce air bubbles which will be trapped in the model ice during the freezing process. Its
mechanical properties can be adjusted by warming up and underwater air bubble generation system. After
warming up, the temperature of model ice is usually around —0.8 C.

The mechanical properties of model ice in the SIMB are statistically analyzed through a series of
experimental measurements. The main characteristic parameters of model ice (—0.8 °C) in the SIMB and sea
ice are summarized in Tab. 1. With the continuous exploration of the experimenters, it is found that after
adding bubbles to the saline model ice, the brittleness of the ice is greatly improved. The flexural fracture
mode of the ice and the distribution ratio of the crushed ice flakes of various scales are consistent with those
of natural sea ice, and the similarity could be maintained in terms of physical and mechanical properties and

. 13
fracture behavior patterns[ ]

Tab.1 Physical and mechanical parameters of sea ice and model ice in SIMB

Parameter/Unit One-year columnar sea ice Model ice
Density/(g-cm °) 0.91(average) 0.9-0.92
Thickness/mm 500-2000 30-50
Flexural strength/MPa 0.5-2 0.03-0.1
Compressive strength/MPa 0.5-12 0.05-0.2
Tensile strength/MPa 0.2-0.8 0.01-0.03
Elastic modulus/GPa 2-5 0.06-0.2

The model ice comprises a granular structure of fine particles, with a transitional sheet in the middle and
a columnar structure at the lower sheet''"”. As illustrated in Fig. 2(a), the crystal structure of the model ice is
discernible. The crystal structure of the model ice is found to be very similar to that of the Arctic sea ice. In
Fig. 2(b)[14], Stal, Sta2, Sta5, and Sta6 represent the Arctic one-year ice, while Sta3 represents the two-year
ice and Sta4 represents the multi-year ice. The results indicate that the crystal structure of the model ice is
similar to that of the Arctic one-year ice. Additionally, photographic and image analysis techniques are

employed to obtain the crystal structure of the ice surface, which can be observed in Fig. 3.
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Fig.2 Ice crystal structure (Vertical slice)
1.2 Cylinder vertical loading test
The experimental model utilizes a cylindrical structure with a diameter of 30 mm and a height of
110 mm. A cylindrical mounting platform is provided, centered with an internal threaded hole. One end of the
load cell is connected to the model via a screw rod, while the other is connected to the upper device. The load
cell has a maximum capacity of 500 N. The main component of the power device is an air pump loading
device, vertically installed on a square base. The loading speed is fixed at 25 mm/s. For visual reference, it is

shown in Fig. 4 for the complete setup of the test device.

Device

110 mm

Load sensor

Loading device

Connectors

[10]

Fig.3 Model ice crystal structure (Horizontal slice) Fig.4 Test device

The vertical loading process is observed using a high-speed camera system to monitor the destruction of
the ice sheet. The load sensor is used to obtain the overall ice load on the cylinder's upper surface, and the
cylinder's subsequent changes in the ice load are analyzed. Tab. 2 displays the relevant instrumentation

parameters of the test, while Tab. 3 outlines the specific test conditions.

Tab.2 Instrument specifications for cylinder vertical loading test

Instrument Function Range/Accuracy
Salinity meter Measure the salinity of the ice 0.01 ppt
Electronic scales Measure the density of ice 0.1g
Vernier calipers Measure the thickness of the ice sample 0.05 mm
High-speed cameras Capture the details of the ice breakdown failure 2800 FPS
Load sensor Measure the ice load 500 N
Air pump loading device Control the speed of the cylinder 25 mm/s
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Tab.3 Cylinder vertical loading test parameters

Case Ice thickness/mm Ice length/mm Ice width/mm Speed/! (mm'sil)
1 30 5000 2000 25
2 30 4000 2000 25
3 30 3000 2000 25

The test process mainly includes preparation of model ice, calibration of the load cell, installation of the
cylinder and the load cell, measurement of the
basic physical and mechanical properties of the
model ice, and measurement of the ice load. The
model ice is shown in Fig. 5. Adjacent to the
basin, a high-speed camera is positioned and
adjusted for optimal angle and focus. Three
upgoing tests are carried out, with the ice load

being recorded during each of these tests.
Simultaneously, the ice surface rupture is observed Fig.5 Test initial state—model ice sheet
via cameras and high-speed cameras.
1.3 Experiment phenomenon

To facilitate the description of the test process, the photos of the three stages of the cylinder moving, the

destruction of the ice sheet, and the breakthrough of the cylinder are mainly listed, as shown in Figs. 6-8.

Fig.6 First test (ice length 5000 mm, ice width 2000 mm)

Fig.7 Second test (ice length 4000 mm, ice width 2000 mm)

Fig.8 Third test (ice length 3000 mm, ice width 2000 mm)
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As per the test process, when a cylinder breaks the ice vertically, it initiates a radial crack around the
cylinder that extends toward both ends. Following this, a second crack appears perpendicular to the first crack
and extends towards both ends until it reaches the vicinity of the ice plate. The fan-shaped ice sheet around
the cylinder also undergoes warping, leading to the ejection of a portion of the ice sheet. Additionally, a
circumferential crack originates from the ice-breaking position of the cylinder at the end of the radial crack.
Notably, the destruction of the ice sheet observed during the test aligns with the cylindrical loading test of sea

] 'When the ratio of the diameter of the indenter to the thickness of the ice sheet is

ice carried out by Sodhi
less than 2, the failure of the ice sheet is mainly shear. To further analyze the destruction of ice, the high-
speed camera photographs are given in Fig. 9. As can be seen from Fig. 9, the columnar sheet of the ice sheet

directly above the cylinder is clearly separated from the granular sheet. For this test, it can be assumed that

the ice sheet has undergone shear failure.

Fig.9 High-speed camera results

In this section, the high-frequency sampling
90 —— First test
- —- Second test

filtered to obtain the loads, as illustrated in Fig. 10. o 77 Thirdtest

It is demonstrated that the extreme values of the

data collected from three ice-breaking tests are

ice load in the vertical loading tests do not change

Ice load/N

significantly, and the difference is within 15%, 30l
thereby underscoring the robustness of the results.

Consequently, the length variation of the ice sheet

ranging from 3-5 m has slight effects on the test 0 2 4
Time/s

results.
Fig.10 Ice load data of three tests

2 Numerical modeling

2.1 Numerical model of ice material

A big advantage of the finite element method is that many contact algorithms allow the coupling of ice
and structural models. Therefore, in this paper, the finite element solver LS-DYNA is used to establish a
model ice failure model. The calculation method used by the nonlinear finite element program is the explicit
integration method".

When using the finite element method to simulate the model ice mechanical test, it is necessary to
determine the material model parameters that match the macroscopic characteristics of the material. Standard
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ice constitutive models include the elastoplastic model, elastic brittleness model, etc.. According to Karr and
Choi'"”, model ice materials are considered isotropic in their undeformed state. This assumption is adopted in
this paper, so the isotropic elastoplastic fracture model (*MAT ISOTROPIC ELASTIC FAILURE) in LS-
DYNA is selected to simulate the model ice. The failure criterion for the material is the Von Mises yield
criterion.

The material parameters of the model ice are shown in Tab.4. The specific parameters of density, plastic
hardening modulus and plastic failure strain are obtained by the model ice mechanical test. According to the
relevant ice numerical simulation”, the ranges of other material parameters are obtained, and the specific

parameters are given in Tab.4.

Tab.4 Model ice material parameters

Material properties Value Material properties Value
Density/(g-cm °) 0.92 Bulk modulus/MPa 75
Shear modulus /MPa 76.9 Plastic failure strain 0.05
Plastic hardening modulus /MPa 94.7 Failure pressure/kPa -110
Yield stress/kPa 83

According to von Bock und Polach'"”, the air pore inside the model ice can be simulated by deleting
elements using a random algorithm, and the number of deleted elements depends on the porosity. This is
another advantage of numerical simulation compared with the experiments in Chapter 1 because ice porosity
is difficult to control according to pre-determined values. The K file of the model ice numerical model is
employed, and the random number function is set to delete a part of the model ice elements according to the

input value of porosity, as shown in Fig. 11.

[20]

Fig.11 Ice with internal defects

2.2 Numerical simulation of cylinder vertical loading test

A numerical simulation of a cylinder vertical loading test is to be conducted based on the prior research.
The primary focus of this paper is the ice load on the cylinder. Therefore, only the cylinder's appearance and
shape need to be considered. A rigid body is selected as the material model for the cylinder. The geometric
dimensions of the ice sheet are the same as those in the basin, and the specific parameters are shown in Tab.3.

Solid elements are selected for the ice and cylinder types. To ensure that the calculation results are
accurate enough, the number of elements and nodes in the meshing of the model ice body is large, but the
number of elements has a great influence on the calculation time. Based on the above reasons, the mesh
convergence of the model is analysed by flexural strength test simulation. Four grids with different element
sizes are selected, which are 0.5cm x 10cm X 4cm, 0.5cm x Scm X 2cm, 0.5cm X 2.5¢cm x 1 cm, and
0.5cm x 1.25cm x 0.5 cm, respectively, Then the calculation results of the mesh division with different

element sizes are compared and analyzed. As can be seen from Fig. 12, the difference between the calculation
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results obtained by the model ice simulation with element size of 0.5 cm x 10 cm x 4 cm and with the size of
0.5cm x 1.25cm x 0.5 cm is only 7%, which indicates that the convergence of the grid is very good.
Considering the computing efficiency, the initial meshing element size is selected as 0.5 cm x 5 cm X 2 cm.
To improve the accuracy of the calculation results, dense gridding is performed on the ice near the cylinder,

as shown in Fig. 13.

12

——0.5 cmx10 cmx4 cm
——0.5 cmx5 cmx2 cm
0.5 cmx2.5 cmx

0 0.05 0.10 0.15 0.20
Loading time/s

Fig.12 Grid convergence analysis Fig.13 Meshing of numerical models

Considering the verification work in this paper, the numerical model adopts the boundary condition of
fixed support on three sides and free on one side. The degrees of freedom of the cylinder are the same under
the three test conditions. Only the degrees of freedom in the Z direction and the speed of the upward
movement are the same, and the speed is 2.5 cm/s. Refer to previous work™ for the internal defects of the ice
structure under three conditions, the bubble volume of the ice sheet is 1.5%.

2.3 Time history curve and failure mode of model ice

The test results and the numerical simulation results are compared from two aspects of the time history

curve and failure phenomenon.

The comparison about time history curve is presented in Fig. 14. During the vertical loading process of

the cylinder, the peak forces of the time history jg | — Test data
curves of the physical test and numerical oF Numerical simulation

W
(=}
T

simulation are relatively similar. However, the

changing patterns of the time history curve differ

Ice load/N
w B
f=l

0 -
because of the structural differences between the 20t
actual model ice and the numerical model. The 10y

0

actual model ice structure comprises a granular

L
S

2 4 6 8 10 12

sheet and a columnar sheet, whereas the numerical Time/s

model is a single isotropic material with different Fig.14 Comparison of ice load between numerical simulation
material properties.

and mechanistic test

Upon the cylinder upgoing, the ice load
changes more gently in the rising stage of the time history curve due to the deflection and crack produced by
the granular sheet on the ice surface of the actual model. The columnar sheet underneath is separated from the
surrounding ice sheet and pushed up the granular sheet. In contrast, the numerical model is an isotropic
material, and the material properties of the two are different, so the numerical model's time history curve is
more rapid in the rising stage. In addition, the influence of the fluid under the ice sheet is not considered in

the numerical simulation, so the unloading curve is very different from the actual curve after the model ice
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failure. Even though there is such a difference between the two curves, it does not affect the extreme value of
the ice load. Thus, the rationality of the ice simulation model can be verified from the peak values of the time
history curves.

A comparison between the numerical simulation of ice failure and the model ice failure captured by a
high-speed camera is illustrated in Fig. 15. The results indicate that the ice sheet around the cylinder warps,

and cracks appear when subjected to vertical loading. This observation further confirms the rationality of the

ice simulation model through the comparison of failure phenomena.

Fig.15 Comparison of numerical simulation with a mechanistic test on the failure phenomenon

2.4 Effect of ice sheet thickness

Fig. 16 displays the variation of ice failure concerning ice thickness at a constant upgoing speed of

30 mm/s. The results indicate that an increased ice thickness leads to an increased crack area. While the

degree of warping of the ice sheet decreases with ice thickness increasing, the extrusion gradually increases,

resulting in more failure units and a larger crack area in the ice sheet. Hence, thicker ice leads to a higher ice

load on the cylinder to break through the ice vertically. This correlation highlights the calculation results from
a macroscopic viewpoint and verifies the numerical calculation results' reliability.
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Fig.16 Effect of ice thickness on ice sheet destruction

Diverse seasons and regions exhibit variations in sea ice thickness, which significantly impact the ice
load of the cylinder. Thus, the influence of ice thickness on the ice load of the cylinder based on numerical
results is examined in this section. Fig. 17 depicts the ice load's fluctuation with ice thickness at a constant
upgoing speed of 30 mm/s. As illustrated in the figure, despite the fluctuation of individual points (35 mm),
the cylinder's ice load surges with the increase in ice thickness. Therefore, a thinner ice sheet area should be
preferable for ice-breaking operations.

From the above two diagrams, it can be concluded that in the range of 20—40 mm, the thicker the ice is,

the greater the icebreaking load required, and the larger the ice destruction area is.
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2.5 Effect of upgoing speed 105 w Ice load
The effect of upgoing speed on ice failure 90} -
under an identical ice thickness of 25 mm is
studied in this section, and the findings are %75 I a "
presented in Fig. 18. The ice sheet undergoes :; ool .
noticeable warping, and there is an accumulation .
of broken ice around the cylinder. In this velocity asr
range, the velocity change has a certain effect on 30

15 20 25 30 35 40 45
Ice layer thickness/mm

the damage area. When the velocity is 20 mm/s,
the damage area is the biggest, and at 30 mm/s the Fig.17 Effect of ice thickness on ice load
ice sheet flips more violently. This indicates that

when the speed is slow, more time is given for the crack to grow fully; and when the speed increases, the
cylinder directly pushes out of the ice, while the crack propagation is not timely.

The upgoing speed of the cylinder is a critical factor in the operation of the cylinder. Consequently, the
influence of the cylinder's upgoing speed on the ice load based on numerical results is examined in this
section. Fig. 19 illustrates that as the upgoing speed of the cylinder increases, the ice load of the cylinder
undergoes slight changes. When the velocity is 20 mm/s, the loading on the cylinder is closer to the quasi-
static loading, the deflection of the ice plate changes more calmly, and some cracks are generated which
reduces the peak force of the ice load during failure. Nevertheless, the variation range is minimal, and the
strength difference of the ice load under different upgoing speeds is within 15%. Hence, based on Fig. 19, it
can be inferred that the cylinder's upgoing speed does not have a quite significant effect on the ice load when

it is between 20 mm/s and 30 mm/s.
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Fig.18 Effect of upgoing speed on ice sheet destruction Fig.19 Effect of upgoing speed on ice load

3 Conclusions

In this paper, physical experiments and numerical modeling are carried out to investigate the cylinder
vertical ice-breaking load from a columnar saline model ice sheet. The influence of different factors on the
ice-breaking load of model ice is analyzed, and the crack propagation law of the ice sheet is found out. The
main conclusions are as follows:

(1) When the cylinder breaks the ice sheet upwards at a constant loading speed, the ice plate above the
cylinder warps, and then the ice surface is broken. Local radial cracks are generated around it, and with the

cylindrical icebreaking position as the circle’s center, hoop cracks appear, and some radial cracks continue to



974 fE AR 127 529 5 6 0

extend until they go near the free end of the ice. In addition, the columnar sheet of the ice sheet directly above
the cylinder is clearly separated from the granular sheet.

(2) The extreme value of the ice load in the three tests is relatively close, and the difference is controlled
within 15%. Therefore, it can be considered that when a cylinder with a diameter of 30 mm breaks the ice
sheet upwards, the model ice sheet with a length of 3~5 m has slight effects on the test results. The cylinder's
ice load surges with the increase of ice thickness, but as the upgoing speed increases, the ice load undergoes
slight changes. The velocity change has a certain effect on the damage area. When the speed is slow, more
time is given for the crack to grow fully; and when the speed increases, the cylinder directly pushes out of the
ice, and the crack propagation is not timely.

The study of the vertical ice-breaking ice load of the cylinder provides a feasible means for the
prediction of the vertical ice-breaking ice load and a reliable reference for the structural reinforcement design

and safety assessment of structures in the ice area.
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