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Abstract: This study conducted ice-induced vibration analysis on offshore platform structures using
the cohesive element method (CEM). The efficacy of this method in simulating the interaction between
sea ice and the platform structure is verified by comparing it with the Hamburg Ship Modeling Pool
(HSVA) ice-breaking experiment. Subsequently, the vibration response of a sea-ice-jacket platform
model is investigated under both unprotected conditions and with the presence of ice-breaking cones.
The findings reveal that the motion response of offshore platforms exhibits a positive correlation with
the impact velocity of the ice, while the sensitivity of this impact is found to be minimal. Furthermore,
the influence of different ice directions on the vibration response of offshore platforms is significant,
and the shielding effect has an important impact on the platform’s response. Notably, offshore
platforms equipped with 52.5-degree cones demonstrate the most effective vibration reduction,
reducing the maximum acceleration by 63% compared to unprotected configurations. It is worth
mentioning that as the cone angle increases, the corresponding ice-breaking cone undergoes higher
load-bearing.

Keywords: cohesive element method; offshore platform structure; ice load; ice-induced vibration;

vibration reduction

1. Introduction

The interaction between offshore platforms and ice in polar regions is one of the most
critical safety concerns for platform structures. It has been reported that numerous offshore
platforms worldwide have encountered significant vibration responses induced by ice [1-3],
posing serious safety risks to the platform structure. To mitigate these risks, it is crucial to
conduct extensive research on ice-induced vibration and develop design approaches for
offshore platforms in cold regions to mitigate ice-induced vibration.

Research on ice loads has been mainly carried out through experiments and numerical
simulations. Early studies primarily relied on experimental methods, with the first detection
of ice-induced vibration on an offshore platform occurring in 1964 [4]. Matlock et al. [5]
developed mathematical models based on forced vibration theory to analyze the vibration
of offshore platform structures. Timco et al. [6] analyzed the ice load of caisson structures
in the Beaufort Sea, Canada. Hammer et al. [7] replicated the interaction of an idle and
operational 14 MW turbine with ice representative of a 50-year return period in Southern
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Baltic Sea conditions at scale. Lemstrom et al. [8] conducted laboratory-scale experiments
on shallow-water ice-structure interaction processes by pushing a 10 m-wide ice sheet onto
a tilted structure with an identical width.

Experimental methods offer direct observations, but they are costly and challenging
to standardize. Advancements in numerical simulation technology have significantly
expanded the limited observations from experiments by improving the understanding of
ice loads on offshore platforms. Various numerical methods, such as the discrete element
method (Tang et al. [9]; Jang et al. [10]; Long et al. [11]; Liu et al. [12]; Ji et al. [13]),
extended finite element method (Guo et al. [14]; Xu et al. [15]; Li et al. [16]), and cohesive
element method (CEM) (Liu et al. [17]; Liu et al. [18]; Wang et al. [19,20]; Patil et al. [21];
Feng et al. [22]; Zhan et al. [23]), have been developed to simulate the force process of
sea ice. These methods have been used to investigate ice-induced vibration and fracture
mechanisms in different scenarios, and simulation models have been validated against
experimental data, providing insights into ice—offshore-platform interactions. Xu et al. [15]
examined the fracture mechanism of horizontal ice based on the extended finite element
method, revealing that collision velocity and structural inclination influence fracture modes
by altering deformation and stress distribution in horizontal ice. Wang et al. [24] established
a coupling model using a discrete element method and finite element method approach to
investigate ice-induced vibrations in a sea-ice-jacket platform model, employing cohesive
contact between spherical discrete elements of equal size to simulate secondary actions of
sea ice.

Previous studies have also explored various methodologies to simulate the interaction
between ice and offshore platforms. Wang et al. [19,20] incorporated an elastoplastic linear
softening constitutive model into the regular triangular prism element to characterize micro-
cracking in ice sheets. Patil et al. [21] proposed a composite formula for cohesive elements
to simulate the structural interaction of an ice gravel field, but the hexahedral mesh failed
to accurately represent the actual crack pattern. Feng et al. [22] developed the CEM model
to simulate ice-structure interaction and investigated the sensitivity of parameters defining
stress—strain curves for block elements and Traction-Separation Law (TSL) parameters
defining cohesive elements. Zhan et al. [23] employed the CEM to simulate interactions
between horizontal ice and conical vertical cylinders and showed that the ice load on
columns was closely related to ice-breaking cone angles.

Some studies have replaced ice with a series of elastic brittle elements that can only
explain the phenomenon of ice-excited vibration under a particular condition, while oth-
ers had limitations in calculation speeds or accuracy. To address these issues, this paper
proposes a new CEM-based sea-ice—offshore-platform interaction model that employs
tetrahedral grid units, which accurately capture crack failure modes. The proposed model
considers the speed of ice-induced vibration and the direction of ice impact on the offshore
platform. By incorporating these factors, the proposed model provides a more comprehen-
sive understanding of the dynamics of ice-offshore-platform interactions, contributing to
the design of structures that are resistant to icy conditions.

This paper presents a numerical model and CEM to study ice-offshore-platform inter-
actions, validated against an ice-breaking experiment. A coupling model is established to
investigate motion response and test the effectiveness of an ice-breaking cone on an ice-
jacket platform. Through evaluation, optimal cone angles for ice-breaking cone prevention
are determined. The research contributes to understanding ice—offshore-platform interac-
tions and provides insights for designing structures that can withstand icy conditions.

2. Cohesive Element Model

The main motivation behind the various simulation methods is to describe the be-
havior of ice. The finite element technique implemented in Dassault Systemes®Abaqus
2021 program combines both computational effectiveness and mathematical robustness in
solving the continuous medium problem. In the present study, the cohesive element model
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is introduced in ABAQUS to consider discontinuous problems such as ice-breaking char-
acteristics. The cohesive zone model offers an effective means of simulating fatigue crack
development, building on concepts first introduced by Dugdale [25] and Barenblatt [26]
concerning yield in steel plates and fracture theory. The cohesive zone model eliminates
the unrealistic stress singularity of the crack tip and views crack propagation as a gradual
process of material degradation [27]. The CEM extends the cohesive zone model to the
finite element approach [28]. As an improved method of the traditional finite element
method, it not only has the advantages of the finite element method, such as the diversity
of simulated materials and the ability to deal with nonlinear problems, but also avoids the
stress discontinuity in the fracture process.

When sea ice collides with structures, the cohesive elements separate under the applied
force. When they reach the damage threshold, they fail and are subsequently removed
from the numerical model. The accumulation and propagation of failed cohesive elements
along the interface results in macroscopic cracking during interactions between sea ice and
structures, as shown in Figure 1. During this process, some solid ice units break off from
the whole body due to falling cohesive elements, causing collisions and forming broken
ice. In numerical calculations, these broken pieces of ice can collide with structures again,
resulting in secondary crushing.

separate
_—
\Lbond
s fracture
[ e \
solid element cohesive element

Figure 1. Failure process of inlay of cohesive element [29].

In crack propagation calculation, the behavior of the cohesive element can be described
by a traction—separation law [30]. This law assumes that the cohesive element initially
exhibits linear elastic behavior, which is followed by damage and separation as traction
develops. There are three commonly used types of engineering tractor-separation curves:
bilinear softening, exponential softening, and trapezoidal softening (see Figure 2). For
brittle materials like ice, linear traction—separation curves are often employed to represent
the softening characteristics [31]. The traction—separation curve consists of three compo-
nents: the initial stress of the crack, fracture energy (i.e., the area under the curve and
coordinate axis or the energy required to produce a unit surface), and curve shape (i.e.,
softening characteristics).
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Figure 2. Tractor-separation rule of cohesive element [32].

3. Validation of the Cohesive Element Method
3.1. Hamburg Ship Modeling Pool (HSVA) Ice-Breaking Experiment

This section compares the simulation results of CEM with the experimental findings
of the HSVA ice-breaking experiment [33]. The aim is to validate the reliable and feasible
simulation of collisions between level ice and a conical structure using CEM.

The simulation was conducted in ABAQUS software, with a model of the conical
ice-breaking device built based on the dimensions mentioned in reference [33]. Material
parameters for the device are presented in Table 1. The simulation represents the interaction
between an ice sheet and a stationary conical ice-breaking structure at a constant speed
of 1.202 m/s. In order to consider the boundary effects, we incorporate the elastic beam
theory proposed by Qissab [34]. The boundary length of Ly can be determined using the
following formula:

D
Ly = 1.57/A = 1.57/ {/ P2&
B / / iE]
Table 1. Material Parameters for cone.
Parameters Unit Numerical Value
Density kg/m?3 7850
Modulus of elasticity GPa 200
Poisson’s ratio - 0.3

In the equation, A is the characteristic coefficient, EI is the bending rigidity, p, is the
density of water, g is the gravitational acceleration and D is the effective contact width.
Based on the calculation formula, the influence of ice sheet length shrinking to more than
2Lp = 42.58 m on the solution is relatively insignificant. To optimize computational
efficiency, a 50 m x 50 m x 0.33 m ice sheet is employed in this simulation. The simulation
results are stable when the interval of the cohesive elements distribution is about two times
the ice thickness [35]. In this simulation experiment, the ice thickness is 0.33 m, and the
grid is chosen to be divided by 0.6 m intervals. Figure 3 illustrates the interaction between
the cone and the ice sheet.
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Figure 3. Simulation of bending damage and accumulation of broken ice in ice sheet by the cohesive
element method.

3.2. Sea-Ice Model Parameters

To account for the random occurrence of cracks caused by ice—structure collisions,
the tetrahedral elements with irregular cohesive element interfaces are employed in a
sea-ice model. The material parameters in the model are provided in Table 2, derived from
previous studies [35-37].

Table 2. Material parameters of sea ice.

Type of Element Material Parameter Unit Numerical Value
Density kg/m? 920
Elastic modulus GPa 5
Solid element Poisson ratio - 0.3
Compressive strength MPa 2.0
Failure strain - 0.25
Density kg/m? 920
. Elastic modulus GPa 50
Cohesive element Damage initiation stress MPa 1.04
Fracture energy J/m2 30

3.3. Contact Setting

The penalty function method is employed to ensure an accurate representation of
friction in contact attributes [38]. This approach employs a tangential friction coefficient of
0.2 for establishing frictional forces and enforces hard contact for normal forces. During
the simulation, certain ice solid units that undergo brittle damage upon contacting the
structure are removed from the model.

Apart from the collision surface with the cone, horizontal constraints are applied in
the x direction on the other three sides of the sea ice. In considering the collision process
between the ice sheet and cone, besides accounting for the material properties of the ice
sheet itself, buoyancy and gravity effects are incorporated using ABAQUS” VDLOAD
subroutine [39].

3.4. Verification Results and Discussion

Figure 3 illustrates the bending damage and accumulation of ice fragments resulting
from the collision between ice sheets and cones, simulated using CEM. As the ice sheets
interact with the cone structure, a cyclic process of climbing, bending, breaking, and
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subsequent climbing is observed. This continuous cycle causes fluctuations in the ice load,
resulting in a twisted shape in the time-history curve shown in Figure 4a.
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Figure 4. Comparison of simulation and experimental results: (a) Ice load time curve; (b) Frequency
spectrum.

CEM accurately approximates the average ice force as 105.7 kN, as presented in Table 3,
compared to the measured average ice force of 111.9 kN, with a difference of 5.54%. This
indicates that CEM closely approximates the actual ice load. However, Figure 4a reveals
that the simulated ice load has higher peak values and fluctuation amplitudes than the
measured data. This is likely due to the larger grid-scale used in the simulation, which
represents the minimum fracture length considered when simulating collisions. When
the simulated minimum fracture length exceeds the actual length, the peak values and
fluctuation amplitudes of ice loads increase accordingly. However, the average ice load is
not significantly affected.

Table 3. Comparison of experimental and simulation results.

Parameters Unit Experimental Values Simulated Value Difference
Average ice load kN 111.9 105.7 (5.54%)
Peak ice load kN 369.4 401.1 (8.58%)
Standard Deviation kN 84.1 100.8 (19.8%)

Figure 4a and Table 3 compare the simulation results with the ice-breaking experimen-
tal results from the Hamburg Ship Modeling Pool (HSVA) [33]. The time-history curves of
both the numerical simulation and experimental data are then subjected to the Fast Fourier
Transform (FFT), producing the spectrum shown in Figure 4b for the first 20 s. Notably,
there is a favorable agreement between the numerical simulation and experiment in terms
of result comparison and spectrum distribution. This validates the feasibility and reliability
of using the CEM to simulate sea-ice collision processes.

4. Simulation of Ice-Induced Vibration of Jacket Platform
4.1. Numerical Model

This section investigates ice-induced vibrations of the offshore jacket platform in the
Bohai Sea. A finite element model (Figure 5) is developed to simulate ice-jacket interaction
with structural and material parameters listed in Tables 4 and 5. To simplify the simulation
of pile-soil-structure interactions, we have adopted the equivalent pile method to model
the constraint of pile legs [40]. The equivalent pile method involves making a section of
a beam based on the pile-soil properties so that the beam end stiffness is equivalent to
the pile top stiffness. This section of the beam is then added to the structural calculation
model to replace the role of the pile so that the whole structure becomes a completely linear
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structure, thus avoiding the complex structure-pile iterative calculations [41]. In this finite
element model, based on the literature [42], we rigidly fixed the pile diameter eight times
below the mud surface to accurately simulate the pile-soil-structure interaction.

 w —— Top surface
20m
32.6m
v
8.6m
8.1m —f— Mean sea level
A
16.1m 25.2m
—¥— Soil surface
14.6m 9.6m
v —Y_ Equivalent pile

13m

Figure 5. Finite element modeling of marine lift station platforms.

Table 4. Structural parameters of Jacket platform.

Parameters Unit Value
Height of Jacket foundation m 52.70
Depth of pile leg below soil layer m 27.70
Leg pipe pile diameter m 1.2
Outer diameter of inclined support rod m 0.6
Outside diameter of the transverse support rod m 0.8
Thickness of pile leg pipe m 0.08
Diagonal support rod thickness m 0.03
Transverse support rod thickness m 0.04
Superstructure weight t 1770
Platform left overhang m 12
Platform right overhang m 7.5
Table 5. Material parameters of Jacket platform.
Parameters Unit Value
Density kg/m? 7850
Young’s modulus GPa 206
Poisson’s ratio - 0.3
Underwater equivalent density kg/ m3 11,882.2

4.2. Analysis of Ice-Induced Vibration

In this section, the jacket platform of the marine booster station subjected to ice loads
is analyzed, and the effects of varying ice velocity on the angles of the jacket platform are
investigated. Figure 5 is the schematic diagram of the marine booster station platform.

4.2.1. Effect of Ice Velocity on Ice-Induced Vibrations on the Platform

In accordance with the code Q/HSn3000-2002 [43], the average ice velocity in China’s
seas is approximately 0.5 m/s. In this study, sea ice with a thickness of 0.33 m was selected
to investigate the random vibration characteristics. The Jacket platform structure without
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a protective device was subjected to impacts from ice loads with velocities of 0.3 m/s,
0.6 m/s, 0.9 m/s, and 1.2 m/s, respectively. Figure 6 illustrates the squeezing and breaking
process of sea ice as well as the time-history curve of ice load.
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Figure 6. Sea-ice squeezing and breaking process at 20 s under different ice speeds: (a) 0.3 m/s ice
speed; (b) 0.6 m/s ice speed; (c) 0.9 m/s ice speed; (d) 1.2 m/s ice speed.

Figure 6 shows the simulation results of sea ice being crushed due to compression
under varying ice velocities. The damage process of sea ice remains consistent with the
distance traveled directly proportional to the speed of sea ice and an increase in the average
width of pile breakage as ice speeds increase. Continuous brittle compression damage
occurs upon collisions between the ice sheet and jacket platform, resulting in powder-
like damage to the sea ice upon contact with structures mixed with larger pieces having
diameters equal to that of the ice thickness. Broken sea ice is then extruded from contact
surfaces, leading to sustained interaction between sea ice and structures, as shown in
Figure 7.

Analyzing the ice load time-history curves for different ice velocities (as shown in
Figure 8), it is observed that the curves gradually transit from sparse to dense as the ice
velocity increases. During the simulation process using the CEM, collisions and extrusions
between the ice mass and structure cause brittle damage to specific ice solid units. These
damaged units are subsequently removed, creating a gap between the ice and the structure.
Higher ice velocities result in shorter re-contact intervals between ice solid units and the
structure, leading to denser ice load time-history curves. Furthermore, the brittle extrusion
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processes that cause fragmentation at the contact surface between the ice and structure,
coupled with significant fluctuations in non-periodic ice loads, induce forced random
vibrations within the structural system. These random vibrations arise due to the irregular
forces exerted by the ice on the structure during the interaction process.

Figure 7. Sea ice crushed out of contact after breakup.

1000
- — 0.3m/s
< i — 0.6m/s
T 600 ot o et [--- - 0.9m/s
— A i ']
£ 400 sl el ; “‘ 1.2m/s
$ 200 jirie
0 A ‘ '

T T T
12,5 15.0 17.5 20.0

Time(s)

Figure 8. Horizontal ice load time course curves for different ice velocities.

During the actual collision process, the sea ice can be fragmented into very small
pieces by the structure. When the ice velocity is high, the sea ice can be in constant contact
with the structure, and the crushing and squeezing ice force is always greater than zero.
However, in the simulation using the cohesive element method, the minimum fragment
size is considerably larger than the actual fragment size due to the exponential increase in
computational resource requirements. In this simulation, the smallest fragment of sea ice is
modeled as a tetrahedron with a short side length of 0.3 m, and a relatively large gap is
formed after fragmentation occurs. In the simulation process, there are instances of brief
separation between the sea ice and the structure, resulting in an ice force of zero, as shown
in Figure 8. These moments occur when the ice fragments are temporarily disengaged from
the structure due to the dynamic interaction between them.

As shown in Figure 9, the average peak value of the horizontal ice load on the structure
increases as the ice velocity increases. Specifically, when comparing sea ice with an ice
velocity of 1.2 m/s to sea ice with an ice velocity of 0.3 m/s, the average peak value of the
horizontal ice load is found to be 16.5% higher. This indicates that higher ice velocities
result in greater horizontal ice forces exerted on the structure during the interaction process.
Table 6 shows the peak standard deviation of horizontal ice load at different ice velocities.
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Figure 9. Comparison of peak mean horizontal ice loads at different ice velocities.
Table 6. Peak standard deviation of horizontal ice load at different ice velocities.
Ice Speed (m/s) 0.3 0.6 0.9 1.2
Number of samples 21 31 45 34
Standard deviation (kN) 201.8 121.1 147.8 142.0

Figure 10 illustrates the horizontal acceleration of the top deck of the platform under
different ice velocities, showing a positive correlation between the maximum horizontal
acceleration and ice velocity. Table 7 further demonstrates that as the ice velocity increases,
there is a gradual increase in the maximum horizontal acceleration of the deck. The
maximum horizontal acceleration at an ice speed of 1.2 m/s is 10.5% greater than that
at an ice speed of 0.3 m/s, and the ice speed of the former is four times that of the latter.
Considering findings from previous experimental measurements [27], it can be concluded
that under conditions of fast ice velocity, sea-ice velocity is the least sensitive to the vibration
caused by the offshore platform.
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Figure 10. Time-history curves of horizontal acceleration of the deck at different ice velocities.

Table 7. The maximum horizontal acceleration of the deck at different ice velocities.

Ice Speed (m/s) 0.3 0.6 0.9 1.2
Accelerations (m/s?) 0.37368 0.39261 0.40468 0.41302

4.2.2. The Influence of Ice Directions on Ice-Induced Vibrations on the Platform

Figure 11 presents a schematic diagram illustrating the interaction between sea ice
and the four-pile jacket platform, specifically focusing on the impact of various ice angles
on ice-induced vibrations. The piles are numbered clockwise, starting from pile #1, which
is located in the lower left corner.
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#1 #2
\ Ice angle

#4 #3

Figure 11. Schematic diagram of sea ice interacting with a jacket platform.

The shielding effect occurs when the interaction between sea ice and the front pile leg
reduces the ice load on the back pile leg within the broken track range. Figure 12 shows
this effect with an ice direction of 15°. Pile #4 and pile #1 exhibit a shielding effect on
piles #3 and #2, resulting in different ice load durations for each pile leg due to varying
trajectories under different ice directions. The dynamic response of the jacket platform
varies significantly depending on the ice direction, considering the combined influence of
the shielding effect and the inherent structural characteristics of the jacket itself.
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Figure 12. Shielding effect on piles #2 and #3 at 15 degrees ice direction.

The calculated pile ice load is applied to the jacket, yielding the acceleration
time-history curve of the deck. Subsequently, the horizontal acceleration in both x and y
directions is processed to derive the absolute horizontal acceleration time-history curve of
the deck. Figure 13 illustrates the maximum horizontal acceleration of the booster station’s
jacket platform under different downward ice directions. Due to the symmetry of the jacket
platform about the x-axis (Figure 11), the maximum horizontal acceleration from 0° to
180° is symmetrical to that from 180° to 360°. The acceleration reaches its maximum value
of 1.0134 m/s? at 135 degrees and its minimum value of 0.4130 m/s? at 0 degrees. The
time-history curve for horizontal acceleration in the ice direction shows that the accelera-
tion at 135 degrees not only has the highest magnitude but also the greatest average value.
Therefore, it can be inferred that an ice direction of 135 degrees poses the most critical threat
to the booster station’s jacket platform.



J. Mar. Sci. Eng. 2024, 12,28 12 of 18

=
'S
1

o
N
1

o
N
1

Maximum Acceleration(m/s?)
o o
» o
1 1

Figure 13. Horizontal acceleration of the jacket platform ice direction from 0 degrees to 360 degrees
deck level.

4.3. Effect of the Ice-Breaking Cones on Ice-Induced Vibrations on Offshore Platforms

In this section, the impact of incorporating an ice-breaking cone on ice-induced vi-
brations of offshore platforms is further investigated. The collision between a single cone
and level ice with identical cone diameters but varying cone angles is analyzed to evaluate
the resulting damage state of the level ice and the effectiveness of different cone angles in
preventing collisions. This analysis provides a recommendation for selecting the optimal
cone angle with superior ice-breaking capabilities.

4.3.1. Horizontal Ice Loads of a Single Cone at Different Cone Angles

The cone diameter at the waterline was not varied and maintained at 9.6 m, as shown
in Figure 14a. Five different working conditions were considered, with cone angles of
30 degrees, 45 degrees, 60 degrees, 75 degrees, and 90 degrees. The sea-ice model pa-
rameters and contact settings remained consistent with those used in the experimental
verification discussed in Section 3. An impact speed of 0.6 m/s was applied to the cone
ice-breaking device. Figure 15 shows the finite element model at a 30-degree cone angle.

Ice force

sea surface W

(@) (b)

Figure 14. Schematic diagram of ice-breaking cones: (a) Ice-breaking cones with the same cone
diameter and different cone angles; (b) Cone at a fixed height.

Figure 16 presents a comparison chart of the average ice load obtained through
simulation calculations for different cone angles under the same cone diameter. It is evident
that as the cone angle increases, both the average and maximum horizontal ice loads on the
ice-breaking cone also increase.
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Figure 15. Finite element model of ice-breaking cone interaction with sea ice.
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Figure 16. Comparison of mean horizontal ice loads for different cone angles.

Figure 17 illustrates the time-history curve of ice load for both the upper and lower
cone surfaces interacting with level ice. Unlike the collision between the upper cone surface
and the level ice, when the lower cone surface interacts with the level ice, the broken
ice experiences both buoyancy and gravity. As a result, the resultant force obtained by
subtracting these two forces is relatively small. This mitigates excessive interference from
broken ice to a certain extent while having minimal impact on the horizontal component
force on the cone and bending damage caused by rear-entering ice.
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Figure 17. Comparison of ice load timescales on upper and lower cone surfaces: (a) Lower cone
surface; (b) Upper cone surface.
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After the lower cone face collides with the level ice and reaches its maximum load, the
broken ice is almost completely unloaded, resulting in no further contact between the cone
face and the ice until the next occurrence. Figure 17 illustrates that the upper cone face
experiences a significantly higher ice load compared to the lower cone face. Considering

only the effect of the upper cone face can greatly save time when evaluating maximum
ice-induced vibrations.

4.3.2. Analysis of Ice-Excited Vibrations on the Platform at Different Cone Angles

Considering the size limitation of the jacket platform and the feasibility of construction,
we limit the cone height. In order to further investigate the influence of the ice-breaking
cone angle on ice-induced vibrations, a 6 m-high ice-breaking cone structure was utilized.
Based on the relevant research results on the influence of cone angle on ice load and ice
breaking length, the cone angles considered were 30 degrees, 37.5 degrees, 45 degrees,
52.5 degrees, 60 degrees, and 67.5 degrees, respectively, as shown in Figure 14b.

To study the impact of level ice on the jacket structure equipped with the ice-breaking
cone, simulations were conducted. The ice had a direction of 0° and a velocity of 0.6 m/s.
Horizontal acceleration on the top deck was obtained and shown in Figure 18.
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Figure 18. Horizontal acceleration of the deck at different cone angles.

The corresponding ice load is loaded onto the Jacket structure of the booster station,
and because of the geometrical symmetry of the structure in the ice-facing direction, only the
y-direction deck acceleration is selected, and the x-direction is too small to be neglected. The
simulation results obtained are shown in Figures 18 and 19. Table 8 shows the frequencies
corresponding to the peak accelerations for the different cone angles in Figure 19.
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Figure 19. Horizontal ice load and deck acceleration of crash cone at different cone angles.
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Table 8. Frequency corresponding to peak acceleration for different cone angles.
Cone Angle (°) 30 37.5 45 52.5 60 67.5
Frequency (Hz) 1.557 1.457 1.558 1.406 1.508 1.407

In the previous section, it was observed that a smaller cone angle leads to a lower ice
load. However, when considering a fixed cone height, the primary factor influencing the
overall ice load is the cone diameter, which can reach up to 12.8 m for a 30-degree cone
angle, as listed in Table 9. Consequently, this results in greater structural vibration induced
by ice compared to scenarios with larger cone angles.

Table 9. Relationship between cone angle and cone diameter.

Cone Angle (°) 30 37.5 45 52.5 60 67.5
Cone diameter (m) 12.8 10.0 8.6 7.2 6.1 5.1

For jacket platforms, an ice-breaking cone with a 52.5-degree angle demonstrates
the optimal effectiveness. When subjected to level ice at horizontal acceleration ranging
from 0 degrees, the maximum value reaches 0.147 m/ s2, indicating excellent vibration
reduction capabilities.

Based on these findings, a jacket platform without an ice-breaking cone experiences
a maximum horizontal acceleration of 0.3926 m/s*> when impacted by level ice with a
velocity of 0.6 m/s. However, when equipped with conical ice-breaking devices under
operational conditions, the acceleration is reduced compared to the without-ice-breaking
cone scenario (as shown in Table 10).

Table 10. Comparison of the effect of ice-breaking cones with different cone angles.

Condition Maximum Acceleration (m/s?) Discount Rate
Without ice-breaking cone 0.3926 -
30° 0.2515 36%
37.5° 0.1673 57%
45° 0.1523 61%
52.5° 0.1470 63%
60° 0.1795 54%
67.5° 0.2337 40%

It is noteworthy that cones with angles of 30 degrees and 67.5 degrees exhibit relatively
weaker shock absorption effects, resulting in maximum accelerations of 0.2515 m/ s2 and
0.2337 m/s?, respectively. This represents reductions of approximately 36% and 40% com-
pared to without-ice-breaking cone scenarios. Conversely, cones with angles of 45 degrees
and 52.5 degrees demonstrate better shock absorption capabilities, yielding maximum
accelerations of only 0.1523 m/s? and 0.1470 m/s?, respectively. These values correspond
to reductions of around 61% and 63% relative to without-ice-breaking cone conditions.

5. Conclusions

The jacket platform of an offshore booster station is selected as the research subject in
this study, and a CEM is employed to simulate the process of sea-ice impact on the platform.
ABAQUS software is utilized to calculate and analyze the vibration effect induced by
ice collision with the offshore platform under different ice speeds and downward forces.
Furthermore, the vibration reduction effect of a conical ice-breaking device on ice-induced
vibrations of the offshore platform is investigated, leading to the following conclusions:

(1) The study employed a combination of the finite element constitutive model and
the cohesive element model to numerically simulate the collision between the ice sheet and
the platform structure. The simulation results showed good agreement with the results of
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the Hamburg ship model tank ice-breaking experiment, with an average difference in ice
load of 5.54% and a peak difference of 8.58%. These findings indicate that CEM is both
feasible and reliable for simulating the collision process of sea ice.

(2) The study suggests that there is a positive correlation between the motion response
of an offshore platform and the impact velocity of sea ice. However, a data comparison
shows that increasing ice speed does not significantly increase the movement of the offshore
platform. Analysis of the ice extrusion and breaking track also reveals that the average
ice-breaking width of the pile increases with the ice speed to a certain extent.

(3) The study suggests that the direction of incoming sea ice has a significant impact
on the ice-induced vibration of offshore platforms. Specifically, analysis of the horizontal
acceleration curve reveals that acceleration at 135 degrees not only has the maximum value
but also the maximum average acceleration. Therefore, it can be considered that 135 degrees
is the most critical ice direction for the jacket platform of the booster station. However, it is
important to note that the dynamic response of the jacket platform may be influenced by
various factors, including the shielding effect and the structural characteristics of the jacket
itself. The shielding effect, in particular, plays an important role in the dynamic response of
the platform. Therefore, when assessing the risks posed by sea ice to offshore structures,
these factors need to be carefully considered.

(4) The study demonstrates that the installation of an ice-breaking cone can greatly
enhance the damping effect on an offshore platform. When the cone diameter at the
waterplane is constant, with the increase in the cone angle, the average and maximum
of the horizontal ice load borne by the ice-breaking cone will increase. Our conclusion
through simulation calculation is that when compared to scenarios without any protection,
cones with angles of 30 degrees and 67.5 degrees show weaker shock absorption effects,
resulting in maximum accelerations of 0.2515 m/s? and 0.2337 m/s?, respectively. On the
other hand, cones with angles of 45 degrees and 52.5 degrees demonstrate improved shock
absorption capabilities, with maximum accelerations of only 0.1523 m/s? and 0.1470 m/s?,
respectively. In these configurations, the maximum acceleration can be reduced by 61%
and 63%, respectively, compared to when no protective devices are present. It should be
noted that the optimal angle for the ice-breaking cone may vary depending on specific
platform designs and operational conditions. Further research and analysis are necessary
to explore different cone geometries and their corresponding damping effects. Additionally,
considerations such as cost, feasibility, and maintenance requirements need to be considered
when implementing such protective devices.

These conclusions are to provide insights that can guide engineering practices and
contribute to the development of more resilient and secure offshore structures in ice-prone
environments. It is important to note that these conclusions are based on the specific
methodology and analysis employed in the study. Any modifications or adjustments in
subsequent research would require a thorough review of the research methodology and
data analysis.
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