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Abstract: Ice loads are critical forces that impact the structural integrity of offshore equipment in
high-latitude sea areas and play a pivotal role in the design of structures in ice-prone regions. The
primary objective of this study is to investigate both experimental and numerical approaches to
analyze ice loads on marine structures, elucidate their characteristics and patterns, and offer technical
support for the design of structures in ice-prone areas. To achieve this goal, an ice model was built
using polypropylene material, and experiments were conducted in a wave flume at room temperature
to measure the ice resistance on cylindrical structures. Structural loads were assessed at various ice
velocities while maintaining a fixed ice concentration. Furthermore, a high-performance discrete
element technology was employed to develop a numerical simulation method for calculating ice
resistance on cylindrical structures. Sensitivity analysis was conducted to evaluate the influence
of discrete element density on the resistance outcomes. The predicted structural resistance for ice
velocities corresponding to the experimental conditions was compared with the results obtained from
the model experiment. The research findings indicate that the primary cause of ice resistance is the
interaction between the structure and fragmented ice, which leads to collisions, friction, rotation, and
local ice accumulation. To quantify the resistance, ice resistance coefficients were defined using an
average resistance formula, representing different statistical values. These coefficients were found
to remain relatively constant at varying sailing speeds. The results obtained through the discrete
element method for ice resistance demonstrated a remarkable agreement with the experimental
findings, both in terms of observed phenomena and numerical values. This agreement serves as
evidence substantiating the effectiveness of the numerical approach. These methods offer efficient
and accurate load prediction solutions for the design of structures in cold regions.

Keywords: broken ice loads; discrete element method (DEM); model test; cylindrical structures

1. Introduction

Ice loads are crucial control loads that impose safety limitations on offshore equip-
ment structures in high-latitude marine regions. They constitute vital input parameters
for designing marine structures with ice-strengthened features, such as lighthouses, con-
ductor support platforms, and wind turbine foundations, which can be approximated
as vertical cylindrical structures. The interaction between ice and cylindrical structures
results in substantial ice loads and dynamic responses in the structures. Icebreakers are
commonly employed to break level ice into broken pieces as a risk mitigation measure.
Broken ice exerts notable effects on structures, such as collision, accumulation, rotation,
and friction. Consequently, investigating the interaction loads between broken ice and
cylindrical structures carries considerable practical importance.

Recently, there has been global attention toward the prediction and analysis techniques
of ice loads. Timco [1–3] summarized experimental data related to the impact of floating

J. Mar. Sci. Eng. 2024, 12, 395. https://doi.org/10.3390/jmse12030395 https://www.mdpi.com/journal/jmse

https://doi.org/10.3390/jmse12030395
https://doi.org/10.3390/jmse12030395
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://doi.org/10.3390/jmse12030395
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse12030395?type=check_update&version=1


J. Mar. Sci. Eng. 2024, 12, 395 2 of 17

ice on offshore structures. Experimental data regarding the impact of floating ice on
offshore structures were summarized. By taking into account the kinetic energy of floating
ice, empirical formulas were derived based on ice mass and velocity to determine the
load on structures caused by broken ice. The discrete element method (DEM), based
on the discontinuous medium approach, has been utilized to capture the nonuniform,
discontinuous, and large deformation characteristics of sea ice. Significant progress has
been made in this method in recent years, owing to advancements in computer hardware.
Ji et al. [4–6] developed a FEM–DEM coupled method that allows for the simulation of the
dynamic response of the interaction between structures and ice layers. They employed
a GPU parallel algorithm to enhance computational efficiency and developed a rapid
generation model for fragmented ice. By utilizing a fast search algorithm among polyhedra
and a cohesive-fracture model, they improved the accuracy of analyzing structural ice
loads and established a convenient computational tool. Jou et al. [7] modeled sea ice using
the local cohesive discrete element method. They investigated the collision between level
ice and inclined icebreaking cones at various angles and compared the results with other
DEM simulations.

The cohesive zone model (CZM) has been used to simulate the interaction between
level ice and structures [8–13]. Theoretical methods were utilized to determine the initial
stiffness, reducing the dependence on grid resolution in the cohesive element approach. In a
previous study, a numerical model using the FEM–SPH adaptive method was developed to
investigate the interaction between conical objects, icebreakers, and level ice. By comparing
the model results with experimental data, the study demonstrated the potential of this
method in accurately simulating ice fragmentation resistance [14].

Research on icebreakers has made significant advancements due to the growing
demand for Arctic scientific expeditions. Xue [15] provided a comprehensive summary of
the latest experimental techniques in studying ice loads, particularly emphasizing their
application to ships, and conducted extensive foundational studies in this area. Dynamic
methods have been employed by researchers to examine the impact of factors, including
ice thickness and navigation speed, on average ice loads [16,17]. Wang developed a time-
domain numerical calculation method to assess the icebreaking capabilities of ships by
studying continuous icebreaking loads and ship motions [18]. Furthermore, utilizing LS-
DYNA simulations of collision-induced icebreaking contact loads, additional investigations
were carried out to analyze the bending moments and structural loads on the ship’s cross-
section [19].

Several researchers have investigated ice loads in broken ice environments through
experimental methods. Zong et al. conducted scaled model towing experiments employ-
ing a polypropylene ice model to examine the influence of broken ice concentration, ice
block shape, and size on ship resistance. Additionally, they also confirmed the viabil-
ity of employing the polypropylene ice model for studying ice resistance [20,21]. Islam
et al. [22,23] employed model testing methods to investigate ship motion, loads, and ma-
neuvering performance in ice-covered waters. Furthermore, they analyzed the loads on
the ice–structure interface, thus affirming the potential of discrete element methods in
engineering applications.

Sea ice is composed of discrete floating blocks that exhibit substantial variations in
size. Roach et al. [24] introduced a joint distribution model to characterize the thickness and
block size of sea ice, and this model effectively captures the fluctuations in ice thickness,
leading to enhanced simulations of ice–structure interaction loads. Li et al. employed mea-
sured data from Antarctic research vessel expeditions to derive probability distributions
that yield the best fit for ice loads through statistical analysis. These probability distribu-
tions form a basis for long-term statistical analysis, thereby facilitating the investigation of
ice-induced loads [25,26]. Huang [27] conducted dynamic ice load tests at varying ice ve-
locities to examine the vibration process of ice-induced flexible structures and investigated
the mechanisms behind vibration suppression. Their findings suggest that the control
mechanism for steady-state vibration in ice-induced flexible column structures can be at-
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tributed to the periodic impact of ice loads. Moreover, the interaction between the structure
and fragmented ice, along with the periodic destruction of the ice layer, exacerbates the
influence of structural vibration.

Considering all the abovementioned studies, the analysis of ice loads on floating
structures operating in icy environments highlights the superior accuracy of broken ice
loads in representing the actual load characteristics, owing to their inherent stochastic
nature. However, predicting these loads poses significant challenges. To gain further
insights into the mechanisms of broken ice loads and explore the methods for predicting
the interaction between broken ice and structures, this study specifically investigates the
interaction between a cylindrical structure and broken ice. By employing model similarity
criteria, experiments were conducted in a wave flume at room temperature using an ice
model made of polypropylene to assess the resistance of the cylindrical structure to broken
ice. The experiments measured the structural loads under different ice velocities while
maintaining a fixed density of broken ice. Leveraging high-performance discrete element
technology, a simulation method was developed to estimate the resistance of the cylindrical
structure to broken ice, and a sensitivity analysis was conducted to examine the impact of
discrete element density on the resistance results. The structural resistance corresponding
to the ice velocity employed in the experiments was predicted, and the findings were
compared with the model experiments.

2. Design for Broken Ice Load Testing
2.1. Experimental Configuration

As previously mentioned, broken ice loads predominantly arise from the collision
forces occurring between the ice and the structure. Consequently, when conducting experi-
mental tests on an upright cylindrical model to investigate ice loads, the emphasis lies on
simulating the impact load resulting from broken ice on the structure and exploring the
correlation between structural ice loads and the velocity of the floating ice. Polyethylene,
possessing strength comparable to that of authentic sea ice, can be employed as the material
for fabricating the ice model, which interacts with the structure. The experimental model
was partitioned into multiple sizes in accordance with the structural scale.

To isolate the effects of broken ice loads on the cylindrical structure, it is essential
to determine the components of fluid loads that act on the structure. Therefore, separate
model experiments were conducted in ice and ice-free environments, followed by data
processing to differentiate the broken ice loads.

After successfully preparing the ice model, the experimental process was divided into
three main parts:

(1) The installation of the experimental model, calibration of sensors, and debugging of
the testing system;

(2) The generation of a controlled flow to assess the fluid loads on the cylindrical structure
at various flow velocities;

(3) In the presence of ice, the ice model was propelled by the flowing water, causing it to
move with the flow and come into contact with the structure.

Multiple experiments were carried out for each working condition to ensure the
stability of data collection. Figure 1 illustrates the experimental system and its associated
equipment, and Figure 2 presents the schematic diagram of the actual experimental setup.
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sensor connection; 3—camera; 4—Doppler flow meter; 5—cylindrical structure; 6—ice model; 7—
drift prevention net (used to restrict the drifting of paraffin ice model); 8—flow generator and water 
tank. 

 
Figure 2. Schematic diagram of the experimental setup. 

2.2. Criteria for Experimental Similarity 
In the present study, we focused on investigating the influence of various factors, 

including gravity, inertia, viscosity, elastic forces, and dynamic friction, arising from the 
interaction between the structure and ice. Special attention was given to ensuring the sim-
ilarity of Froude numbers (Fr) and Cauchy numbers (Ca) between the model system and 
the prototype system. To achieve this, scale ratios were employed. Considering the di-
mensions of the marine riser structure, which measured 0.55 m, and considering the ex-
perimental conditions, including wave and flow flume, a scale ratio of 55 was selected for 
this study. Furthermore, the experimental data collected correspond to the actual operat-
ing conditions, as depicted in Tables 1 and 2. This approach enhances the academic rigor 
of investigation by considering crucial aspects and establishing connections between the 
model experiments and real structure. 

Table 1. Scaled operational data for ice–structure parameters. 

Parameters Model Real Structure Ratio 
Cylinder diameter (m) 0.01 55 55λ =  

Ice velocity (m/s) 0.20 1.48 
1
2λ  

Ice thickness (m) 0.004 0.22 λ
Broken ice scale (m) 0.008 0.40 λ

Ice force (N) / / 3λ

Figure 1. Arrangement of the broken ice mechanic experiment: 1—microforce sensor; 2—fixture
for sensor connection; 3—camera; 4—Doppler flow meter; 5—cylindrical structure; 6—ice model;
7—drift prevention net (used to restrict the drifting of paraffin ice model); 8—flow generator and
water tank.
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Figure 2. Schematic diagram of the experimental setup.

2.2. Criteria for Experimental Similarity

In the present study, we focused on investigating the influence of various factors,
including gravity, inertia, viscosity, elastic forces, and dynamic friction, arising from the
interaction between the structure and ice. Special attention was given to ensuring the
similarity of Froude numbers (Fr) and Cauchy numbers (Ca) between the model system
and the prototype system. To achieve this, scale ratios were employed. Considering the
dimensions of the marine riser structure, which measured 0.55 m, and considering the
experimental conditions, including wave and flow flume, a scale ratio of 55 was selected for
this study. Furthermore, the experimental data collected correspond to the actual operating
conditions, as depicted in Tables 1 and 2. This approach enhances the academic rigor
of investigation by considering crucial aspects and establishing connections between the
model experiments and real structure.
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Table 1. Scaled operational data for ice–structure parameters.

Parameters Model Real Structure Ratio

Cylinder diameter (m) 0.01 55 λ = 55
Ice velocity (m/s) 0.20 1.48 λ

1
2

Ice thickness (m) 0.004 0.22 λ
Broken ice scale (m) 0.008 0.40 λ

Ice force (N) / / λ3

Table 2. Experimental load case and scaling parameters.

No. Load Case Name Experimental
Velocity Actual Velocity Ca Fr

1 LC1 0.050 m/s 0.371 m/s 1.547 × 10−7 0.187
2 LC2 0.075 m/s 0.556 m/s 2.319 × 10−7 0.281
3 LC3 0.125 m/s 0.927 m/s 3.866 × 10−7 0.468

3. Numerical Method
3.1. DEM Theoretical Approach

a Ice Discrete Element Model

Sea ice is conceptualized as an assembly of discrete particles, wherein individual
particles exhibit a relatively independent motion but engage in interactions upon contact.
To simulate the collision process between particle units, a spring–damper–slider model [5]
was employed, as depicted in Figure 3. This modeling approach allows for a comprehen-
sive representation of the dynamic behavior of sea ice, capturing the effects of particle
interactions and their subsequent motion.
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Figure 3. Discrete element contact model.

The forces F generated by each unit are calculated by summing the normal contact
force Fn and the tangential contact force Fτ .

F = Fn + Fτ (1)

The normal contact force Fn can be expressed as the sum of the normal elastic force Fe
n

and the normal viscous force Fv
n , that is,

Fn = Fe
n + Fv

n (2)

Fe
n = knδ3/2

n (3)
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Fv
n = cn

√
δn

.
δn (4)

where kn is the normal contact stiffness coefficient; δn is the normal overlap between parti-
cles; cn is the normal damping coefficient; and

.
δn represents the relative normal velocity.

kn =
4
3

E∗√R∗ (5)

cn = ζn
√

m∗kn (6)

ζn =
− ln e0√

π2 + ln2 e0

(7)

where E∗ is the effective elastic modulus; R∗ is the effective radius; ζn is the damping
coefficient; m∗ represents the effective mass; and e0 is the restitution coefficient of the unit.

The tangential contact force Fτ can be expressed as the sum of the tangential elastic
force Fe

τ and the tangential viscous force Fv
τ , that is,

Fτ = Fe
τ + Fv

τ (8)

Fe
τ = µ|Fe

n|
[

1 −
(

1 − δt

δmax
τ

)1.5
]

(9)

Fv
τ = cτ

√
6µm∗|Fe

n|
√

1 − δτ/δmax
τ

δmax
τ

.
δτ (10)

In these equations, µ represents the friction coefficient; δτ is the tangential overlap;
ν is the Poisson’s ratio;

.
δτ is the relative tangential velocity; cτ represents the tangential

damping coefficient; and δmax
τ represents the maximum tangential overlap, which can be

determined using the following equation:

δmax
τ = µ[δn(2 − ν)]/(2 − 2ν) (11)

cτ = cn/(2 + 2ν) (12)

b Coupled method of DEM and FEM

In this study, the coupled DEM–FEM algorithm proposed by Ji [28] was applied to
facilitate parameter transfer between the two computational domains in the coupled DEM–
FEM model established for investigating the interaction between ice and a cylindrical
structure. The collision detection between fragmented ice and the cylindrical structure was
simplified by considering the contact between spherical and triangular elements, with the
theoretical algorithm elaborated in [29]. The conversion of particle interaction loads on
shell elements to nodal loads was accomplished using the shape function method. Figure 4
illustrates a schematic representation of the collision contact between a single particle and a
specific triangular element on the outer surface of the cylindrical structure. The calculation
of the equivalent nodal forces for triangular elements is presented as follows:

{F}18×1 = ∑p
a=1[Tt,3]

T
18×18{Na}T

18×6[Tt,3]
T
6×6{Wa}6×1 (13)

In the above equation, Na denotes the interpolation matrix for the element contacted
by particle a, p represents the number of contact points exerted on the triangular element
by particles, Wa denotes the forces and moments exerted by particles on the triangular
element, and T represents the transformation matrix.
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3.2. Numerical Model

a Structure and Broken Ice Model

In order to compare the obtained results with experimental data, a vertical cylindrical
structure with a diameter of 0.55 m was selected as the subject of analysis in this study.
The outer surface of the cylindrical structure was discretized using triangular elements to
comply with the internal contact algorithm utilized in this study, as depicted in Figure 5.
The total element number of the cylindrical structure was 1400.
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In this research, the SDEM computational program was employed to simulate the
load interaction between ice and the structure. We disregarded the influence of waves
and exclusively focused on the interaction between broken ice and the structure under
steady flow velocity conditions. In order to mitigate the influence of boundary effects on
the numerical simulation results, a computational domain measuring 100 m in length and
40 m in width was established. The density of the broken ice loads was set to 70%. Figure 6
depicts the discrete element coupled model that elucidates the interaction between the ice
and the cylindrical structure. In order to ensure the reliability of the computational results,
a minimum increment step of 10−6 s was used.
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b Discrete Density Comparison

In discrete element algorithms, the term “discrete density” refers to the quantity or
distribution density of particles within a specified region. Variations in discrete densities can
significantly influence computational results and computation time. In order to assess the
impact of discrete element density distribution on computational outcomes, a comparative
analysis was conducted involving various particle distribution configurations, namely two
layers, three layers, and four layers, with respect to a standardized ice thickness of 0.2 m.
The number of discrete elements was 169,282, 533,264, and 1,220,996, respectively. The
time-domain curves of the ice load are shown in Figure 7.
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To calculate the statistical values of random loads, three distinct statistical parameters
were considered: the mean ice load, the significant ice load, and the maximum ice load.
The mean ice load signifies the average value derived from all ice force measurements,
providing an overall representation of the data. In contrast, the significant ice load specif-
ically pertains to the ice force magnitude throughout the entire observation period. The
maximum ice load refers to the highest recorded ice force value observed over the complete
duration of the study.

The statistical method employed for significant wave height was utilized and adapted
for the significant ice load. The step-by-step procedure was as follows:
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(1) Time-history data pertaining to ice forces, obtained through either measurements or
calculations, were acquired;

(2) The peak ice forces, corresponding to the maximum values within the dataset, were
determined;

(3) The filtered ice forces were arranged in descending order and organized from the
highest value to the lowest;

(4) The significant ice force was calculated by averaging the top one-third of the sorted
ice forces.

The resultant ice force values for each computational scenario are succinctly presented
in Table 3.

Table 3. Discrete density comparison parameters.

No. Discrete
Element Layers

Significant Ice
Force

Simulation
Time

Computation
Time

1 2 0.364 30 s 13 h
2 3 0.355 30 s 60 h
3 4 0.369 30 s 144 h

Based on the findings presented in Table 3, it is evident that the statistically obtained ice
load values exhibit minimal discrepancies across the three density distributions. However,
there is a notable contrast in computational time for simulations of the same duration, and
the computational times for the three different discretization densities are 13 h, 60 h, and
144 h, respectively.

Nonetheless, this outcome is intricately linked to the scale of the analyzed sea ice.
Enhancing the discrete density has the potential to yield more precise simulation outcomes.
By augmenting the number or density of particles, the discrete element algorithm can aptly
capture the interactions and behavior among particles within the system. Consequently,
conducting a sensitivity analysis of the grid scale becomes imperative within the realm of
engineering research.

In order to enhance computational accuracy and optimize computational resources,
a two-layer discrete element approach was effectively employed in this specific case to
simulate the resistance of fragmented ice for an ice thickness of 0.20 m.

4. Results and Discussion
4.1. The Results of the Ice–Structure Test

a Experimental phenomena

The experimental phase of the ice–cylindrical structure load is illustrated in Figure 8.
Initially, in the experiment, broken ice approached the cylindrical structure at a constant
velocity influenced by the flow load. Throughout the experiment, the broken ice underwent
rotation or experienced friction upon colliding with the structure, leading to a subsequent
alteration in its original direction of movement and dispersion toward the sides or rear-
ward. This interaction resulted in the accumulation and clustering of broken ice. The
ice–structure interaction had a brief duration, displaying periodic impact characteristics.
Downstream, particularly at the rear of the cylindrical structure, a relatively unobstructed
water pathway developed, as depicted in Figure 8c, exhibiting a notable contrast to the
initial configuration. The interaction between the ice model and the structure exhibited
evident random phenomena, consistent with relevant studies in the literature [20].
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Figure 8. Ice–structure interaction phenomena.

At higher ice velocities, the frequency of collisions between the broken ice and the
cylinder intensified, causing the broken ice to swiftly pass the cylindrical structure. Conse-
quently, some of the broken ice accumulated behind the cylinder, as illustrated in Figure 8d.

b Ice load characteristic analysis

Figures 9–11 illustrate the time-domain curves of the ice load determined based on
scaled experimental data under three distinct velocities: 0.05 m/s, 0.075 m/s, and 0.125 m/s.
Taken together, these experimental findings reveal the prominent characteristics of random
loading in the ice load behavior. In the case of cylindrical structures, the experimental
results predominantly indicate collisions. Conversely, for upright structures lacking slopes,
the occurrence of load accumulation or climbing phenomena was relatively infrequent.
This can be attributed to the dispersion of broken ice around cylindrical structures under
the influence of flow velocity, inhibiting the manifestation of accumulation. Notably, the
ice load exhibited a distinct triangular loading–unloading pattern.
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The distribution of load curves at varying ice velocities revealed that higher velocities
led to increased load frequencies and a more densely distributed set of time-history curves,
aligning with experimental observations. Despite the significant randomness of ice loads
and the probabilistic nature of collisions between broken ice and the structure, the overall
amplitude distribution of the loads remained consistent. The time history of ice loads
demonstrated distinct pulse characteristics and periodicity, consistent with the research
findings of numerous scholars.

Table 4 presents the statistical findings of ice loads under various experimental condi-
tions. The mean, significant, and maximum values of the overall ice loads were positively
correlated with the experimental ice velocity. This is a consequence of the increased kinetic
energy of broken ice at higher velocities, resulting in a stronger impact on the structure.
Specifically, in LC2, where the ice velocity was 1.5 times that of LC1, the corresponding
statistical load values were 2.94 times, 2.64 times, and 2.45 times greater than those in
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LC1. Similarly, in LC3, with an ice velocity 2.5 times higher than LC1, the corresponding
statistical load values were 8.06 times, 6.02 times, and 6.17 times greater than those in LC1.
This comparison demonstrates the nonlinear growth of loads, tending to follow a square
relationship with velocity. This relationship can be attributed to the power-law distribution
of characteristic ice sizes, with the power exponent ranging between 1 and 2 [30]. The
fractal distribution of broken ice in space is a widely recognized characteristic.

Table 4. Statistical values of experimental ice load.

Load Case
Test

Velocity
Actual

Velocity

Average Ice Load Significant Ice Load Max Ice Load

Statistical
Result
(kN)

Ice force
Coefficient

Statistical
Result
(kN)

Ice Force
Coefficient

Statistical
Result
(kN)

Ice force
Coefficient

LC1 0.05 m/s 0.371 m/s 0.16 1.14 0.36 2.56 0.64 4.55
LC2 0.075 m/s 0.556 m/s 0.47 1.49 0.95 3.00 1.57 4.96
LC3 0.125 m/s 0.927 m/s 1.29 1.47 2.17 2.47 3.95 4.49

To delve deeper into the characteristics of broken ice load amplitudes, a provisional
relationship coefficient of 2 was assumed. The dimensionless coefficients of broken ice
loads for different conditions were then calculated using Equation (13) to explore their
inherent attributes. A comparison of the ice force coefficients revealed that while there
were slight differences in the ice force coefficients for the same statistical sample under
different ice velocities, the overall distribution range remained relatively constant. The ice
force coefficient for average ice force was approximately 1.37, whereas the coefficient for
significant ice force was approximately 2.68, and the coefficient for maximum ice force was
around 4.67.

This highlights the feasibility of conveniently defining the coefficient of broken ice
loads in simulations, enabling the rapid prediction of broken ice loads on multiscale ocean
structures and holding significant engineering implications.

Cice =
Fice

1
2 ρicevice

2S
(14)

In this equation, Cice indicates the ice load coefficient, Fice is the total ice load, νice is
the ice velocity, ρice is the ice density, and S represents the area of interaction.

To verify the experimental results with actual sea ice, we referred to the literature [31]
and relevant research findings to conduct experiments on cylindrical and flat ice. By
calculating the ice force coefficient, it was found that, at an ice velocity of 0.125 m/s, the
overall statistical ice force coefficient was 2.95. Compared to the LC3 condition in this study,
which had a meaningful ice force coefficient of 2.19, the difference was 25%. Considering
the fact that we used a 70% density of fragmented ice, it can be seen that the overall ice load
is relatively close, which demonstrates the validity of the experimental results in this study.

4.2. The Results of Numerical Simulation

Figure 12 presents a comparative analysis of experimental and numerical simulation
results under an ice velocity of 0.05 m/s. The graph reveals that the 5–7 s interval signifies
the initial contact between fragmented ice and the structure, indicating a relatively good
agreement between the experimental and numerical findings. However, as the contact
progressed, a certain degree of deviation emerged between the numerical simulation and
experimental results. This discrepancy can be attributed to the inherent randomness in
the fragmented ice load, leading to variations in the distribution patterns observed in the
experimental and numerical data. Nonetheless, the overall peak loads demonstrated a
satisfactory level of correspondence.
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Figure 13 depicts the fragmented ice region diagram for both numerical simulation
and experimental phenomena. The numerical simulation results consistently aligned with
the experimental observations, demonstrating the presence of a relatively open area behind
the cylindrical structure with less ice formation. This alignment highlights the accuracy of
the numerical simulation method.
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Figure 13. Broken ice region depicting the numerical simulation and experiment.

Figures 14 and 15 illustrate the time-domain curves of fragmented ice resistance at ice
velocities of 0.075 m/s and 0.125 m/s, respectively. To further validate the accuracy of the
numerical simulation method, Table 5 presents the statistical data on the average ice load,
the significant ice load, and the maximum ice load for different ice velocities.
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Figure 14. Numerical simulation results of broken ice load for LC2.
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Figure 15. Numerical simulation results of broken ice load for LC3.

Table 5. Statistical values of numerical simulation ice load.

Load
Case

Average Ice Load Significant Ice Load Max Ice Load

Test
Statistical

Result
(kN)

Numerical
Simula-

tion
Statistical

Result
(kN)

Deviation
Ratio

Test
Statistical

Result
(kN)

Numerical
Simula-

tion
Statistical

Result
(kN)

Deviation
Ratio

Test
Statistical

Result
(kN)

Numerical
Simula-

tion
Statistical

Result
(kN)

Deviation
Ratio

LC1 0.16 0.17 8.31% 0.36 0.38 6.81% 0.64 0.76 18.13%
LC2 0.47 0.41 12.34% 0.95 0.83 12.63% 1.57 1.51 3.82%
LC3 1.29 1.06 17.83% 2.17 2.39 10.14% 3.95 3.90 1.27%

The numerical simulation results demonstrate that the temporal profiles of the overall
broken ice loads exhibit significant pulsation characteristics, similar to the experimental
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results. Under the computational condition of 0.05 m/s, the average, significant, and
maximum values of the overall loads were 0.17 kN, 0.38 kN, and 0.76 kN, respectively.
These values differed from the corresponding experimental data (0.16 kN, 0.36 kN, and
0.64 kN) by 8.31%, 6.81%, and 18.13%, respectively. Although the maximum load displayed
some randomness, the differences between the other stable loads and experimental data
were within 10%, indicating a high level of agreement. Under the computational condition
of 0.075 m/s, the average, significant, and maximum values of the overall loads were
0.41 kN, 0.83 kN, and 1.51 kN, respectively. These values differed from the corresponding
experimental data (0.47 kN, 0.95 kN, and 1.57 kN) by 12.34%, 12.63%, and 3.82%, respec-
tively. All load differences with the experimental data were within 15%, which may be
attributed to the vibration on the structure’s surface as the flow velocity increased. Under
the computational condition of 0.125 m/s, the average, significant, and maximum values of
the overall loads were 1.06 kN, 2.39 kN, and 3.90 kN, respectively. These values differed
from the corresponding experimental data (1.29 kN, 2.17 kN, and 3.95 kN) by 17.83%,
10.14%, and 1.27%, respectively. Overall, the load data demonstrated good agreement with
the experimental data.

The comparison of the experimental phenomena with the aforementioned computa-
tional results reveals that the ice load prediction technique based on the discrete element
method can accurately predict ice-breaking patterns and ice loads, and therefore, it has
strong potential for practical applications, and the results highlight the effectiveness of the
numerical simulation model.

To investigate the influence of the ice friction coefficient on the applied load, we con-
ducted simulations under the conditions of 0.556 m/s ice velocity with friction coefficients
of 0.2, 0.3, and 0.4. Figure 16 illustrates the time-history curves of ice fragmentation for each
simulation scenario. During the initial stage (0 s~1.5 s), there were minor differences in the
ice load among the three cases. However, as time progressed, the movement and contact
of fragmented ice varied to different degrees due to random collisions. Consequently,
the peak magnitude and occurrence time of the ice load also differed. Overall, when the
friction coefficient was 0.4, the applied load was slightly higher, but the difference was not
significant. Therefore, further research on ice friction coefficients should consider factors
such as ice fragmentation density and ice layer type.
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5. Conclusions

This study focused on model experiments and high-performance discrete element
methods to investigate the interaction between an upright cylindrical structure and frag-
mented ice. A comparative analysis was conducted to validate the experimental observa-
tions and ice load amplitudes, aiming to explore the mechanisms of interaction between
fragmented ice and cylindrical structures. The characteristics of broken ice loads under
different ice velocities were analyzed, leading to the following conclusions:

(1) The fragmentation tests conducted using polypropylene as an ice model material
revealed that the broken ice loads exhibited significant temporal randomness, resem-
bling a stable stochastic process. Moreover, the structural broken ice loads demon-
strated an increasing trend as the ice velocity increased. These experimental ob-
servations closely resemble real-world conditions and provide a more efficient and
cost-effective experimental model.

(2) Through experimental analysis, it was determined that the resistance between broken
ice and structures primarily consisted of collision resistance and frictional resistance.
By establishing the statistical values for the broken ice resistance coefficient using an
average resistance formula, it was observed that this coefficient remained relatively
constant across different sailing speeds. This enables the rapid prediction of broken
ice loads for specific structures based on the established coefficient.

(3) The ice resistance obtained from the discrete element method exhibited a strong
agreement with the experimental results regarding the distribution pattern of frag-
mented ice and the statistical values of ice forces. The resistance deviation amounted
to approximately 15%. The numerical model demonstrated good applicability in
simulating different ice velocities across diverse operational conditions.

Author Contributions: Conceptualization, C.W.; methodology, J.G.; software, L.L.; validation, Y.Z.
and L.L.; formal analysis, J.G.; investigation, Y.Z.; data curation, C.W.; writing—original draft
preparation, Y.Z. and L.L.; writing—review and editing, C.W.; supervision, M.L.; project administra-
tion, C.W.; funding acquisition, M.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant
number U2006226; the National Key Research and Development Program of China, grant num-
ber 2016YFC0303800; Fundamental Research Funds for the Central Universities, grant number
20CX02320A; and the Opening Fund of National Engineering Laboratory of Offshore Geophysical
and Exploration Equipment.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: Author Jinjing Gong was employed by the company Nantong COSCO KHI
Ship Engineering Co., Ltd. The remaining authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a potential conflict
of interest.

References
1. Timco, G.W. Isolated ice floe impacts. Cold Reg. Sci. Technol. 2011, 68, 35–48. [CrossRef]
2. Timco, G.W.; Weeks, W.F. A review of the engineering properties of sea ice. Cold Reg. Sci. Technol. 2010, 60, 107–129. [CrossRef]
3. Barker, A.; Timco, G.; Gravesen, G.; Vølund, P. Ice loading on Danish wind turbines—Part 1: Dynamic model tests. Cold Reg. Sci.

Technol. 2005, 41, 1–23. [CrossRef]
4. Ji, S.Y.; Li, Z.L.; Li, C.H.; Shang, J. Discrete element modeling of ice loads on ship hulls in broken ice fields. Acta Oceanol. Sin. 2013,

32, 50–58. [CrossRef]
5. Liu, L.; Ji, S.Y. Ice load on floating structure simulated with dilated polyhedral discrete element method in broken ice field. Appl.

Ocean Res. 2018, 75, 53–65. [CrossRef]

https://doi.org/10.1016/j.coldregions.2011.04.008
https://doi.org/10.1016/j.coldregions.2009.10.003
https://doi.org/10.1016/j.coldregions.2004.05.002
https://doi.org/10.1007/s13131-013-0377-2
https://doi.org/10.1016/j.apor.2018.02.022


J. Mar. Sci. Eng. 2024, 12, 395 17 of 17

6. Long, X.; Liu, S.W.; Ji, S.Y. Discrete element modelling of relationship between ice breaking length and ice load on conical
structure. Ocean Eng. 2020, 201, 10. [CrossRef]

7. Jou, O.; Celigueta, M.A.; Latorre, S.; Arrufat, F.; Oñate, E. A bonded discrete element method for modeling ship-ice interactions in
broken and unbroken sea ice fields. Comput. Part. Mech. 2019, 6, 739–765. [CrossRef]

8. Lu, W.J.; Lubbad, R.; Hoyland, K.; Loset, S. Physical model and theoretical model study of level ice and wide sloping structure
interactions. Cold Reg. Sci. Technol. 2014, 101, 40–72. [CrossRef]

9. Lu, W.J.; Lubbad, R.; Loset, S. Simulating Ice-Sloping Structure Interactions With the Cohesive Element Method. J. Offshore Mech.
Arct. Eng. Trans. ASME 2014, 136, 16. [CrossRef]

10. Lu, W.; Lubbad, R. Fracture of an ice floe: Local out-of-plane flexural failures versus global in-plane splitting failure. Cold Reg. Sci.
Technol. 2016, 123, 1–13. [CrossRef]

11. Kjerstad, O.K.; Lu, W.J.; Skjetne, R.; Loset, S. A method for real-time estimation of full-scale global ice loads on floating structures.
Cold Reg. Sci. Technol. 2018, 156, 44–60. [CrossRef]

12. Kellner, L.; Lu, W.J.; Ehlers, S.; Hoyland, K.V. Study on the cohesive edge crack in a square plate with the cohesive element
method. Int. J. Fract. 2021, 231, 21–41. [CrossRef]

13. Lu, W.J.; Amdahl, J.; Lubbad, R.; Yu, Z.L.; Loset, S. Glacial ice impacts: Part I: Wave-driven motion and small glacial ice feature
impacts. Mar. Struct. 2021, 75, 24. [CrossRef]

14. Chen, Z.; He, Y.P.; Gu, Y.B.; Su, B.; Ren, Y.P.; Liu, Y.D. A novel method for numerical simulation of the interaction between level
ice and marine structures. J. Mar. Sci. Technol. 2021, 26, 1170–1183. [CrossRef]

15. Xue, Y.Z.; Liu, R.W.; Li, Z.; Han, D.F. A review for numerical simulation methods of ship-ice interaction. Ocean Eng. 2020, 215, 18.
[CrossRef]

16. Xue, Y.; Liu, R.; Zeng, L.; Han, D. Numerical Simulations of the Ice Load of a Ship Navigating in Level Ice Using Peridynamics.
Comput. Model. Eng. Sci. 2019, 121, 523–550. [CrossRef]

17. Zhong, K.; Ni, B.Y.; Li, Z.Y.; Xue, X.S.; Wei, H.Y.; Li, H.Y.; Xue, Y.Z. Direct measurements and CFD simulations on ice-induced hull
pressure of a ship in floe ice fields. Ocean Eng. 2023, 272, 10. [CrossRef]

18. Wang, C.; Li, H.W.; Liu, Z.H.; Yue, Q. Method on continuous ice-breaking capability assessment of icebreaker. IOP Conf. Ser.
Mater. Sci. Eng. 2018, 383, 012049. [CrossRef]

19. Wang, C.; Ren, H.L.; Li, H.; Wang, J.F.; Zhai, S.S. A Direct Assessment Method for Structure Strength of Icebreaker Based on
Numerical Simulation. J. Coast. Res. 2015, 1, 548–553. [CrossRef]

20. Zong, Z.; Yang, B.Y.; Sun, Z.; Zhang, G.Y. Experimental study of ship resistance in artificial ice floes. Cold Reg. Sci. Technol. 2020,
176, 23. [CrossRef]

21. Yang, B.Y.; Sun, Z.; Zhang, G.Y.; Wang, Q.K.; Zong, Z.; Li, Z.J. Numerical estimation of ship resistance in broken ice and
investigation on the effect of floe geometry. Mar. Struct. 2021, 75, 24. [CrossRef]

22. Islam, M.; Mills, J.; Gash, R.; Pearson, W. A literature survey of broken ice-structure interaction modelling methods for ships and
offshore platforms. Ocean Eng. 2021, 221, 17. [CrossRef]

23. Islam, M.; Wang, J.Y.; Gash, R.; Pearson, W.; Mills, J. Physical model testing I for investigating the effects of managed ice-field
characteristics on a dynamic positioning vessel. Cold Reg. Sci. Technol. 2021, 192, 26. [CrossRef]

24. Roach, L.A.; Horvat, C.; Dean, S.M.; Bitz, C.M. An Emergent Sea Ice Floe Size Distribution in a Global Coupled Ocean-Sea Ice
Model. J. Geophys. Res.-Oceans 2018, 123, 4322–4337. [CrossRef]

25. Li, F.; Lu, L.L.; Suominen, M.; Kujala, P. Short-term statistics of ice loads on ship bow frames in floe ice fields: Full-scale
measurements in the Antarctic ocean. Mar. Struct. 2021, 80, 28. [CrossRef]

26. Li, F.; Huang, L.F. A Review of Computational Simulation Methods for a Ship Advancing in Broken Ice. J. Mar. Sci. Eng. 2022,
10, 165. [CrossRef]

27. Huang, Y.; Yu, M.; Tian, Y.F. Model tests of four-legged jacket platforms in ice: Part 2. Analyses and discussions. Cold Reg. Sci.
Technol. 2013, 95, 86–101. [CrossRef]

28. Ji, S.; Wang, S. A coupled discrete–finite element method for the ice-induced vibrations of a conical jacket platform with a
GPU-based parallel algorithm. Int. J. Comput. Methods 2018, 17, 1850147. [CrossRef]

29. Xiao, W.; Zeng, Y.; Zhang, X. Research on vibration reduction of particle damping based on finite element-discrete element
coupling. Astronaut. Syst. Eng. Technol. 2022, 6, 1–8.

30. Zong, Z.; Chen, Z.Y. Ship resistance in random ice field of small ice floes made of the substitute material. Chin. J. Ship Res. 2022,
17, 196–203.

31. Tian, Y.; Yang, D.; Gang, X.; Yu, C.; Ji, S.; Yue, Q. Development of a Numerical Ice Tank Based on DEM and Physical Model
Testing: Methods, Validations and Applications. J. Mar. Sci. Eng. 2023, 11, 1455. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.oceaneng.2020.107152
https://doi.org/10.1007/s40571-019-00259-8
https://doi.org/10.1016/j.coldregions.2014.01.007
https://doi.org/10.1115/1.4026959
https://doi.org/10.1016/j.coldregions.2015.11.010
https://doi.org/10.1016/j.coldregions.2018.03.012
https://doi.org/10.1007/s10704-021-00560-9
https://doi.org/10.1016/j.marstruc.2020.102850
https://doi.org/10.1007/s00773-021-00799-w
https://doi.org/10.1016/j.oceaneng.2020.107853
https://doi.org/10.32604/cmes.2019.06951
https://doi.org/10.1016/j.oceaneng.2022.113523
https://doi.org/10.1088/1757-899X/324/1/012049
https://doi.org/10.2112/SI73-095.1
https://doi.org/10.1016/j.coldregions.2020.103102
https://doi.org/10.1016/j.marstruc.2020.102867
https://doi.org/10.1016/j.oceaneng.2020.108527
https://doi.org/10.1016/j.coldregions.2021.103376
https://doi.org/10.1029/2017JC013692
https://doi.org/10.1016/j.marstruc.2021.103049
https://doi.org/10.3390/jmse10020165
https://doi.org/10.1016/j.coldregions.2013.07.003
https://doi.org/10.1142/S0219876218501475
https://doi.org/10.3390/jmse11071455

	Introduction 
	Design for Broken Ice Load Testing 
	Experimental Configuration 
	Criteria for Experimental Similarity 

	Numerical Method 
	DEM Theoretical Approach 
	Numerical Model 

	Results and Discussion 
	The Results of the Ice–Structure Test 
	The Results of Numerical Simulation 

	Conclusions 
	References

