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Abstract

Dynamic interaction between sea ice and offshore structures is a critical factor in design for operations in cold regions. This study investigates
ice impact through numerical simulation to provide information relevant to offshore structural design. A finite element model was developed to
simulate the collision between an ice sheet and a conical structure, with ice velocity as the primary parameter. The calculations were carried out
using an explicit dynamics approach, which enables the simulation of time-varying impact forces. The results indicate that higher ice velocities
result in greater stress within the ice sheet, generating larger reaction forces on the structure, with the increase following a nonlinear trend.
These findings provide quantitative insight into the magnitude of loads that may be transmitted to offshore structures, underscoring the
importance of accounting for dynamic ice forces in structural design.
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1. Introduction

The expansion of offshore activities into cold-region environments has increased the demand for reliable design methods that
account for dynamic ice-structure interaction. Sea ice impacts are transient events characterized by high strain-rate deformation,
nonlinear contact forces, and localized stress concentrations that can cause cracking and damage to structural components
(Kondratenko and Tarovik, 2020; Mintu and Molyneux, 2022; Hammer et al., 2023). The structural response to such impacts is
strongly governed by the ice impact velocity, which directly controls the kinetic energy transferred to the system. Even small
changes in velocity can lead to significant variations in internal stress and reaction forces, influencing the overall safety and
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performance of offshore installations (Xiu et al., 2022; Yakimov et al., 2023; Sinsabvarodom et al., 2024). Conical structures,
such as ice-breaking cones, have been widely adopted in cold region engineering because their sloping geometry can transform
vertical impact loads into lateral components, thereby reducing the transmitted force and promoting bending or shear failure of
the ice (Bergstrom et al., 2016; Wang et al., 2022; Song et al., 2023). This geometry allows part of the vertical load to be
redirected horizontally, resulting in lower peak forces than with vertical members. However, as the impact velocity increases, the
interaction between the ice sheet and the structure becomes more dynamic, producing larger radial and circumferential stresses
near the contact zone. Understanding the mechanical behavior of ice sheets under various impact velocities is therefore crucial for
predicting load magnitudes and evaluating the structural performance of offshore systems in ice-prone regions (Ehlers and Ostby,
2012; Hartmann et al., 2022; Suryanto et al., 2023).

Recent advances in numerical modeling have enabled detailed investigation of these complex interactions. The finite element
method (FEM) has become one of the most powerful tools for simulating ice deformation and stress distribution during impact
events (Liu et al., 2023; Tuhkuri and Polojérvi, 2018). The explicit dynamic formulation, in particular, is suitable for short-
duration collision problems as it allows direct time integration and accurate representation of nonlinear contact and deformation
behavior (Hammer et al., 2023; Prabowo et al., 2016; 2018; 2023). Furthermore, probabilistic and hybrid numerical approaches
have improved the prediction of ice load variability as a function of impact velocity, ice geometry, and mechanical strength
(Sinsabvarodom et al., 2024).

Accordingly, this study presents a three-dimensional numerical investigation of the mechanical response of a level ice sheet
impacting an idealized conical offshore structure under varying impact velocities. Simulations were performed using an explicit
dynamic finite element approach to ensure accurate representation of transient impact behavior. A consistent modeling
framework was maintained across all velocity cases to provide a uniform basis for evaluating the impact of speed on stress
distribution. The outcomes of this study are expected to advance offshore structural design in ice-prone regions by providing
quantitative insight into the evolution of radial and circumferential stresses, thereby improving understanding of the dynamic ice-
loading mechanism on sloped structures.

2. Numerical Method and Model Description

A three-dimensional finite element (FE) model was developed to simulate the dynamic impact between a level ice sheet and a
conical offshore structure resting on a rigid foundation. The model configuration, including the relative positions of the ice sheet,
cone, and supporting water domain, is illustrated in Figs. 1(a) and 1(b), which present the top and bottom views of the system,
respectively.

Fig. 1. Model configuration: (a) top view; (b) bottom view.

This configuration provides a simplified yet representative framework for analyzing the stress response and load transmission
during ice—structure interaction. The ice sheet, measuring 20 m % 20 m x 0.3 m, was positioned horizontally above the cone to
represent an idealized level-ice condition. The conical structure was designed with a base radius of 2 m, a top radius of 0.835 m,
and a cone angle of 60 degrees, representing the geometry typically used in ice-resistant offshore platforms.

The material properties employed in the simulation are summarized in Table 1. The density and elastic constants were selected
based on representative values reported in the literature for ice and structural steel used in cold-region applications. These
properties provide a physically consistent basis for evaluating stress propagation and deformation during collision events. The ice
sheet was modeled as an isotropic, linearly elastic solid to capture its deformation response under impact loading, whereas the
conical structure was treated as a rigid body. In this model, water was not represented as a physical fluid; instead, it was idealized
as a rigid body serving as a numerical support for the ice sheet (Blackerby and Wu, 2006). This assumption was adopted to
eliminate hydrodynamic effects and fluid—structure interactions, thereby isolating the ice—cone interaction mechanism of interest.
By assigning a very high stiffness to the water body and fully constraining it, deformation beneath the ice sheet was effectively
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suppressed. As a result, stress development and bending behavior occurred predominantly within the ice. Consequently, the role
of water in this model was limited to providing geometric support and contact boundary conditions, rather than representing
realistic fluid behavior. In addition, this idealization strategy reduced computational cost while allowing the analysis to focus on
stress evolution within the ice sheet.

Table 1. Mechanical properties of materials (Blackerby and Wu, 2006).

Model Component Density (kg/m?) Young’s Modulus (Pa) Poisson’s Ratio
Ice sheet 960 1E9 0.27

Cone 7850 2E11 0.3

Idealized rigid base 1006 2E11 0.3

The mesh configuration adopted in the model is shown in Fig. 2. The ice sheet was discretized using hexahedral elements with
a 100 x 100 x 3 division, ensuring a uniform element distribution along its length, width, and thickness. The conical structure
was modeled using shell elements to reduce computational cost while maintaining sufficient accuracy in representing the contact
interface. A gravitational acceleration of 9.8 m/s?> was applied in the negative Z-direction in all simulations to represent realistic
environmental conditions.

¢

Fig. 2. Finite element mesh details.

The conical structure and the water foundation were fully constrained in all translational and rotational degrees of freedom to
prevent rigid-body motion during impact. In contrast, the ice sheet was allowed to move and deform freely in accordance with the
contact definition between the ice and the cone. These boundary conditions were defined to ensure an accurate physical
representation of the system. Contact interactions were governed by a surface-to-surface contact algorithm with penalty
enforcement, enabling the capture of contact pressure and frictional effects at the interface. This configuration ensured stable
contact convergence and realistic load transfer during the impact process (Ridwan et al., 2023; Malsyage et al., 2025)

3. Results and Discussion

The numerical simulations effectively captured the dynamic response of the ice structure system during impact loading. The
explicit dynamic approach provided accurate temporal resolution of stress propagation and deformation within the ice sheet.
During the initial contact phase, a rapid rise in stress occurred near the cone tip as the impact force was transmitted into the ice,
followed by a redistribution of stresses through both radial and tangential components. This response illustrates the characteristic
transient behavior of ice under dynamic loading, where stress localization and strain-rate effects dominate the mechanical
response.

The results indicate that the conical geometry plays a crucial role in governing the stress distribution within the ice. The
inclined surface of the cone transforms a portion of the vertical impact load into lateral components, thereby influencing how the
ice deforms and how the reaction forces develop at the interface. The subsequent contour plots of circumferential and radial
stresses provide insight into these mechanisms and how the structure’s geometry contributes to stress redistribution during the
impact event.

3.1. Stress distribution analysis
The stress distribution generated within the ice sheet during impact was analyzed through circumferential and radial stress

contours at varying impact velocities, as presented in Figs. 3 and 4, respectively. These contour plots provide a comparative
visualization of how internal stresses evolve with increasing impact speed during the ice—structure interaction.
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Fig. 3. Circumferential stress contour distributions of the ice sheet under varying impact velocities: (a) 0.8 m/s; (b) 1.2 m/s; (¢) 1.4 m/s; (d) 1.6 m/s; (e) 2.0 m/s.

In Fig. 3, the circumferential stress contour exhibits a distinct and continuous band of tangential stresses surrounding the
contact interface between the ice and the cone. The pattern forms an elliptical ring wrapping around the conical surface, with the
highest stress concentration located near the midsection of the slope. The contour lines are densely packed in this region,
reflecting the intense shear interaction occurring along the cone’s inclined surface. Away from the contact zone, the contour
color gradually fades, forming a smooth gradient that indicates the redistribution of tangential loads along the ice surface. The
orientation of the stress field follows a curved, nearly circular trajectory consistent with the cone geometry. At the same time, a
mild asymmetry appears on one side of the pattern, likely caused by localized differences in surface curvature or contact
stiffness. This continuous band of tangential stress shows how the shear component of the load propagates laterally around the
cone's perimeter, a typical circumferential stress response during ice-structure interaction (Sodhi, 2001; Timco and Frederking,
1990).

In Fig. 4, the radial stress contours show a compact, circular zone of high compressive stress directly beneath the cone tip,
indicating the primary impact region. The stress distribution radiates outward symmetrically from this point, forming a
concentric pattern that decreases gradually in intensity with distance. The inner area of the contour appears sharply defined,
suggesting strong compressive localization, while the outer rings become progressively smoother, indicating dissipation of the
impact load through the ice thickness. Stress propagation follows the vertical axis of the cone, with the stress vectors
predominantly oriented along the direction of impact. The contour lines form evenly spaced gradients that trace the transmission
of compressive energy from the central zone toward the surrounding areas. The overall configuration highlights the axial
symmetry of radial stress distribution, with compressive forces directed downward and outward in a concentric pattern through
the ice body.
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Fig. 4. Radial stress contour distributions of the ice sheet under varying impact velocities: (a) 0.8 m/s; (b) 1.2 m/s; (c) 1.4 m/s; (d) 1.6 m/s; (e) 2.0 m/s.

3.2. Effect of impact velocity on stress response

The influence of impact velocity on the internal stress response of the ice sheet was examined by evaluating numerical results
for loading conditions ranging from 0.4 to 2.0 m/s. This analysis aims to identify how variations in dynamic loading intensity
affect the stress evolution within the ice during contact with the conical structure. The simulation outcomes were assessed by
extracting the peak circumferential and radial stresses for each case, which are summarized in Table 2. These data provide a
quantitative description of how stress magnitudes develop as the kinetic energy of the impacting ice increases.

Table 2. Maximum radial and circumferential stress values at various impact velocities.

Velocity (m/s)

Max. Circumferential Stress (Pa)

Max. Radial Stress (Pa)

0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0

4.0813x10°
6.2219 x 10°
7.9316 x 10°
9.3544 x 10°
9.8233 x 10°
1.1596 x 10°
1.1953 x 10°
1.4201 x 10°
1.6948 x 10°

7.8764 x 10°
9.5311 x 10°
1.0591 x 10°
1.2991 x 10°
1.3596 x 10°
1.5070 x 10°
1.5645 x 10°
1.6625 x 10°
1.7953 x 10°
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Table 2 presents the maximum values of circumferential and radial stresses recorded during the collision process for all
simulated velocities. Each stress value corresponds to the maximum intensity observed at the ice—cone interface at any time
during the simulation. As indicated in the table, both stress components exhibit a progressive change with increasing impact
velocity, reflecting the dynamic interaction between inertia effects and localized deformation. The numerical variations across
the velocity range capture the inherent sensitivity of ice material response to changes in impact rate, particularly under short-
duration loading conditions representative of ice—structure collisions.

To further visualize these results, the data from Table 2 are represented graphically in Fig. 5, which plots the maximum
circumferential and radial stresses as a function of impact velocity. Each set of data points corresponds to the simulation
outcomes, while the solid lines represent fitted regression curves for both stress components. The figure effectively illustrates
how stress magnitude evolves with increasing velocity, enabling a more precise comparison of the two stress behaviors.
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Fig. 5. Relationship between maximum stress and impact velocity for: (a) circumferential stress; (b) radial stress

As shown in Fig. 5, both circumferential and radial stress components display a clear nonlinear correlation with impact
velocity. The fitted regression curves indicate that stress magnitudes increase progressively as the kinetic energy imparted by the
moving ice sheet becomes greater. This nonlinear relationship demonstrates that the ice—structure interaction is highly strain-rate-
dependent, with even modest increases in velocity leading to a significant amplification of internal stress. The simulation results
also confirm that the explicit dynamic formulation successfully captures the transient growth of stress intensity during short-
duration impact events, producing smooth, continuous regression profiles that indicate stable computational convergence.

In Fig. 5(a), the circumferential stress exhibits a gradual and nearly quadratic increase with respect to velocity. This trend
suggests that the tangential stress component is mainly governed by lateral shear deformation generated along the inclined
surface of the cone. As the velocity increases, the cone geometry redirects a portion of the vertical impact force into horizontal
directions, thereby producing distributed shear stresses around the contact perimeter. The smooth curvature of the regression line
implies that the tangential stress field evolves steadily without abrupt fluctuations, indicating a relatively uniform redistribution
of strain around the conical surface. Such behavior aligns with the expected mechanical response of ice under shear-dominated
loading, where deformation propagates outward rather than concentrating at a single point.

In Fig. 5(b), the radial stress increases more sharply with impact velocity, revealing a stronger nonlinear dependency
compared to the circumferential component. The pronounced curvature of the regression line indicates that compressive stresses
along the impact axis increase with velocity, reflecting the dominant role of inertia-driven loading in this direction. The localized
amplification of radial stress near the cone tip indicates that the ice undergoes intense compression and strain-rate hardening,
resulting in a high stress concentration in the central region of contact. This response is consistent with previous experimental
findings on dynamic ice impacts, which report that normal stress components tend to increase disproportionately with velocity
because ice's limited capacity to dissipate energy through plastic flow limits its ability to accommodate deformation.

Comparison of the two curves in Fig. 5 reveals that the stress evolution within the ice sheet follows two distinct yet
interrelated mechanisms. The circumferential stress represents the tangential redistribution of load caused by the sloping
geometry of the cone, while the radial stress corresponds to direct compressive transfer along the impact axis. The radial
regression curve is relatively steeper than the circumferential one, indicating that compressive loading intensifies more rapidly
with velocity, leading to a dominant stress concentration near the cone tip. This contrast highlights the differing deformation
responses in the ice sheet: tangential shear spreads laterally, while compressive stress accumulates axially as velocity increases.
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4. Conclusions

This study numerically investigated the dynamic interaction between an ice sheet and a conical offshore structure using an
explicit dynamic finite-element method. The developed model successfully simulated the transient mechanical response of ice
during impact, capturing the evolution of stress and deformation at varying impact velocities. The results showed that stress
concentrations primarily occurred at the ice—cone interface, where radial and circumferential stresses exhibited distinct
directional distributions. The radial component was aligned with the impact axis, forming a concentrated compressive region
beneath the cone tip. Meanwhile, the circumferential stress extended tangentially along the cone surface, creating a continuous
stress band around the contact zone.

The analysis further indicated that increasing impact velocity led to a nonlinear rise in both stress components, reflecting the
coupled effects of kinetic energy and deformation rate on the ice response. These findings offer quantitative insights into the
mechanical behavior of ice under dynamic loading, underscoring the importance of accounting for velocity-dependent ice forces
in the design of offshore structures. The established numerical framework serves as a foundation for future research that
incorporates additional physical effects, such as ice fracture, temperature dependence, and fluid—structure interaction, to enhance
the realism and predictive capability of sea-ice impact simulations.
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