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Ship—structure collisions pose a significant threat to coastal and offshore infrastructures
such as bridge piers, breakwaters, and protective dolphins. In this study, we investigate the
performance of a rotational fender system (RFS) that dissipates ship-collision energy through
the rolling-induced conversion of translational kinetic energy into rotational kinetic energy.
Numerical simulations were conducted using LS-DYNA for ship-collision velocities of 5, 7, and
10 kn and collision angles of 0—75° with the angles configured to reflect the realistic approach
directions of a drifting ship after losing maneuvering control. Within these simulations, the
collision response was quantified using a numerical sensing approach. The RFS reduced the
peak impact force by 71.47-92.60%, with an average reduction of 83.15%, and delayed the
occurrence of the peak force by 0.190-0.464 s. Although the absolute impact force increased
with velocity, the reduction efficiency remained consistent, confirming the robustness of the
system. These results demonstrate that the RFS effectively transforms impulsive collision loads
into gradual and time-distributed responses, alleviating dynamic amplification and local stress
concentration. The RFS thus provides a lightweight, modular, and retrofittable protection
technology suitable for both new and existing marine infrastructures, which enhances the
structural safety and cost-effectiveness of marine infrastructures under realistic drift-collision
scenarios.

1. Introduction

The continuous expansion of global maritime transport has led to considerable increases in
ship size, cargo capacity, and navigational frequency, which in turn elevates the risk of ship—
structure collisions in coastal and offshore regions. According to the United Nations Conference
on Trade and Development, the global volume of maritime trade has more than doubled over the

past three decades, with an annual growth rate of approximately 2.4% in 2023 compared with
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2022.D This remarkable growth is closely linked to global economic development, particularly
in the container shipping industry, which has experienced a sharp rise in both ship tonnage and
operational frequency.

Over the past 15 years, the total number of registered ships worldwide has increased by
nearly 53% and the combined gross tonnage by approximately 47%.?) The European Maritime
Safety Agency reported that between 2014 and 2021, a total of 21,173 maritime accidents were
recorded, averaging 2647 incidents annually.®) As maritime traffic density continues to increase,
the probability of large-scale collisions involving ultra large container ships (ULCSs) and critical
infrastructures, such as bridges, offshore platforms, and harbor facilities, has also grown.

Ship—structure collisions are typically attributed to a combination of human, mechanical, and
environmental factors.® Human errors, such as operational negligence or navigation
misjudgment, account for nearly 80—85% of marine accidents. Mechanical failures, including
propulsion loss and steering malfunction, have also contributed to several catastrophic events.
For instance, the 2024 Francis Scott Key Bridge collapse in Baltimore occurred when the
containership Dali lost power and steering control, leading to a direct collision with the bridge
pier.®) Environmental factors, such as strong currents, high winds, and poor visibility, can
further exacerbate collision risks, as illustrated by the 2018 Sky Gate Bridge incident in Japan,
where a tanker drifted off its moorings during Typhoon Jebi (T1821) and struck the bridge. In
Korea, similar accidents have occurred in port and bridge areas. The 2019 Sea Grand incident at
Gwangan (Diamond) Bridge resulted in significant structural damage due to a drunk captain’s
operational error.(®) These events highlight the critical vulnerability of major coastal
infrastructures, such as bridges, breakwaters, and harbor facilities, when subjected to impacts
from large ships or drifting objects. Collectively, these cases indicate that ship—structure
collisions can occur under diverse operational and environmental conditions, resulting in impact
scenarios with substantially different directions, intensities, and energy-transfer characteristics.

In this context, conventional protective dolphin systems and fenders are typically constructed
from reinforced concrete or rubber materials and are designed mainly to resist static or quasi-
static loads. However, as ship sizes and kinetic energies increase, these traditional systems
exhibit inherent limitations. The energy dissipation mechanism of conventional fenders relies
mainly on the localized deformation or crushing of materials, which becomes insufficient when
dealing with ships exceeding 10000 tons. For example, the protective dolphin system at the
Incheon Bridge, a representative large-scale installation, has a diameter of approximately 50 m
and a mass of about 1350 t. Although structurally robust, such massive installations demand
high construction and maintenance costs and pose logistical challenges during underwater
placement.

Studies aimed at improving protection systems against ship collisions have introduced
devices designed to absorb collision energy and fender materials with enhanced mechanical
performance. Crashworthy devices have been proposed to mitigate ship—bridge collisions by
reducing impact force and energy transfer during collision.(”) Steel and ultra high-performance
fiber-reinforced concrete composite fenders have also been investigated for bridge protection
under vessel collision through experiments and numerical simulations, demonstrating their
potential to improve impact resistance and energy absorption capacity.® In addition, numerical
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analyses using LS-DYNA have been conducted to evaluate the performance of different fender
configurations for offshore wind turbine tripod structures subjected to ship impact, emphasizing
the importance of fender material selection and energy absorption mechanisms in marine
collision protection.®) These studies indicate that the performance of marine protection systems
depends not only on structural strength but also on the capacity to dissipate or redistribute
collision energy during impact.

Moreover, as the magnitude of ship impact energy increases in proportion to the ship’s
displacement and to the square of the impact velocity, simply enlarging the scale of protective
structures is not an economically sustainable solution. The need for an innovative system that
can dynamically convert and dissipate impact energy rather than relying on material deformation
has become increasingly evident.

Therefore, a novel type of marine collision protection system must be developed to improve
structural safety and cost efficiency simultaneously. Such a system should effectively reduce
impact forces, transform kinetic energy into a secondary form (such as rotation), and mitigate
localized stress concentrations on structural members through energy conversion and dissipation
mechanisms. For this performance assessment, the relevant impact responses were quantified in
LS-DYNA using a numerical sensing approach.

2. Research Concept and Objectives

To address these limitations, in this study, we propose a new concept of a rotational fender
system (RFS) designed to dissipate ship impact energy through a rolling mechanism. The RFS
converts the linear kinetic energy generated during a ship—structure collision into rotational
kinetic energy, thereby reducing the transmitted impact forces. This approach was inspired by
the rolling-barrier guardrail used in roadway safety systems, which has demonstrated
exceptional performance in absorbing vehicular collision energy by converting it into roller
motion.(19

By applying this principle to marine environments, the proposed system aims to enhance
both structural resilience and economic feasibility. When a ship collides with the rotational
fender, part of its momentum is absorbed and transferred into rotational motion, reducing the
impact energy transmitted to the protective structure. This dynamic energy conversion and
dissipation mechanism offers a practical advantage over conventional static systems, allowing
for a lighter, more adaptable design capable of withstanding high-energy impacts.

The numerical simulation was conducted using LS-DYNA,(") which enables the accurate
computation of dynamic contact interactions between the ship, the rotational fender, and the
protective structure (dolphin). Using LS-DYNA, we performed detailed numerical modeling of
ship-collision scenarios, including variations in ship-collision angle and velocity. The arbitrary
Lagrangian—Eulerian (ALE) method is employed to represent the nonlinear interaction between
fluids and structures while maintaining numerical stability.(?)

The main objectives of this study are summarized as follows:

* to verify the reliability of LS-DYNA for ship—structure (in particular, ship—dolphin) collision
analysis through comparison with existing experimental data,(1>)
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* to elucidate the energy conversion mechanism from translational to rotational motion and the
dissipation mechanism of the RFS during ship-collision impacts,
* to evaluate reductions in the peak impact forces achieved by the RFS under various ship-
collision angles and velocities, and
* to discuss the structural and economic implications of applying the RFS as a protective
measure for major coastal and offshore infrastructures.
Ultimately, the findings of this study contribute to the design of next-generation marine
protective systems that achieve both structural efficiency and high safety performance against
ship collisions.

3. Numerical Methodology

To numerically analyze the dynamic response of ship—structure collisions involving the
proposed RFS, the commercial finite element software LS-DYNA was employed. LS-DYNA is
well known for its capability to handle highly nonlinear, transient problems such as impact,
explosion, and fluid—structure interaction (FSI) through explicit time integration. LS-DYNA’s
explicit time integration method was used to simulate the nonlinear dynamic behavior during
ship—structure collisions.

3.1 LS-DYNA

The ALE formulation introduces an intermediate reference frame between the Lagrangian
and Eulerian descriptions, enabling the mesh to move independently of the material. This
characteristic is particularly advantageous for FSI simulations, where the interaction of fluid and
solid boundaries requires both accuracy and numerical stability. The general ALE transport
equation can be written as
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where X; represents the Lagrangian (material) coordinates and x; the Eulerian (spatial)
coordinates. The material velocity is represented by v; and the mesh velocity by u;, such that the
relative mesh velocity is defined as w; = v; — u;.
The conservation laws of mass, momentum, and energy in the ALE framework are expressed
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where p represents the density, o;; the stress tensor, b; the body acceleration (e.g., gravity), and £
the internal energy.

The Courant—Friedrichs—Lewy (CFL) condition was imposed to ensure numerical stability
during the explicit time integration process. This criterion limits the time increment so that
numerical information does not propagate across more than one element per step, maintaining
both stability and accuracy in simulating high-speed impact phenomena such as ship—structure
collisions.

3.2 Model validation

To verify the reliability of LS-DYNA for ship—structure collision analysis, a validation study
was performed using experimental data from a previous study on the collision of a drifting
container with a vertical column under solitary wave conditions.(!®) The numerical domain was
constructed on the basis of this experiment, divided into the wave field analysis region and the
collision analysis region (Fig. 1). The wave field was simulated using a numerical wave tank,1*)
and the free surface elevation and velocity fields during wave overtopping were applied as
incident conditions on the ocean side of the LS-DYNA collision simulation.

The results of the top-view comparison of the container’s drift trajectory were obtained from
a camera mounted above the wave flume and compared with the LS-DY NA simulation results
(Fig. 2). The agreement between the experimental and simulated trajectories confirmed the
model’s capability in capturing the container’s drift behavior.

For quantitative validation, Fig. 3 shows the results of the comparison of the container’s drift
velocity distribution derived from the experimental video analysis and the impact force on the
column measured by load cells, compared with the LS-DY NA results. The simulation accurately
predicted both the velocity distribution and the impact force, validating the model’s performance.
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Fig. 1. (Color online) Numerical domain constructed on the basis of Hwang et al.’s!3 experiment showing both
wave and collision analysis regions.
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(b

Fig. 2.  (Color online) Results of comparison between experimental observations (left) and LS-DYNA simulations
(right) of container drift and impact behavior. (a) 7=0s, (b) 1= 0.65 s, and (c) 1= 0.92 s.
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Fig. 3. (Color online) Results of comparison of (a) container drift velocity distribution and (b) impact force acting
on a vertical structure.

These validation results demonstrate the validity and effectiveness of LS-DYNA in
simulating the collision process, and thus, it is utilized in this study for the numerical collision
analysis of the proposed RFS.
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3.3 Numerical modeling

The geometric and material configurations were determined on the basis of real-scale

engineering data and design standards. The numerical model comprises three main components:

* Protective structure: The base structure was modeled after the protective dolphin installed at

the Incheon Bridge [Fig. 4(a)]. The structure was assumed to be cylindrical with a diameter of

25 m and a height of 50 m. It was made of normal-strength concrete with a compressive

strength of 40 MPa, a tensile strength of 4 MPa, an elastic modulus of 31 GPa, and a density

of 2,400 kg/m3. The base of the protective dolphin was fixed to simulate the pile foundation
anchorage condition.

* Fender system: The proposed RFS was modeled as a steel cylindrical ring with an inner
diameter of 25 m, an outer diameter of 30 m, and a thickness of 2.5 m [Fig. 4(b)]. The material
properties correspond to structural carbon steel with a density of 7850 kg/m?>, an elastic
modulus of 200 GPa, and a Poisson’s ratio of 0.3. The RFS was positioned concentrically
around the protective dolphin, allowing free rotational motion about the central axis upon
collision, thereby enabling energy conversion and dissipation through rolling.

 Ship model: The ship hull geometry was adapted from the Korea Research Institute of Ships
& Ocean Engineering’s container ship (KCS) model,1®) scaled up to represent a 24000 TEU
container ship with a length of 400 m, a beam of 61 m, and a height of 33 m [Fig. 4(c)]. The
ship’s material was modeled as a rigid body, emphasizing the transfer of ship-collision energy
and the structural response of the RFS and protective dolphin, rather than hull deformation.
This rigid-body assumption is commonly adopted in ship-impact studies where the primary

interest lies in the response of the target structure rather than the detailed hull deformation, and
it provides a conservative estimate of the forces transmitted to the protective structure.

3.4 Simulation setup

The simulation assumes a realistic accident scenario in which a large container ship loses
both steering and propulsion control before colliding with a fixed coastal structure. During the
Baltimore bridge collapse in 2024, a container ship in a loss-of-control condition struck a bridge
pier at an approximate velocity of 6.8 kn (3.50 m/s).®) In addition, according to the Incheon

(@ (®)

Fig. 4.  (Color online) Numerical models: (a) protective dolphin, (b) RFS, and (c) KCS hull.
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Regional Office of Oceans and Fisheries, Ministry of Oceans and Fisheries, Republic of
Korea,1®) ships exceeding 50000 GT must navigate at speeds below 10 kn (5.14 m/s) when
passing through the Incheon Bridge, while those over 160000 tons are limited to 6 kn (3.09 m/s)
or less.

Considering these accident records and navigation regulations, representative ship-collision
velocities of 5, 7, and 10 kn (2.57, 3.60, and 5.14 m/s, respectively) were selected for numerical
simulation. To reproduce realistic drift-collision conditions, the ship-collision angle, defined as
the angle between the ship’s drift (velocity) direction and its longitudinal axis, was configured
by considering the possible approach orientations of a ship under loss of maneuverability.
Accordingly, six representative collision angles (0, 15, 30, 45, 60, and 75°) were applied to reflect
diverse drift paths and energy levels at impact.

The computational domain was configured to ensure a sufficiently wide interaction region
among the ship, RFS, and protective dolphin, allowing the accurate evaluation of impact
response (Fig. 5). The AUTOMATIC GENERAL contact algorithm in LS-DYNA was
employed to automatically detect and compute multi body contact behavior during high-speed
impacts. In the contact interface between the RFS and the protective dolphin, Coulomb friction
was explicitly defined using static and dynamic friction coefficients of 0.30 and 0.20,
respectively, to represent realistic tangential resistance at the steel-concrete interface. To
maintain numerical stability and satisfy the CFL condition, the initial time step for explicit
integration was set to 1.0 x 107> s.

The impact force acting on the protective dolphin was obtained from the SPCFORC output in
LS-DYNA. SPCFORC records the reaction forces at nodes constrained by single-point
constraints (SPCs). In this study, the resultant reaction force at the constrained region of the
protective dolphin was adopted as the force transmitted to the target structure, analogous to the
reaction force measured by load cells in physical experiments.

4. Numerical Results
4.1 Collision response and energy conversion mechanism

The collision simulations between the ship and the protective dolphin demonstrate that the
RFS fundamentally alters how impact energy is transmitted to the structure. Figure 6 presents

the time histories of the impact force acting on the protective dolphin and the roller’s angular
velocity for a ship-collision velocity of 7 kn and a collision angle of 0° (head-on impact), with
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Fig. 5. (Color online) Computational domain showing the interaction region among the ULCS, RFS, and
protective dolphin.
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Fig. 6. (Color online) Time histories of the impact force acting on the protective dolphin and the roller’s angular
velocity, with and without the RFS.

and without the RFS. In the figure, the time axis is expressed as ¢*, which represents a time-
shifted variable defined by ¢* = ¢ — t,, where ¢, denotes the time at which the peak impact force
occurs without the RFS. This time shift was introduced to analyze the delay in the occurrence of
the peak impact force caused by the installation of the RFS.

Without the RFS, the ship’s bow directly strikes the fixed protective dolphin, producing a
sharp impulsive load of about 73.5 GN within a very short contact period. Because the contact
point remains nearly stationary, the impact energy is concentrated over a small area and short
duration, leading to severe stress concentration on the protective dolphin surface. When the RFS
is installed, the contact changes from a normal indentation to a rolling interaction. The roller
begins to rotate at the moment of impact, and a portion of the ship’s translational kinetic energy
is converted into the rotational kinetic energy of the fender. This conversion reduces the effective
normal deceleration of the ship and thereby decreases the peak impact force transmitted to the
protective dolphin. As a result, the peak force drops to 17.6 GN (76.01% reduction), and its
occurrence is delayed by about 0.355 s.

The roller’s rotational inertia acts as a dynamic energy buffer, as the work required to
accelerate the roller is extracted directly from the ship’s translational kinetic energy.
Consequently, the impact-force response evolves more gradually, exhibiting a smooth rise and
decay rather than an abrupt peak, which alleviates localized deformation demands on the
protective dolphin surface. This rotational mechanism fundamentally modifies the energy
transfer process, transforming the collision from a short-duration impulsive event into a time-
distributed interaction. The extended duration of force transmission implies that the same
collision energy is delivered over a longer time interval, effectively reducing the rate of
momentum exchange and the associated dynamic amplification of structural response.

4.2 Effect of ship-collision angle
The effect of ship-collision angle was investigated for six approach angles, and the results

were presented for a representative ship-collision velocity of 7 kn. Figure 7 presents the time
histories of the impact force acting on the protective dolphin and the roller’s angular velocity at a
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Fig. 7. (Color online) Time histories of the impact force acting on the protective dolphin and the roller’s angular
velocity at a ship-collision angle of 45°, with and without the RFS.

collision angle of 45° with and without the RFS, whereas Fig. 8 shows the impact-force time
histories for all collision angles under the same conditions. The corresponding reductions in
peak impact force and delay time are summarized in Table 1.

As shown in Fig. 7, when the ship collides at an oblique angle such as 45°, the impact force
transmitted to the protective dolphin becomes much smaller than that in the head-on collision
(Fig. 6), because the bow’s tangential motion allows a portion of the kinetic energy to be
redirected along the contact surface rather than being fully transferred in the normal direction.
The case without the RFS exhibits a distinct oscillatory pattern in the impact-force time history,
which is not observed in the head-on collision. This oscillation results from the repeated
contact—release behavior between the ship’s bow and the protective dolphin surface during
oblique impact, where the contact point continuously shifts along the curved interface. Each
intermittent contact and separation generates localized peaks and troughs in impact force,
producing a periodic fluctuation.

In contrast, when the RFS is installed, this oscillatory behavior is almost completely
suppressed because the roller absorbs tangential motion through continuous rotation, thereby
smoothing the force transmission. Under the 45° condition, the RFS further enhances this effect
by converting the tangential component of the ship’s kinetic energy into the roller’s rotational
motion. As a result, the peak impact force acting on the protective dolphin decreases from 49.47
GN (without RFS) to 3.66 GN (with RFS), corresponding to a 92.6% reduction. The roller
exhibits a gradual and continuous increase in angular velocity, indicating that the energy is
dissipated progressively through rolling rather than instantaneously through compression.
Therefore, oblique collisions provide a more favorable condition for the RFS to transform impact
energy into rotational kinetic energy, leading to a smoother and more efficient energy dissipation
process.

The results in Fig. 8 support these observations by showing the variation of impact-force time
histories for all collision angles. As the collision angle increases from 0 to 75°, the peak impact
force without the RFS decreases from 73.45 to 20.00 GN, whereas with the RFS, it decreases
from 17.62 to 2.06 GN. The corresponding reduction ratios range from 76.0% (0°) to 89.7% (75°),
with an average reduction of 83.2% across all cases (Table 1). The peak-force occurrence is



Sensors and Materials, Vol. 38, No. 6 (2026) 3357

100
Without RFS | With RFS
—0=0° | ® 0=0°
80 —0=15° | ® 0=15°
= —0=30° | ® 0=30°
&) —0=45° | ® 0=45°
g 60 0=60° | © 0=60°
8 A [ )
3
©
Q
E

Fig. 8. (Color online) Results of comparison of the impact forces acting on the protective dolphin at various ship-
collision angles, with and without the RFS.

Table 1

Peak impact force, reduction ratio, and delay time according to ship-collision angle at a velocity of 7 kn.

Collision angle (°) Withoiflzl;lsmpaa force E}S}j}? RES Reduction ratio (%) Delay time (s)
0 73.45 17.62 76.01 0.355

15 51.72 10.33 80.03 0.341

30 51.21 9.04 82.35 0.227

45 49.47 3.66 92.60 0.414

60 15.74 3.38 78.53 0.359

75 20.00 2.06 89.70 0.221

Average 43.60 7.68 83.20 0.320

delayed by 0.221-0.414 s, with an average delay time of 0.320 s, confirming that the RFS extends
the impact duration and mitigates impulsive loading on the protective dolphin through rolling-
induced energy redistribution.

Together, the results suggest that oblique impacts not only generate inherently smaller forces
but also enable the RFS to perform more effectively by facilitating rotational energy conversion
and time-dependent energy dissipation.

4.3 Effect of ship-collision velocity

The effect of ship-collision velocity was examined for three representative speeds of 5, 7, and
10 kn, and the results were presented for a fixed ship-collision angle of 45°. Figure 9 shows the
time histories of the impact force acting on the protective dolphin and the roller’s angular
velocity at a collision velocity of 10 kn, with and without the RFS, while Fig. 10 shows the
variation of impact-force time histories for all collision velocities under the same impact angle.
The corresponding reductions in peak impact force and delay time are summarized in Table 2.

When the ship collides at 10 kn (Fig. 9), a larger collision energy is generated compared with
the 7 kn case (Fig. 7), resulting in a stronger impulsive response in the absence of the RFS. The
peak impact force without the RFS reaches 59.26 GN, whereas with the RFS, it is reduced to
6.84 GN, corresponding to a reduction ratio of 88.5%. Despite the higher initial kinetic energy,
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Fig. 9. (Color online) Time histories of the impact force acting on the protective dolphin and the roller’s angular
velocity at a ship-collision velocity of 10 kn, with and without the RFS.
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Fig. 10. (Color online) Results of comparison of the impact forces acting on the protective dolphin at various ship-
collision velocities, with and without the RFS.

Table 2
Peak impact force, reduction ratio, and delay time according to ship-collision velocity at a collision angle of 45°.
Collision velocity (kn) Withotlj:lil;lsmpaa force g)&cl}}t\l}? RES Reduction ratio (%) Delay time (s)
5 35.20 3.22 90.85 0.458
7 49.47 3.66 92.60 0.414
10 59.26 6.84 88.46 0.194
Average 47.98 4.57 90.64 0.355

the roller exhibits a faster and more pronounced rotational acceleration, demonstrating that a
substantial portion of the impact energy is converted into rotational motion. This conversion
mitigates the impulsive loading on the protective dolphin by distributing the contact force over
time, thereby reducing both the magnitude and sharpness of the impact response.

Figure 10 illustrates the general trend that as the collision velocity increases, the impact force
acting on the protective dolphin also increases in both cases, with and without the RFS, owing to
the quadratic dependence of kinetic energy on velocity. However, the rate of increase in impact
force is significantly lower when the RFS is installed. This finding shows that the rotational
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kinetic energy—dissipation mechanism effectively limits the transmission of high-magnitude
impact loads.

According to Table 2, the RFS reduces the peak impact force by 90.9% at 5 kn, 92.6% at 7 kn,
and 88.5% at 10 kn, with an average reduction ratio of 90.6% across all velocities. The
occurrence of peak impact force is delayed by 0.194—-0.458 s, with an average delay of 0.355 s,
confirming that the RFS consistently extends the impact duration and smooths the force
transmission over a wider time interval.

Overall, the results show that although collision energy increases rapidly with ship velocity,
the RFS maintains high impact-attenuation performance even under severe conditions. This
stability arises from the roller’s ability to absorb and dissipate excess kinetic energy through
rotational motion, preventing excessive stress concentration on the protective dolphin.

5. Discussion
5.1 Impact mitigation performance of the RFS

The overall performance of the RFS was evaluated under three representative ship-collision
velocities of 5, 7, and 10 kn. To reproduce realistic drift-collision conditions, the collision angles
were defined by considering the possible approach orientations of a ship that has lost steering
and propulsion control. The representative results at 7 kn, previously presented in Table 1, serve
as a reference for comparison, while Tables 3 and 4 show the peak impact forces and delay times
with and without the RFS for the 5 and 10 kn cases, respectively.

Table 3

Peak impact force, reduction ratio, and delay time according to ship-collision angle at a velocity of 5 kn.

Collision angle (°) Withonljtelil;lsmpaCt foree g\cf}llt\lh) RES Reduction ratio (%) Delay time (s)
0 53.16 10.97 79.36 1.046

15 36.84 6.34 82.79 0.388

30 31.60 4.38 86.14 0.295

45 35.20 3.22 90.85 0.458

60 11.24 2.27 79.80 0.396

75 14.29 1.54 89.22 0.200

Average 30.39 4.79 84.70 0.464

Table 4

Peak impact force, reduction ratio, and delay time according to ship-collision angle at a velocity of 10 kn.

Collision angle (°) Withoste;kFlSmpaCt force i’\(l}llt\lh) RFS Reduction ratio (%) Delay time (s)
0 106.41 2743 74.22 0.235

15 74.10 21.14 71.47 0.229

30 78.40 13.61 82.64 0.275

45 59.26 6.84 88.46 0.194

60 22.50 4.50 80.00 0.154

75 28.54 213 92.54 0.051

Average 61.54 12.61 81.55 0.190
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The results reveal a consistent trend across all cases. At every velocity, the RFS substantially
reduces the peak impact force transmitted to the protective dolphin. For the 7 kn case (Table 1),
the average reduction ratio is 83.20%, whereas for the 5 and 10 kn cases (Tables 3 and 4,
respectively), the average reductions are 84.70 and 81.55%, respectively. This indicates that the
RFS maintains a high mitigation efficiency, generally above 80%, regardless of impact energy.
Although the absolute impact force increases with velocity owing to the quadratic dependence of
kinetic energy on speed, the relative attenuation capability of the RFS remains nearly constant,
demonstrating that the system scales effectively under higher collision intensities.

Another notable feature is the reduction in the delay time of the peak impact force with
increasing velocity. The average delay time decreases from 0.464 s at 5 kn to 0.320 s at 7 kn and
0.190 s at 10 kn. This shortening reflects the more rapid energy transfer that occurs as kinetic
energy increases. Nevertheless, the persistence of a measurable delay at all speeds indicates that
the RFS still redistributes the collision load over time. The temporal spreading of the impact
force, produced by the roller’s rotational inertia, plays a crucial structural role: it reduces
dynamic amplification, alleviates stress concentration on the protective dolphin surface, and
promotes a quasi-static load-transfer behavior. Consequently, the RFS transforms an impulsive
collision into a controlled, time-distributed energy-dissipation process, thereby improving
structural stability and reducing damage potential.

Overall, these findings confirm that the RFS provides robust and scalable impact mitigation
across various collision velocities. Even as impact energy increases under uncontrolled drift
conditions, the system retains its capability to attenuate peak force and extend impact duration,
offering a practical and reliable protection measure for coastal and offshore infrastructures.

5.2 Structural and economic considerations

The application of the RFS as a protective measure for major coastal and offshore
infrastructures provides both structural and economic benefits. Structurally, the RFS alleviates
the instantaneous concentration of impact loads acting on protective dolphins, bridge piers, and
offshore wind turbine foundations, thereby reducing the likelihood of local damage. This enables
the design of more durable and resilient structures with optimized safety factors.

Because the collision energy is dissipated dynamically through rotational motion rather than
static deformation, the required material volume can be significantly reduced compared with
that in the case of conventional massive concrete dolphins. Furthermore, the lightweight and
modular design of the RFS facilitates easier installation and maintenance. The RFS can also be
retrofitted to existing port and bridge facilities without major reconstruction, thereby enhancing
the overall cost efficiency of coastal and offshore infrastructures.

Taken together, these findings indicate that the RFS can serve as an efficient and sustainable
protective system capable of absorbing ship-collision energy and minimizing transmitted impact
forces. From an economic standpoint, the reduced material demand and modular installation of
the RFS can lower construction and maintenance costs compared with those of conventional
massive concrete dolphins, particularly for retrofitting existing bridges and harbor facilities.
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5.3 Limitations and future work

Although this study successfully demonstrated the impact-mitigation performance of the
RFS through numerical simulations, several limitations remain to be addressed for practical
application.

e The attachment method between the RFS and the protective dolphin has not yet been
investigated. Further research is required to develop joint mechanisms capable of maintaining
rotational freedom while reliably transmitting tangential forces under impact loading.
Comprehensive field-scale testing under various hydrodynamic conditions is recommended.

* The RFS must be capable of responding adaptively to hydrodynamic variations such as tidal
fluctuations and wave-induced water-level changes. Designing the RFS with appropriate
buoyancy characteristics can allow it to maintain optimal performance under dynamically
changing sea levels.

» The selection of suitable materials for the RFS remains a critical issue. Materials with high
corrosion resistance, fatigue strength, and low specific weight, such as stainless steel,
aluminum alloys, or fiber-reinforced composites, should be experimentally validated to
ensure long-term durability in marine environments.

* The reduction in friction between the RFS and the protective dolphin is essential to achieve
efficient rotational motion. The application of lubrication systems, polymer liners, or wear-
resistant bearing materials should be considered to minimize frictional losses and extend
service life.

These issues should be further examined through detailed structural design, experimental
verification, FSI simulations, and field testing to enhance the reliability and applicability of the
RFS in real marine environments. In addition, recent studies have shown that floating offshore
wind turbines are highly vulnerable to ship impacts, particularly under scenarios involving large
tankers or drifting ships.(7-!®) This suggests that the impact-mitigation concept embodied by the
RFS may also be applicable to offshore renewable infrastructures, where hydrodynamic loading
and impact risks coexist.

6. Conclusions

In this study, we conducted numerical simulations to evaluate the performance of an RFS in
mitigating ship-collision impacts on marine protective structures. Using the LS-DYNA-based
ALE framework, we simulated ship—structure collision scenarios for various collision angles
(0-75°) and velocities (5—10 kn). To realistically represent drift-collision events, the collision
angles were established considering the approach orientations of a ship under loss of steering
and propulsion control. Within this framework, the collision response was quantified using a
numerical sensing approach to evaluate the impact response transmitted to the protective
structure. The results demonstrated that the RFS effectively reduced the peak impact force
acting on the protective dolphin by 71.47-92.60%, with an average reduction of 83.15% across
all analyzed conditions. At a representative velocity of 7 kn, the RFS achieved the highest
mitigation ratio of 92.60% at a collision angle of 45° while maintaining stable attenuation
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performance under both low- and high-energy impacts. Although the absolute impact force
increases with collision velocity, the reduction efficiency of the RFS remains nearly constant,
confirming its applicability to high-energy collision scenarios.

The introduction of rotational motion alters the energy-transfer mechanism between the ship
and the structure. The roller’s inertia converts part of the translational kinetic energy into
rotational kinetic energy, delaying the occurrence of the peak impact force, with the average
delay ranging from 0.190 to 0.464 s depending on collision velocity and angle, and transforming
the impulsive load into a time-distributed response. This temporal spreading alleviates stress
concentration and reduces dynamic amplification on the protective dolphin surface.

From a practical perspective, the RFS provides both structural and economic advantages.
The rolling-based dissipation mechanism reduces material demand compared with that in the
case of conventional large concrete dolphins, while its lightweight, modular configuration
enables easy installation, maintenance, and retrofitting for existing port and bridge facilities.

Overall, the RFS represents a scalable and efficient protection technology capable of
effectively dissipating ship-collision energy, reducing local structural damage, and improving
the safety and durability of coastal and offshore infrastructures including bridges, dolphins, and
offshore wind turbines. By building on this numerical approach, future research will extend the
analysis to evaluate impact interactions between waterborne debris—ranging from driftwood
transported during river flooding(!*2% to large objects mobilized by tsunamis or storm

(21,22)_

surges and coastal or hydraulic structures.
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