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ABSTRACT

This paper investigates the hydrodynamic behavior of a berthed engi-
neering ship using a potential model incorporating the damping lid
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method, which effectively mitigates the strong hydrodynamic interactions
caused by narrow-gap resonance. First, the viscous correction approach Received: 30/09/2025
is validated against experimental data. Then, the abrupt variations in the
ship’s hydrodynamic characteristics at resonant frequencies are analyzed Accepted: 21/11/2025
for different gap widths. Subsequently, by comparing the ship motion Published: 29/05/2026

responses obtained from the response amplitude operators (RAOs) and DOI
the Cummins equation, the damping factors at specific frequencies are 10.23967/j.rimni.2025.10.74047
identified. Finally, under severe sea-state conditions, a safety assessment

of the mooring system is performed. The results reveal that narrower
gaps lead to stronger hydrodynamic interactions. Moreover, the predicted
extreme load responses confirm that the mooring system is capable of
ensuring the ship’s safety. This study provides useful insights for the design
of berthed structures with narrow gaps.
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1 Introduction

For purposes such as cargo loading and unloading, maintenance, and resupply, ships are required
to be moored alongside coastal or offshore berths. In recent years, an increasing number of offshore
berthing facilities have been established to meet specific operational demands [1,2]. However, due to
their exposure to open seas and the absence of effective shielding structures, ships moored at these
facilities face elevated risks of damage to mooring components under complex marine environmental
conditions [3,4]. Consequently, particular attention must be devoted to the accurate simulation of
environmental loads and the rational design of mooring systems.

Against this backdrop, numerous scholars have investigated the hydrodynamic behavior of
moored ships. Shen et al. [5] conducted experimental studies on an oil tanker moored at a pier,
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examining the interactions between the mooring system and incident waves. Their results revealed
that the breast lines experienced the highest tension within the system. Ziylan and Nas [6] proposed
a quasi-static method for the mooring analysis of berthed ships and validated it through a series
of analyses. They found that the method yielded results with less than 3% error, demonstrating its
strong practical value. Wen et al. [7] experimentally evaluated a multi-buoy-assisted mooring system
designed for bulk carriers and showed that this novel configuration effectively prevented the breakage
of mooring lines and fenders while reducing the ship’s motion amplitudes. Wan et al. [§] investigated the
influence of various fender designs and material properties on the performance of a floating storage
tank under both regular and 100-year-return-period irregular wave conditions, further performing a
parametric analysis of viscous effects. Considering harbor resonance, Yan et al. [9] assessed the impact
of different mooring arrangements and pretension levels on the dynamic response of berthed ships.
Their results indicated that moderately increasing pretension effectively reduced mooring line tension
and that deploying multiple lines on a single bollard improved the tension distribution. Zhu et al. [10]
performed both numerical and experimental studies on the hydrodynamic response of moored ships
under long-period swell conditions, finding that surge and heave responses were mainly governed by
the swell period, whereas roll and pitch responses were primarily influenced by the ship’s intrinsic
characteristics.

In moored systems with closely spaced bodies, a phenomenon known as narrow-gap resonance
may occur when the fluid within the gap interacts with incoming waves of specific frequencies.
The frequencies associated with this phenomenon, termed gap-resonant frequencies, include both
piston and sloshing modes [11]. In the piston mode, the gap fluid moves collectively in an up-and-
down motion, whereas in the sloshing mode, it oscillates back and forth. Once gap resonance is
triggered, the wave-induced loads on the structures and the fluid elevation within the gap can be
significantly amplified [1 2—15], posing potential threats to the integrity of the berthed system. Under
such conditions, analyzing the mechanism of gap resonance in multi-body configurations becomes
essential.

Extensive research has been conducted on gap resonance in multi-body systems through the-
oretical analyses, experimental investigations, and numerical simulations. Theoretical studies have
primarily focused on deriving analytical formulations to estimate gap-resonant frequencies [16,17].
Experimental investigations can generally be divided into two categories: two-dimensional (2D) tests
conducted in wave flumes [18,19] and three-dimensional (3D) tests conducted in wave basins [20,21].
These experiments aim to enhance understanding of the underlying physical mechanisms of gap
resonance and to provide benchmark data for validating numerical simulations. Among the available
approaches, numerical simulations are the most widely employed, typically based on either computa-
tional fluid dynamics (CFD) or potential flow methods. The CFD approach, which solves the Navier—
Stokes equations and explicitly accounts for fluid viscosity, can accurately reproduce gap resonance
phenomena [22,23]. However, the complexity of parameter settings and the high computational cost
limit its applicability in practical engineering. In contrast, potential flow models offer significant
advantages in efficiency and simplicity. Although potential models tend to overestimate resonance
amplitudes due to the neglect of viscous effects, they can still accurately predict resonance frequencies.
Consequently, the incorporation of viscous corrections into potential models to improve the prediction
accuracy of gap resonance has become an active area of research.

Currently, potential models with artificial damping are commonly adopted to enhance the
accuracy of predicting gap-resonant behavior in multi-body systems. Several damping implementa-
tions have been proposed [24-26], including the damping lid, flexible mat, and viscous dissipation
term. Zhao et al. [27] employed potential models incorporating these three damping approaches to
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investigate gap resonance in a fixed twin-barge system, finding good agreement between the numerical
predictions and experimental measurements for both resonance amplitudes and frequencies. Similarly,
Watai et al. [28] demonstrated that introducing artificial damping into potential models improves
convergence in time-domain simulations. It should be noted, however, that resonance behavior depends
on factors such as the hydrodynamic properties of the floating bodies, the frequencies of the incident
waves, and the gap width. Therefore, the damping coefficients employed in artificial damping methods
must be determined case by case [29].

Although extensive studies have been conducted on berthed ships, most have focused on mooring
design, analytical methods, and wave conditions, as summarized above. In contrast, the effects of gap
resonance on moored ships have received limited attention. It should be emphasized that at certain
frequencies, inaccurate prediction of ship motion responses may arise due to insufficient suppression
of strong hydrodynamic interactions, potentially threatening the safety of the mooring system. This
paper therefore focuses on examining the impact of gap resonance on the dynamic performance of a
berthed engineering ship. The damping lid method is employed for viscous correction, and appropriate
damping factors are determined to improve predictive accuracy. Finally, the safety of the moored ship
is evaluated by computing the extreme loads acting on the mooring system. The findings of this study
are expected to provide valuable insights for the design and assessment of similar offshore berthing
systems.

2 Theoretical Background

This study performs a hydrodynamic analysis of a berthed system consisting of an engineering
ship and a fixed dock structure. The hydrodynamic coefficients and wave forces acting on the
ship are computed using three-dimensional potential flow theory in conjunction with the boundary
element method (BEM). Because potential flow theory neglects viscous damping, the hydrodynamic
characteristics of the ship may exhibit abrupt variations near piston or sloshing resonance frequencies
when a narrow gap is present. In such cases, the omission of viscous damping corrections can lead
to inaccuracies in time-domain simulations, making it difficult to reliably estimate the load responses
of mooring lines and fenders near resonance frequencies. This uncertainty may pose safety risks to
the ship under severe sea conditions. To address this issue, a viscous correction approach known
as the damping lid method is adopted. Asillustrated in Fig. 1, this method introduces an artificial lid at
the mean water level MWL) between the ship and dock, with a width corresponding to that of the gap.
The core concept of the damping lid method is to modify the free-surface boundary condition in the
gap region by introducing a damping-related term, thereby accounting for viscous energy dissipation.
The subsequent sections describe the underlying potential flow model, the BEM formulation, and the
time-domain Cummins equation.

Y

Dock v

Damping lid

X

Engineering ship
(a) Plane view (b) Front view

Figure 1: Schematic diagram of the damping lid between the dock and engineering ship
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The potential theory assumes that the fluid is inviscid, irrotational, and incompressible, and the
velocity potential @ is composed of the incident potential ¢,, diffraction potential ¢, and radiation

potential ¢,; [30],

6
®(x,,2,0) = Re [ [(wi +90)+ D elE”

(1)

where: the superscript (1) denotes the engineering ship; & is the velocity amplitude of the ship in the
Jj-th degree of freedom (DOF). It should be noted that since the dock is fixed, it does not generate any
radiation potential. Furthermore, the incident potential is written as:

_ iA,g cosh[k(z + h)]

' w,  cosh(kh)
w

k= ————
g tanh(kh)

2)
)

where: A4,, w and B represent the wave amplitude, angular frequency and incident direction, respec-
tively; g is the gravity acceleration; k is the wave number; / is the water depth.

Regarding the boundary value problems for the diffraction and radiation potentials, the following

boundary conditions should be satisfied [31,32],
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where: © denotes the fluid domain; Sr, S;, and S, represent the free surface, seabed, and far-field
boundaries, respectively. When m = 1 and 2, S,, corresponds to the wetted surfaces of the ship and
dock, respectively, while S, denotes the total wetted surfaces of both bodies. Indeed, the free-surface
boundary conditions in Egs. (4) and (5) do not consider viscous corrections. To address this issue, the
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free-surface boundary equations based on the damping lid method are employed [33],

2
, 0,
@ = 1) g 2+ 2 =0 ©)
g g az
2 0 (1)
il (f = 1) ¢ — ngofjl) + — P _o (7
g a9z
where: « represents the damping factor, and the value of f can be determined by the formulas,
.z(nw)
sin' { 5~ ), @ <
/= ( " )‘“ ®)
— ] > OR=ON
Wy
@, = max [0.1, d ] )
dgap

Generally, « is within the range of [0, 1]. When o = 0, the free-surface boundary conditions are
the same with those without the viscous correction. When o = 1, the free surface is treated as a rigid
lid, implying that no wave elevation occurs within the gap. Notably, « = 0.2 can be considered as a
heavy damping factor.

After obtaining the diffraction and radiation potentials using the BEM, the hydrodynamic
pressure acting on the wetted surface of the ship is resolved by the linearized Bernoulli formula.
Subsequently, by integrating the pressure over the wetted surface, the first-order wave force in j-th
DOF is derived as:

(1) ffpn(”ds — iwpe ™ If((p' + (p[,)n‘”ds (10)

where: p denotes the seawater density.

Meanwhile, the radiation forces on the wetted surface of the ship can similarly be expressed as:
Fi =iwp JJs, {Re[oy'] + iIm[ey']} n"ds = —awp JJ5, Im [0 ] n"dS + iwp JIs, Re [of ] n"ds

11

= a)zAj(li) —}—ia)Bj(li) (1

AY = _r If Im @ | n"ds (12)
BY =p f Re[p] nds (13)

where: F,;/ ) denotes the radiation forces in the j-th DOF induced by unit motion of the ship in the
k-th DOF A and B represent the added mass and radiation damping in the j-th DOF, respectively,
induced by unlt motion in the k-th DOF.

After obtaining the hydrodynamic coefficients and wave forces of the ship, its equation of motion
in the frequency domain is written as:
6
D[ (M) + AV) + iwB) + K In" = F",i=1,2,...,6 (14)

Jj=1
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where: M(" and K" represent the mass and hydrostatic stiffness matrices of the ship, respectively; n;"
represents the RAO in the j-th DOF. According to the Ref. [33], approximately 5%—10% of the critical
damping is typically applied to consider the viscous roll damping. Regarding the critical damping, it
is derived as:

B<1)

critical 4 —

(I,\'x + AIX,\’)KN)” (15)

The method to convert the RAOs into the time-domain responses is commonly utilized to validate
the Cummins model under free-floating conditions [33].

n;(‘l())’/([) = A, *Re [n;l)(l‘w)e—iwz] (16)

In the presence of narrow gap, the resonance frequencies of the ship corresponding to the piston
mode and sloshing mode can be estimated with the empirical equations [34,35],

(17)

(18)

where: d and B are the draft and width of the ship, respectively; n denotes the n-th sloshing mode.

Under real sea conditions, the ship is not only subjected to first-order wave excitation but also
second-order wave excitation. Based on the near-field approach proposed by Pinkster, the second-
order wave excitation is formulated as [36]:

1 1 DO
F” = —>pg ]{ &g+ 5p [ [voU - Vo nlds +p [X“) : v—] nds+
wiD) s; s;

2 ot
IO
(©) (5} (1
e x FV + p!f 57 n;ds (19)
1

where: w/V denotes the ship’s waterline; ¢ is the relative wave elevation; XV and ©" represent the
first-order translational and rotational displacements of the ship, respectively; F" represents the total
first-order hydrodynamic forces; ® and ® denote first-order and second-order velocity potentials,
respectively.

Under irregular wave conditions, the second-order wave excitation induced by a pair of waves with
(Aj, w;, ozj) and (A, wy, o) can be calculated using Pinkster’s approximation method [36],

Jk

F(Z)(t) — Re {F};{z)e*i(wj’wk)lJri("‘j’ak)} (20)
F}f) :ﬁkF(l) (k, _ kk)

where: 4, and A, denote the amplitudes of the j-th and k-th wave components, respectively; «; and
o, represent the phases of the j-th and k-th wave components; F (k, — k) are the first-order wave
excitation induced by a wave with unit amplitude and wave number (k,- - kk). In addition, the variable

fu can be expressed as:
_ A ALy (cq,- - a),c)
g

Ji Q1)
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where:
1 C.+ D,
Ly = §g2 7 s (22)
((,()j — Wy ) — (k, — kk) gtanh (k] — kA) h
K i
C}/c = . 2 - kz (23)
w;cosh”kh  w, cosh” k;h
2kk, (0, — w,) (1 4+ tanh khtanh &k, h
Dy = L (wj a)A) ( + fannh tanh ) (24)

W;Wy.

Finally, under finite water depth, the velocity potential is resolved using the BEM and the
frequency-domain pulsating Green function [37,38].

2.2 Time-Domain Cummins Equation of Motion

After obtaining the hydrodynamic coefficients and wave excitation forces of the engineering
ship, these quantities are transformed into time-domain expressions using inverse Fourier transforms.
Additionally, the ship operates under the combined effects of wind, waves, and current, and is
constrained by mooring lines and fenders. Therefore, based on the Cummins model, the time-domain
motion equation of the ship is derived as [39]:

6 t

> [M+4,(00) ] %)+ {hi,-(t — T)X,(1)dT+ B, 5%, (D+ KX, (1) =
Jj=1
Foi(O+F 0 (O+F, (D+F (O+F, () +F;,(1)
where: A4,(00) is the added mass at infinite frequency; h; () is the retardation function implying fluid
memory effects [40]; B,,; is the corrected viscous damping term, as introduced in the frequency-
domain model; F,,; and F,,; are the first-order and second-order wave forces, respectively; F,; and
F,, denote the wind and current loads; F,,; and F;, represent the mooring force and fender contact
force, respectively. It is noted that in the current study, the polyester rope and rubber are employed to
simulated the mooring lines and fenders, respectively. The corresponding formulas for 4,(¢), 4;(00),
F,,, F.,, F, and F; are derived as:

(25)

hy (1) = % / k B,-,-(w; cos(@ido (26)
A;(00) =1A,-,-(w) + 5/0 hy(7) sin(wt)dt (27)
F,(t) = Epa CoaiS, V7, (28)
FL) = 30CS.V: (29)
F.(1) = K3, (30)
Fy(1) = K8, + Kp8; (3D

where: p, is the air density; C,,; and C,; are the wind and current force coefficients, respectively;
S, and S. represent the projected areas in the wind and current directions; V,, and V, denote the
relative wind and current velocities, respectively; K, and §,, are the stiffness and elongation of the
mooring line. Concerning the fender, the polynomial function is utilized to simulate the nonlinear
relationship between the contact forces and compression, where K, and K, are the coefficients, and
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8, 1s the compression. Furthermore, the detailed simulation of the fenders could be found in [41].
As for the first- and second-order wave loads acting on the ship, these are calculated based on the
wave spectrum [42]. In this study, the JONSWAP spectrum is employed to represent irregular wave
conditions.

3 Validation of Damping Lid Method

This study adopts the twin-barge system reported in Ref. [43] as a benchmark case to validate
the damping lid method, as illustrated in Fig. 2. The principal properties of the full-scale twin-barge
system are summarized in Table 1. After developing the boundary element model (BEM) of the twin-
barge system incorporating the damping lid, a series of frequency-domain simulations are performed.
Fig. 3 compares the response amplitude operators (RAOs) of Barge 1 in the heave and pitch degrees
of freedom (DOFs) between the numerical results obtained in this study and the experimental data
from Ref. [43]. The results clearly show that the motion responses near the resonance frequencies are
substantially suppressed by the application of damping, while the influence on other frequency ranges
remains minimal. Furthermore, among the tested damping factors, the results obtained with o = 0.02
exhibit good agreement with the experimental observations. These findings demonstrate that, when an
appropriate damping factor is adopted, the implementation of a damping lid can effectively enhance
the predictive accuracy of motion response simulations for floating bodies.

Figure 2: Illustration of the model-scale twin-barge system [43]

Table 1: Main properties of the full-scale twin-barge system

Property Unit Value
Length m 90
Breadth m 27
Draft m 4
Distance between barges m 6
Water depth m 42

https://www.scipedia.com/public/Zhang_et_al_2026 8
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Figure 3: Comparisons of the RAOs of Barge 1 with d,,, = 6 m between the numerical and experimental
results: (a) Heave DOF; (b) Pitch DOF

4 Characteristics of Berthed System

This paper investigates a berthed system comprising an engineering ship and a dock structure, as
illustrated in Fig. 4. The principal parameters of the system are summarized in Table 2. Furthermore,
the theoretical resonance frequencies for the piston and sloshing modes at different gap widths are
calculated using Egs. (17) and (18) and presented in Table 3. Because these formulas are derived under
the deep-water assumption, the calculated values may contain slight discrepancies. In addition, the
frequency interval adopted in the present study is not sufficiently fine, which may cause the numerical
simulations to miss the exact resonance frequencies. Nevertheless, the resonance frequencies listed
in Table 3 still serve as useful references for analyzing the variation trends of the hydrodynamic
characteristics across different gap widths.

Line #6

Engineering ship

Figure 4: Schematic diagram of the berthing system

Table 2: Main parameters of the engineering ship, dock, and mooring system

Property Unit Value
Engineering ship Length m 76
Breadth m 20.4
Draft m 5.6
Longitudinal center of gravity relative to forward perpendicular m 38.7
Vertical center of gravity relative to MWL m 2.2
Roll radius of gyration m 7.3
(Continued)
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Table 2 (continued)

Property Unit  Value
Pitch radius of gyration m 22.6
Yaw radius of gyration m 22.5
Displacement kg 6.479E°¢
Dock Length m 200
Breadth m 20
Depth relative to MSL m 20
Mooring line Number — 6
Diameter mm 100
Weight in air kg/m 5000
Axial stiffness kN 1180
Minimum breaking load kKN  1.639E®
Fender Number — 2
Thickness m 0.5
Coefficients of the polynomial function — 3E/1E’
Maximum allowable load kN  4.905E°

Table 3: Theoretical piston-mode and sloshing-mode resonant frequencies of the engineering ship for
different gap widths

Gap width (m) Piston-mode 1st-order 2nd-order
frequency (rad/s) sloshing-mode sloshing-mode
frequency (rad/s) frequency (rad/s)
3 1.058 — —
5 0.950 2.482 -
9 0.806 1.850 2.616

5 Results and Discussion

The present study investigates the application of the damping lid approach to a multi-body
hydrodynamic model. It is noted that all frequency-domain analyses presented in the subsequent
sections are performed within a wave frequency range of 0.05 to 2.7 rad/s, with an interval of
0.05 rad/s. In addition, a mesh convergence analysis of the berthing system is conducted prior to the
formal simulations. Fig. 5 compares the sway steady drift forces of the berthed system at the incident
direction of 90" between far-field method and near-field method. From the figure, it can be observed
that the results of steady drift force under near-field method agree well with those under far-field
method, which verifies the mesh convergence of the numerical model [44]. Finally, the numbers of
quadrilateral panels for the dock and ship are determined to be 13,240 and 2608, respectively.

5.1 Hydrodynamic Interactions at Different Gap Widths
The hydrodynamic interactions among multi-body structures can be effectively characterized
through their hydrodynamic coefficients. Figs. 6 and 7 present the comparisons of the added mass and
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radiation damping of the engineering ship at various gap widths. The results show that, in the single-
body scenario, the hydrodynamic coefficient curves are relatively smooth. In contrast, the coefficients
in the ship—dock system exhibit distinct oscillations. Moreover, for all degrees of freedom (DOFs), the
oscillation amplitudes are most pronounced at a gap width of 3 m, indicating that smaller gaps lead
to stronger hydrodynamic interactions.

@ 1600 () E—
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Figure 5: Comparison of sway steady drift forces between far-field method and near-field method: (a)
ship; (b) dock
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Figure 6: Added mass of the ship in six DOFs at various gap widths
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Figure 7: Radiation damping of the ship in six DOFs at various gap widths

As shown in Fig. 6a,c,e, the surge, heave, and pitch added masses display only the piston-mode
resonance within the frequency range, with the resonance frequency decreasing as the gap width
increases. Additionally, for these three DOFs, the added mass shows a decreasing and then increasing
trend near the resonance frequency. From Fig. 6b,d,f, it is evident that the sway, roll, and yaw added
masses exhibit only piston-mode resonance at d,,, = 3 m. However, when the gap width exceeds 3 m,
the sloshing modes also appear for these DOFs. Specifically, at d,,, = 5 m, only the first-order sloshing
resonance is observed, while at d,,, = 9 m, both first- and second-order sloshing modes are present. It
1s noteworthy that the first-order sloshing resonance frequency at d,,, = 5 mis significantly higher than
that at d,,, = 9 m, but still lower than the second-order sloshing frequency at d,,, = 9 m. Furthermore,
for d,,, = 9 m, the added mass at the first-order sloshing frequency is larger than that at the second-
order sloshing frequency. Additionally, in the vicinity of the resonance frequencies, the added mass for
these three DOFs exhibits a pattern of increasing, then decreasing, and then increasing again. From
Fig. 6a—f, it is also demonstrated that in presence of gap resonance, the added mass becomes negative
in some cases, a phenomenon not present in the single-body case.

As shown in Fig. 6a,c,e, the surge, heave, and pitch added masses exhibit only piston-mode
resonance within the investigated frequency range, with the resonance frequency decreasing as the
gap width increases. For these three DOFs, the added mass decreases and then increases near the
resonance frequency. From Fig. 6b,d,f, it is evident that the sway, roll, and yaw added masses display
only piston-mode resonance at d,,, = 3 m. However, when the gap width exceeds 3 m, sloshing modes
also emerge for these DOFs. Specifically, at d,,, = 5 m, only the first-order sloshing resonance appears,
whereas at d,,, = 9 m, both first- and second-order sloshing modes are present. It is noteworthy that the
first-order sloshing resonance frequency at d,,, = 5 m is significantly higher than that at d,,, = 9 m, yet
remains lower than the second-order sloshing frequency at d,,, = 9 m. Furthermore, for d,,, = 9 m, the
added mass corresponding to the first-order sloshing frequency is larger than that of the second-order
mode. Near the resonance frequencies, the added mass for these DOFs shows a characteristic pattern
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of increasing, decreasing, and then increasing again. Fig. 6a—f also reveals that, in the presence of gap
resonance, the added mass becomes negative in certain cases—a phenomenon absent in the single-body
scenario.

Fig. 7 infers that the variation patterns of radiation damping at different gap widths are more
complex than those of the added mass. In particular, the surge and roll radiation damping display
highly oscillatory behavior due to narrow-gap resonance. Nevertheless, similar to the added mass,
all six DOFs exhibit piston-mode resonance in their radiation damping curves. In Fig. 7a, sharp
fluctuations in surge radiation damping indicate strong piston-mode resonance across all gap widths.
Fig. 7d further shows that, in addition to piston-mode resonance, the roll radiation damping also
exhibits first-order sloshing resonance when the gap width exceeds 3 m. As seen in Fig. 7b,c, the sway
and heave radiation damping respond to the first-order sloshing frequency at d,,, = 5 m, though
with relatively small oscillation amplitudes. Similarly, Fig. 7¢,f demonstrate that the pitch and yaw
radiation damping display first-order sloshing resonance when the gap width exceeds 3 m. Notably, at
d,,, = 9 m, the yaw radiation damping at the first-order sloshing frequency is significantly larger than
that at the piston-mode resonance frequency, implying that the sloshing mode dominates the yaw
radiation damping for this configuration.

5.2 Hydrodynamic Analysis with Different Damping Factors

In this study, d,,, = 5 m is selected as the operating condition for investigating the damping lid
method, serving also as a preparatory step for the subsequent analyses. Zou et al. [45] emphasized
that selecting an appropriate damping factor is crucial for obtaining reliable results when using the
damping lid approach. Therefore, this subsection performs a parametric analysis of the damping
factor with respect to the hydrodynamic characteristics of the ship, focusing on the sway, heave, and roll
degrees of freedom (DOFs). Figs. 8—10 illustrate the hydrodynamic coefficients, wave excitation forces,
and response amplitude operators (RAOs) of the ship under different damping factors, respectively.
From these figures, it can be inferred that the damping lid method is effective in suppressing narrow-
gap resonance in the hydrodynamic responses. Furthermore, the damping effects become more
pronounced at the piston and first-order sloshing resonance modes as the damping factor increases.

As shown in Fig. 8a,c, near the first-order sloshing resonance frequency, the sway and roll
added masses for @ = 0.05 differ noticeably from those without viscous correction. However, once
viscous damping is introduced, the variations in added mass among different damping factors become
relatively small. Figs. 7f and 8e indicate that, for the heave radiation damping, the suppressive effect of
the damping lid at the sloshing resonance is less significant than that at the piston resonance, whereas
for the yaw radiation damping, the damping effects are evident at both resonance frequencies.

Fig. 9 presents the wave excitation on the ship under a wave heading of 90°. It can be observed
that, compared with the sway and roll DOFs, the influence of the damping lid on the heave DOF
is relatively minor. Notably, the roll wave excitation exhibits strong oscillations beyond the piston
resonance frequency due to narrow-gap resonance. Moreover, with viscous correction applied, the
variation of roll wave forces with respect to the damping factor becomes more complex. Nevertheless,
the overall damping effects on roll wave excitation generally intensify as the damping factor increases,
particularly around the piston and first-order sloshing frequencies.
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Figure 8: Hydrodynamic coefficients of the ship in sway, heave and roll DOFs with different damping
factors
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Figure 9: Wave forces of the ship in sway, heave and roll DOFs with different damping factors

After obtaining the relevant hydrodynamic coefficients and wave excitations, the sway, heave, and
roll RAOs are computed using Eq. (14), as illustrated in Fig. 10. The figure indicates that the damping
lid has negligible influence on the sway RAO, whereas for the heave and roll motions, slight damping
effects are observed near a frequency of approximately 1.2 rad/s. This behavior contrasts with the
more evident damping trends observed in the hydrodynamic coefficients and wave excitations. In
the following subsection, RAO-based time-domain responses are used to determine an appropriate
damping factor. It should also be noted that the accuracy of time-domain motion responses obtained
using the Cummins model can be validated against frequency-domain RAQOs under free-floating
conditions.
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Figure 10: RAOs of the ship in sway, heave and roll DOFs with different damping factors

5.3 Determination of the Damping Factor

Due to narrow-gap resonance, the hydrodynamic coefficients and wave excitation forces of the
ship exhibit abrupt variations near the resonance frequencies. Under such conditions, the retardation
function may converge slowly or even fail to converge, which can introduce errors into the time-domain
response. Therefore, it is necessary to determine an appropriate damping factor to ensure reliable
estimates. Based on Eq. (26), Fig. 11 illustrates the retardation functions for the sway, heave, and roll
degrees of freedom (DOFs). The figure indicates that higher damping factors lead to faster convergence
of the retardation functions. Under these conditions, the potential errors caused by hydrodynamic
interactions can be evaluated by comparing the RAO-based responses with those obtained from the

Cummins model [33].
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Figure 11: Comparisons of /(¢) of the ship in sway, heave and roll DOFs with different damping factor

Two frequencies near the piston-mode natural frequency, w = 0.85 and w = 1.2 rad/s, are selected
for further analysis, as both induce oscillatory behavior in the hydrodynamic properties and are notably
influenced by the damping factor, as inferred in Figs. 8 and 9. Time-domain simulations are then
performed for a free-floating ship subjected to regular waves with 8 =90°, 4, =0.125m, and w = 0.85
and 1.2 rad/s. Figs. 12 and 13 compare the heave and roll responses obtained using various damping
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factors between the RAO-based method and the retardation-function approach. As shown in these
figures, when the damping factor is less than 0.2, noticeable discrepancies appear in both amplitude
and phase for the heave responses between the two approaches. In contrast, for the roll motion, the
phase agreement remains consistent across both frequency conditions. Moreover, when w = 0.85 rad/s
and o = 0.2, the heave and roll motion responses exhibit excellent agreement between the RAO-based
and retardation-function-based results. At w = 1.2 rad/s, however, a damping factor larger than 0.05
is required to achieve a comparable level of agreement. It is important to emphasize that selecting an
excessively large damping factor is not physically meaningful. Instead, the damping factor should be
carefully chosen for each specific condition to effectively suppress oscillations in the hydrodynamic
characteristics while minimizing errors introduced by the retardation function in the Cummins model
33]. The objective is to achieve a reasonable, rather than excessive, level of viscous correction. Based
on the above analysis, the suitable damping factors for w = 0.85 and w = 1.2 rad/s are determined to
be 0.2 and 0.1, respectively.

l (@) u=Q

——RAO based response] =TTy p—
= = Time response | 030

{— - Time response

2

Heave (m)

Roll (deg)
2

200 220 260 270 280 2 300 200 220 260 270 280 2 300

Tume () Tame (s)

(b) «=0.05

f——RAO based response] f——RAO based response]
|=— = Time response | 0% l— = Time response

W

——RAO based response|

A = - Time response — - Time response
YOIy Ty 02 .

-\, 20
5 £

W A O \ )
. 5 =

£ .01

. ‘, 02

-03 J
20 300

240 2% 260 270 280 20 300 240 2% 260 270 280

018

Heave (m)

240 2% 20 2”70 280 20 300 240 2% 20 27 230
Tune (s) Tune (s)

(c) a=0.1
016 04
——RAO based response,

0

Heave (m)

Tume (s) Tume (s)

(d) a=0.2

|=——RAO based responsc,

0124 | 03
{— - Timeresponse |

0084 I T ‘ 2

0044 >

0004

2014 “

0.08 - 02

o 03
‘0 2% %0 M %0 0

.16

Roll (deg)

Heave (m)

300 240 2% 260 270 280 22 300

Tume (s) Time (s)

Figure 12: Comparisons of heave and roll responses between the RAO-based and retardation-based
responses with different damping factors under w = 0.85 rad/s
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Figure 13: Comparisons of heave and roll response between the RAO-based and retardation-based
responses with different damping factors under o = 1.20 rad/s

5.4 Extreme Loads of Mooring Lines and Fenders

For the two wave frequencies examined in the previous subsection, the corresponding harsh sea
states are defined based on the conditions at the operational site. For the first sea state, associated with
w = 0.85 rad/s, the significant wave height is 0.3 m, and the wind and current velocities are 10 and
0.2 m/s, respectively. For the second sea state, corresponding to w = 1.2 rad/s, the significant wave
height is 0.6 m, while the wind and current velocities are 15 and 0.3 m/s, respectively. In both cases, the
incident direction is 90°.

To ensure the safety of the mooring system under severe ocean conditions, it is necessary to
evaluate the extreme loads acting on all mooring lines and fenders. For each sea state, 20 random
sub-states with different wave seeds are generated, and each time-domain simulation is performed
over a duration of 3 h. From the time histories of each simulation, the maximum mooring line tension
and fender reaction force are extracted. Subsequently, the Gumbel distribution is employed to fit the
extracted maxima and estimate the short-term extreme responses. The corresponding expression for
the Gumbel distribution is given as follows:

Fy(x) = exp |:—exp (X;X)] (32)

where: F represents the non-exceedance probability; X is the random variable; x is the independent
variable; A and u are the position and scale parameters of the Gumbel distribution, respectively.
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To determine the short-term extreme response, the linear fitting method is commonly applied to the
Gumbel distribution. Therefore, the above expression is rearranged into the following linear form:

— In[—InFy(x)] = lx — & (33)
[T

During the fitting process, the maximum load values obtained from the 20 sub-cases are
first arranged in ascending order and plotted along the x-axis. Their corresponding values of
—In[—InF,(x)] are then calculated using the empirical formula and plotted on the y-axis. Finally, the
least-squares method is applied to determine the optimal linear fitting curve. Based on the obtained A
and u parameters, the short-term extreme response is defined as the x-value corresponding to a 95%
non-exceedance probability.

Figs. 14 and 15 present the Gumbel distribution fitting results for the extreme loads of six mooring
lines and two fenders under the two harsh sea states, respectively. According to the fitted results, Line
#1, located at the bow, experiences the highest load, while Line #5, positioned at the stern, exhibits the
lowest load. For the fenders, the one located near the bow is subjected to a higher contact force than
the one near the stern. Table 4 summarizes the extreme load values of all mooring lines and fenders
for each sea state, along with their corresponding safety factors. According to Refs. [46,47], the safety
factor for both mooring lines and fenders is 1.67. The results listed in Table 4 indicate that the mooring
system remains within safe limits under both harsh sea states.
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Table 4: Short-term extreme loads of lines and fenders

Severe sea condition 1 Severe sea condition 2

Extreme response (kN) Safety factor Extreme response (kN) Safety factor

Line #1 758.836 2.15 742.765 2.20
Line #2 528.106 3.10 496.479 3.30
Line #3 493.630 3.32 479.698 341
Line #4 490.800 3.33 576.427 2.84
Line #5 333.186 491 391.062 4.19
Line #6 398.461 4.11 500.083 3.27
Fender #1 2341.1 2.09 2855.3 1.71
Fender #2 1533.6 3.19 2216.5 2.21

6 Conclusions

This study investigates the hydrodynamic interactions and the application of the damping lid
method in an engineering ship—dock berthing system. The hydrodynamic characteristics are evaluated
using three-dimensional potential flow theory combined with the boundary element method (BEM),
while the time-domain dynamic responses are computed based on the Cummins model. Because the
potential flow model does not account for viscous damping, the damping lid method is employed
to suppress the abrupt variations in hydrodynamic coefficients and wave excitation forces around
resonance frequencies. After validating the method, appropriate damping factors are determined for
two specific wave frequencies. Finally, the extreme loads and safety assessments of the mooring lines
and fenders are conducted. Based on the simulation results, the following key conclusions are drawn:

1. In the absence of viscous damping correction, the hydrodynamic properties of the ship exhibit
significant oscillations near resonance frequencies. Furthermore, narrower gaps between the
ship and dock lead to stronger hydrodynamic interactions. In addition to the piston mode,
sloshing modes appear in cases with larger gap widths.

2. The damping lid method demonstrates a clear attenuation effect across various damping
factors. For w = 0.85 and w = 1.2 rad/s, comparisons between time-domain responses based
on frequency-domain RAOs and the Cummins equation yield optimal damping factors of 0.2
and 0.1, respectively.

3. Under the two harsh sea states, the short-term extreme loads on the mooring lines and fenders
are estimated using the Gumbel distribution with linear fitting. The calculated safety factors
remain below the allowable threshold, indicating that the mooring system maintains adequate
safety under both conditions.

However, this study has certain limitations. To achieve more accurate viscous damping corrections,
experimental studies or CFD simulations should be conducted, as wave elevations within narrow
gaps tend to be more sensitive to the damping factor than the overall ship motion responses. In
addition, only a single incident direction of environmental loading is considered in the time-domain
analysis, whereas in real-world scenarios, the directions of waves, wind, and currents may differ. These
limitations should be addressed in future work.
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Finally, future research will also focus on examining how variations in narrow-gap configurations
influence hydrodynamic interactions, and based on the findings, propose practical recommendations
for determining optimal berthing distances in engineering applications.
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