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A B S T R A C T   

In this paper, the hydroelasticity of two segmented ship models (Barge and KVLCC2) is investigated by exper
imental and numerical methods. A two-way Computational Fluid Dynamics (CFD) and Finite Element Analysis 
(FEA) coupled method is adopted and further validated its accuracy against experimental results. The current 
approach emphasizes the overall convergence between two solvers, maintaining a strongly coupled manner to 
comprehensively address the fluid-structure interaction phenomenon, including the added mass effect. A series of 
experiments of a segmented Barge and KVLCC2 under various wave conditions were firstly conducted. The 
motions of the models are measured and the displacement Response Amplitude Operators (RAOs) are calculated. 
The CFD-FEA coupled method is demonstrated in agreement with experimental results by comparing the nu
merical prediction with the tank test results in terms of motion, affirming the validity and robustness. Finally, the 
hydroelastic response is discussed and investigated.   

1. Introduction 

In the traditional design procedure, analysis of wave-induced motion 
and load responses are generally based on rigid ship. Structure-response 
analysis is performed separately using empirical formulas or the 
frequency-domain analysis method. The increase in ship size has made it 
challenging to evaluate the safety of ship structures using traditional 
analysis methods, particularly when ships encounter complex sea con
ditions. The enlargement of a ship’s size can result in a decrease in its 
natural frequency, making it more vulnerable to whipping and springing 
(Lee et al., 2011; Southall et al., 2015). When ships with a low natural 
frequency interact with incoming waves, resonance is more likely to 
occur, which can cause local deformation or even structural failure. The 
hydroelastic response at a global level can apparently affect both the 
extreme structural response and the fatigue life of certain structural 
details (Malenica et al., 2006). For instance, the maritime accident 
involving the MOL Comfort has two possible causes (Class NK, 2014). 
The structural response of the ship will increase as the combination of 
global and local loads as well as the hydroelastic vibration. Therefore, 

when predicting the safety and motion response of large ships, it is 
essential to consider Fluid-Structure Interaction (FSI) and the elasticity 
of the structure, also known as hydroelasticity. The analysis considering 
hydroelasticity offers several advantages (Wu and Tian, 2008).  

(1) Compared with traditional seakeeping analysis, information from 
the fluid field can be made the best of. Thus, while predicting the 
rigid body motion, the results of deformation, strain, stress, 
bending moment, and shear force of structure, can be given;  

(2) A precise phase relationship between the steady wave induced 
load and the transient slamming load of the ship can be given 
when sailing in waves;  

(3) Ship structure response from global and local hydrodynamic 
loads can be integrated and investigated naturally;  

(4) When sailing in waves, the structure strength, dynamic stability 
and fatigue performance of the ship hull can be unified and 
studied together. This can lay a foundation for direct ship-design 
methods. 
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In the 1970th, Bishop et al. developed a two-dimensional linear 
hydroelasticity theory (Bishop and Price, 1979, 1983) to address the 
interaction problem between elastic beams and fluids. This theory laid 
the foundation for the branch of hydroelasticity. Later, the emergence 
and popularisation of high-performance computers lead to the devel
opment of three-dimensional hydrodynamic methods for solving 
hydroelasticity problems. Wu (1984) proposed a three-dimensional 
linear hydroelasticity theory that considers generalized fluid-structure 
coupling boundary conditions. The theory can estimate the motion 
response of any elastic body in waves. Price (1985) introduced an 
approximate correction to Wu’s theory for fluid viscous resistance, 
allowing for analysis of its influence. Wu’s theory was validated through 
a series of examples and further improved by Bishop et al. (1986). 
However, linear hydroelasticity theory assumes small disturbances of 
the fluid and minimal displacement and deformation of the structure. 
This assumption is not always applicable. Therefore, nonlinear hydro
elasticity theory was further developed (Chen et al., 2003; Korobkin 
et al., 2011; Lee and Lee, 2016; Xia et al., 1998). Consideration has been 
given to factors such as the instantaneous change of structure immersion 
depth, anharmonic oscillation, and the slamming effect of waves. 
However, analytical solutions alone may not suffice for complicated 
hydroelastic problems. There are two primary methods for experimental 
study of hydroelasticity: real-ship test and model test. Results from 
real-ship tests are precise. However, conducting such tests is generally 
expensive and challenging. Due to the scale effect, there is a discrepancy 
between the results obtained from the model test and the actual results. 
The model test can meet the basic requirements for general design and 
construction and is therefore widely used. Riggs et al. (2007) proposed 
two simple ship models called Barge and Wigley, which have become the 
benchmarks of three-dimensional hydroelasticity studies. Senjanović 
and Malenica (2003) conducted a tank test on a segmented Barge ship to 
study the hydroelasticity under regular waves. Remy et al. (2006) 
investigated the elastic response of a Barge ship to diagonal waves, 
based on Malenica’s experiment. Fu et al. (2007) investigated the gen
eral characteristics of hydroelastic response in flexible floating inter
connected structures, including their displacement and bending 
moments under various conditions. Iijima et al. (2009) and Zhu et al. 
(2011a, 2011b) designed scaled ship models based on real ships. The 
study focused on the wave frequency response, bending and torsional 
vibrations of the segmented ship model in both regular and irregular 
waves. Chen et al. (2017) investigated the vibration characteristics of a 
segmented ship model at varying wave angles. Fonseca and Guedes 
Soares (2004) conducted a model test on a S-175 container ship. The 
results reveal the non-linear response of the structure. A self-propelled 
test of a segmented ship was conducted by Jiao et al. (2018). Kim 
et al. (2018) investigated fatigue damage in a 9400 Transmission 
Extension Unit (TEU) container ship based on a real ship test. Yang et al. 
(2021) conducted a large-scale combined beam model experiment on a 
20,000TEU container ship. Jiao et al. (2019) investigated hydroelastic 
responses through a model experiment in harsh irregular seaways. 

Numerical simulation has become the most effective and economical 
solution for studying hydroelasticity in recent years. Guo and Zou 
(2017) investigated ship maneuvering with four degrees of freedom 
(DOF) in still water using the ONR roll ship model. Iijima et al. (2008) 
proposed a consistent structural analysis procedure to estimate the 
global and local load effects considering symmetric and antisymmetric 
hydroelastic vibrations in high waves. Kim et al. (2009) investigated 
torsion, bending and warping distortion of a one-dimensional beam 
using a hybrid Boundary Element Method (BEM)-FEM scheme. He and 
Kashiwagi (2012) investigated the hydroelastic response of an elastic 
vertical plate under solitary waves using a BEM-FEM coupled method. 
Takami et al. (2018, 2020) developed an inhouse code and conducted 
one-way and two-way CFD-FEA coupled simulation for hydroelastic 
response using an Inverse Distance Weighting (IDW) mapping algorithm 
(Nishikawa, 2012). This in-house code can couple any CFD and FEA 
code, providing a new option for investigating hydroelasticity. Jiao et al. 

(2021) and Huang et al. (2022) estimated ship wave loads and 
hydroelastic responses using fully coupled computational fluid dy
namics (CFD) and finite element analysis (FEA) solvers in a two-way 
manner, with Star-CCM+ and Abaqus, respectively. Pal and Iijima 
(2022) attempted to investigate the higher-order springing phenomenon 
using direct coupling of CFD-FEM analysis for a barge-type structure. Pal 
et al. (2023) investigated the hull girder collapse behavior in the case of 
a 5250 TEU containership using a coupling between CFD and FEA. Lu 
et al. (2024) analyzed the structural collapsed characteristics of a 
three-cabin structure using CFD-FEA coupled method. The fully coupled 
CFD-Discrete Module Beam (DMB) method is also developed and used 
for ship hydroelasticity (Wei et al., 2023) and Very Large Floating 
Structures (VLFS) (Wei et al., 2024) recently. 

The objectives of the present study could be summarized as follows.  

1. Tank tests were conducted on the segmented Barge and KVLCC2 
models under various wave conditions. The motion was measured, 
and the hydroelasticity of the models was focused.  

2. Experimental analysis and two-way CFD-FEA coupled method in this 
research were validated by published data. 

2. Tank test 

2.1. Ship model 

This study employed two segmented ship models, namely Barge and 
KVLCC2, as shown Fig. 1. Experiment on the Barge ship is based on the 
experiment carried out by Senjanović and Malenica (2003), while the 
experiment on the KVLCC2 ship is newly designed based on the model 
and data provided by Zhang et al. (2019). 

In the Barge model, there are a total of twelve segments rigidly 
connected to the backbone, as shown in Fig. 2. Apart from the bow 
segment (refer to Fig. 3), the remaining eleven segments are identical in 
shape. The gap between each segment is set at 0.015 m. Table 1 de
scribes the principal particulars of the Barge ship. 

Regarding the KVCLL2 model, it is divided into sixteen segments due 
to the complexity of ship lines and the rapid changes in curvature of the 
ship’s surface (see Fig. 1 (b)). Compared to the original ship, the 

Fig. 1. Experimental ship model.  
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experimental model’s deck has been raised to prevent green water from 
entering during the experiment. Similar to the Barge model, all the 
segments are rigidly connected to the backbone. The distance between 
each segment is 0.013 m. The length of F2 to F7 and F10 to F11 is 0.15 
m, while the length of F8 and F9 is 0.18 m. To ensure the accuracy of the 
lines in the bow and stern, F1 and F16 were created by 3D printing 
technology (see Fig. 4). The backbone of the model measures 2.729 m in 
length, 0.1 m in width and 0.005 m in thickness. The principal partic
ulars of the KVLCC2 ship model are listed in Table 2. 

Fig. 5 shows the mass distribution of the Barge and KVLCC2 models 
along the x-axis. In the Barge model, all segments are box-type and have 
a similar size, resulting in a similar weight for each segment. The 
KVLCC2 model’s mass distribution is based on the actual ship, with the 
weight of each segment decreasing from the center to the two ends, as 
depicted in Fig. 5 (b). 

2.2. Mooring system 

In the experiment, the ship model is constrained by spring to avoid 
unexpected motion (see Fig. 6). Only heave and pitch are released. 

2.3. Motion capture system 

As shown in Fig. 8, a VISUALEYES™ 3D motion capture system, 
which includes a tracker and several wireless LED markers, was adopted 
in the experiment. The tracker captures real-time signals from multiple 
LED markers and computes motion with high accuracy. The location of 
the LED markers for Barge and KVLCC2 is shown in Fig. 7. The motion 

Fig. 2. Connection between segment and backbone.  

Fig. 3. Bow segment of the Barge ship.  

Table 1 
Principal particulars of the Barge ship model.   

Length (m) Width (m) Depth/Thickness (m) Draft (m) 

Segment 0.190 0.600 0.250 0.120 
Backbone beam 2.445 0.050 0.006 /  

Fig. 4. The bow and stern segments of the KVLCC2 model.  

Table 2 
Principal particulars of the KVLCC2 ship model.   

Length 
(m) 

Width 
(m) 

Depth 
(m) 

Draft 
(m) 

Center of gravity 
(m) 

Symbol Lpp B D d KG 
Value 2.728 0.486 0.2917 0.2117 0.155  

Fig. 5. Mass distribution of the Barge ship and KVLCC2 ship.  
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capture system measures the displacement along the z direction at each 
LED marker. 

2.4. Wave tank and wave conditions 

The tank test was carried out in the wave tank at the Tianjin Research 
Institute for Water Transport Engineering (TIWTE). The wave tank is 40 
m in length, 12 m in width and 0.9 m in depth. A piston wave maker is 
adopted and plenty of wave eliminators are settled at the side of the 
tank, behind the wave maker and by the end of the tank to avoid wave 
reflection. 

In this research, the ship under different regular waves without 
forward speed is investigated. The wave conditions of the experiment 
are shown in Table 3. The wave period for all test conditions is deter
mined by the sea conditions in the northern hemisphere (Bales, 1983). 

3. Numerical theory and model 

3.1. FE formulation and model 

3.1.1. FE formulation 
An implicit solution is adopted in the FEA calculation phase. For the 

dynamic problem, the linearized equilibrium equations can be written 
by: 

MÜ+CU̇ + KU = R (1)  

where M, C and K represent the mass matrix, damping matrix, and 
stiffness matrix, respectively; R is the external load vector; U, U̇ and Ü 
respectively represent displacement, velocity and acceleration vector of 
FEA nodes. 

As for time integration, the Newmark-β method (Newmark, 1959) is 
applied in the FEA calculation phase, which can be written as: 
⎧
⎪⎨

⎪⎩

Üt+1
=

ΔU
βΔt2 −

U̇t

βΔt
−

1
β

(
1
2
− β

)

Üt

U̇t+1
= U̇t

+ Δt(1-γ)Üt
+ γΔtÜt+1

(2)  

where the superscript t and t + 1 represent value at time step t and t+ 1; 
Δt is the time step; β and γ are time integral constants. Since the New
mark method lacks the robustness required for simulating long-term 
dynamic implicit problems, a three-point backward Euler step is intro
duced between two Newmark steps, which can be written as: 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Üt+1
=

(1 + α)
Δt

(
U̇t+1-U̇t)

−
α

Δtn
(
U̇t

− U̇t-1)

U̇t+1
=

(1 + α)
Δt

ΔU −
α

Δtn
(
Ut − Ut-1)

(3)  

where Δtn represents time step at the pre-Newmark time step; α is the 
time integral constant. For these time integral constants, the Bath 
scheme (see Table 4) is reported to preserve energy and momentum to a 
reasonable degree (Bathe, 2007). If necessary, the time integral constant 
should be adjusted based on the Bath scheme. Usually, increasing the 
value of β and γ can bring additional numerical damping, which will 
increase the stability of the simulation. In this study, the settings of time 
integral constants are shown in Table 4. Rayleigh-type damping is 
applied to the FE model. Both mass damping and stiffness damping are 
considered in the simulation. The mass damping and stiffness damping 
coefficients are set to 0.01 and 0.001, respectively. Since the stiffness 
proportional damping constant largely affects the high-frequency mode 
of structure (Bathe and Noh, 2012), the unstable calculation can be 
caused by taking the stiffness damping into account. The time step size 
should be forced to a significantly small value in this kind of case. 
Therefore, the time step size for the FEA solver is set to 10− 5s in this 

Fig. 6. Spring mooring system.  

Fig. 7. Location of the LED markers.  

B. Xie et al.                                                                                                                                                                                                                                      



Ocean Engineering 307 (2024) 118081

5

study. 

3.1.2. FE model 
The FE model of the Barge ship and KVLCC2 ship are shown in Fig. 9. 

The FE model of the Barge ship is the same as the experimental model, 
which is segmented. It should be noted that the FE model of the KVLCC2 
ship is continuous and does not have backbone. In the experiment of the 
KVLCC2 ship, contact between two neighbor segments was observed. 

Accounting for this kind of contact in current two-way coupled methods 
is time-consuming. Furthermore, due to the narrow gap between 
neighbor segments and the complex geometry of the ship, it is necessary 
to ensure high mesh quality in the CFD simulation and use a smaller time 
step for the two-way coupled simulation. Therefore, to balance accuracy 
and efficiency in the simulation, a continuous FE model has been 
adopted for the KVLCC2 ship. 

Young’s modulus of the ship is tuned to reduce the stiffness of the FE 
model to a reasonable level. Material characteristics of the backbone are 
shown in Table 5. The numerical models are divided into 12 (Barge ship) 
and 16 parts (KVLCC2 ship) respectively to ensure that the mass dis
tribution is as same as the experiment models. Translation along the x 
and z axes, as well as rotation along the x and y axes, is constrained at 
the center of the ship’s mass. Only the heave and pitch of the ship are 
released in the simulation. 

3.2. CFD model 

The FEM implemented in a commercial incompressible CFD solver 
from LS-DYNA is applied in the CFD computation phase. The calculation 
setup of CFD is shown in Table 6. The incompressible Navier-Stokes 
equations could be written as: 

∂u
∂t

+∇ ⋅ (uu)= -
1
ρ∇p+∇⋅

[
υ∇u+ υ(∇u)T] (4)  

∇ ⋅ u = 0 (5)  

where ρ is the density of the fluid; u is the velocity of the fluid; p is the 
pressure; υ is the viscosity coefficient. Equations (4) and (5) represent 
the momentum equation and continuity equation, respectively. A three- 

Fig. 8. Motion capture system.  

Table 3 
Wave condition.  

Wave Condition Wave height h0 (m) Wave period t0 (s) Wavelength λ (m) 

EX-A1 0.100 1.6 3.996 
EX-A2 0.100 1.4 3.063 
EX-A3 0.100 1.2 2.248 
EX-A4 0.100 1.0 1.561 
EX-C3 0.100 1.100–1.850 1.889–5.342 
EX-C4 0.070 1.100–1.850 1.889–5.342 
EX-C5 0.045 1.100–1.850 1.889–5.342 
EX-C6 0.030 1.100–1.850 1.889–5.342  

Table 4 
FEA time integration setting.  

Parameter In this study Bath scheme 

α 0.5 0.5 
β 0.4 0.25 
γ 0.6 0.5 
time step 10− 5s /  
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step fractional projection method is employed for the Navier-Stokes 
equations (Brown et al., 2001): 

Step 1: 

u∗
i -μ

dt
ρ

∂
∂xj

(
∂u∗

i
∂xj

)

+ u∗
j dt

∂ui
n+1

∂xj
= un

i -κ
dt
ρ

∂pn

∂xj
δij (6)   

Step 2: 

∂
∂xi

(
-u∗

i
)
=

dt
ρ

∂
∂xi

∂
∂xi

(
-pn+1 + κpn)δij (7)   

Step 3: 

un+1
i = u∗

i +
dt
ρ

∂
∂xj

(
-pn+1 + κpn)δij (8)  

where u* and un+1 represent the predicted velocity and the final step 
divergence free velocity, respectively; dt is the time step size; κ is a scalar 
value that varies from 0 to 1, determining the amount of pressure 
splitting; δij is the unit tensor; un+1 is the estimation of un+1, which could 
be written as: 

un+1
i =2un

i -u
n-1
i (9)  

In the first step, a predicted velocity u∗ is computed. This velocity usu
ally does not satisfy the incompressibility constrain given by Equation 
(5). Hence, in the second step, the velocity u∗ is projected into a space of 
divergence free vector field and a Poisson equation of pressure is ob
tained. This pressure will correct u∗ to get a final step divergence free 
velocity un+1. The final step consists of moving the FE nodes to their new 
time step position xn+1. If this is done iteratively then convergence is 
achieved when the FE nodes always move to the same final position. 

As shown in Fig. 10, the CFD solver uses a level set method (Osher, 
et al., 2004), a fast and reliable technique for accurately tracking and 
representing moving free surfaces. An implicit function φ whose zero 
isocontour (φ = 0) represents the interface is introduced, which could be 
defined as a distance function: 

φ(x)=

⎧
⎨

⎩

min
( ⃒
⃒x-xinterface

⃒
⃒
)

on Ω+

0 on∂Ω
− min

( ⃒
⃒x-xinterface

⃒
⃒
)

on Ω-
(10)  

where x and xinterface represent the coordinate of each CFD grid in the 
simulation domain and on the interface, respectively; Ω is the simulation 
domain. The fluid domain is defined by φ >0, while the vacuum is 

Fig. 9. FE models of the Barge ship and KVLCC2 ship.  

Table 5 
Material characteristics.  

Parameter Barge KVLCC2 

Material properties Elastic Elastic 
Young’s modulus 6.0 × 1012 1.4 × 107 

Poisson’s ratio 0.3 0.3  

Table 6 
Calculation setup of CFD.  

Multiphase Level set 

Physical model of fluid Incompressible 
Solution Unsteady implicit analysis 
Turbulence model Variational multiscale approach (VMS)  

B. Xie et al.                                                                                                                                                                                                                                      
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defined by φ <0. The motion of the interface where φ = 0 could be 
described by the simple convection equation: 

∂φ
∂t

+ v∇φ = 0 (11)  

where v represents the velocity of each CFD grid; t is the time. It is a 
Eulerian formulation of the interface evolution since the interface is 
captured by the implicit function φ. 

For FSI simulation, ALE approach for mesh movement is adopted in 
the CFD solver, which means that large deformation of the fluid mesh 
can occur. To maintain the quality of the fluid mesh, an automatic re- 
meshing is introduced where the solver will use an a-posteriori error 
estimator to compute a new mesh size to satisfy a maximum perceptual 
error (Zienkiewicz and Zhu, 1987). 

Overall CFD domain at cross section Y = 0 is shown in Fig. 11. CFD- 
FEA coupled simulation can be time-consuming, so it is important to 
carefully consider the size of the fluid domain. The numerical tank is 
4.5L in length, 1.2L in width and 3 m in depth. Note that the size of the 
fluid domain is insufficient to be considered a far-field condition. To 
decrease reflection from the side and outlet boundary, damping zones 
perpendicular to the side and outlet boundary is created. The damping is 
achieved by adding a source term Sd to the momentum equations: 

Sd =ωd(f1 + f2|u|)u (12)  

where f1 and f2 are damping factor; u is the velocity; ωd is the weight 
function: 

ωd =
eε-1
e-1

(13)  

with ε the blending function which allows a smooth insertion of the 
source term in the damping layer: 

ε=
(

x-xend

Ld

)n

(14)  

where x and xend represent the CFD grid coordinates and end coordinates 
of the damping zone; Ld is the length of the damping zone; n is the 
scaling factor. In this research, f1 and f2 are both set to be 10 while n is 
set to be 5. The wave inlet boundary of the fluid domain is set to be 
velocity inlet condition while the wave outlet boundary is set to be 
pressure outlet condition. The wave model at the inlet is based on the 
second-order Stokes wave (Whitham, 1974). The bottom and top, as well 
as side boundary of the fluid domain, are set to be the free-slip condi
tions. The ship hull is set as a no-slip wall where the fluid tangential 
velocity is always zero. 

The mesh size at the free surface and around the ship hull is refined 
to capture wave and FSI load properly. A number of 80 cells per 
wavelength and 20 cells per wave height is recommended by ITTC 
(ITTC, 2011). In this research tetrahedral mesh is used for CFD simu
lation. However, controlling the tetrahedral mesh size along a specific 
direction can be challenging. So, there are three criteria for mesh size: 
λ/80,B/20,h0/15, and the smallest of these is used as the mesh size at the 
free surface zone. To calculate the FSI load on the hull with high accu
racy, the mesh size around the ship hull is the finest over the whole fluid 
domain. The minimum size of mesh on the ship hull is λ/240. A total 
11.3 million of tetrahedral cells are generated in the fluid domain. 

3.3. CFD-FEA two-way coupled method 

Typical solutions for FSI problems could be classified into two cat
egories: monolithic approach (Michler et al., 2004) and partitioned 
approach (Loehner et al., 1998). The CFD-FEA coupled method imple
mented in LS-DYNA is based on a partitioned approach (Souli and 
Benson, 2010), where the fluid and solid equations are uncoupled. The 
partitioned approach relies on finding an approximation of the tangent 
operator at the FSI interface without having to do a monolithic assem
bly. The CFD-FEA coupled iteration-resolution scheme is explained in 
Fig. 12. A strongly coupled partitioned scheme requires the convergence 
of the fluid and solid variables at the interface and gives the same results 
as the monolithic scheme after iterative progress. The CFD solver cal
culates fluid equations first, and then communicates the hydrodynamic 
forces to the solid mechanical solver. The solid mechanical solver then 
returns the nodal displacements as boundary conditions for the CFD 
solver. This procedure is repeated until convergence is reached. 

As shown in Fig. 13, the fluid and solid surfaces that will interact in 
FSI simulation are detected automatically by a criterion, which is the 
distance d between a CFD grid/FEA node and a FEA element/CFD cell: 

Fig. 10. Level set interface tracking method.  

Fig. 11. Overview of CFD domain.  
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d≤ IDC × min(h,H) (15)  

where h is the size of the CFD cell; H is the size of the FEA element; IDC is 
a detection coefficient criterion. In this study, IDC is set to 0.3. 

3.4. Numerical hammering test 

The natural frequency of a ship structure under dry and wet condi
tions will be different due to the added mass effect. The added mass 
effect could be defined as: 

ωwet =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1

1 + fadded mass

√

ωdry (16)  

where ωdry and ωwet represent the dry and wet natural frequencies, 
respectively; fadded mass is the added-mass factor. 

Numerical hammering tests were conducted to determine the natural 
frequency of the Barge and KVCLL2 structure under dry and wet con
ditions. An external impulse force, equivalent to the gravitational force 
of the entire ship, was applied suddenly to the middle of the ship 
structure (see Fig. 14). Simultaneously, the vertical bending moment 
(VBM) was measured at the midship. 

3.4.1. Damping radio 
As mentioned in section 3.1.2, the time integration factors used in 

FEA simulation were set atypically to enhance the stability of the CFD- 
FEA coupled simulation. However, this unusual setting may result in 
unexpected numerical damping. The numerical damping in FEA simu
lation should be validated by examining the decay of the structural 
response. The damping ratio is introduced as a criterion, which can be 
written as: 

ζ=
1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +

(
2π
σ

)2
√ (17)  

where ζ is the damping radio; σ is the logarithmic decrement, the natural 
log of the ratio of the amplitudes of any two successive peaks, which can 
be expressed as: 

σ =
1
n

ln
xi

xi+n
(18)  

where xi is the i-th positive peak; xi+n is the (i + n)-th positive peak. 
As shown in Fig. 15, three different periods of the VBM response are 

chosen to calculate the damping ratio. The results are shown in Table 7. 
The damping radio in each period is less than 1% and behaves contin
uously (at around 0.5%). The time integration factors used in FEA 
simulation produce a damping ratio within a reasonable range. 

3.4.2. Dry condition 
At the time instant of 2 s, the external force is applied and the 

structure starts vibrating. Fig. 16 (b) shows the frequency components of 
VBM, which are detected by Fast Fourier Transform (FFT) analysis of the 
measured VBM time series at the midship (see Fig. 16 (a)) The dry 
natural frequency of the Barge ship can be estimated at 10.5 Hz. 

Fig. 17 (a) shows the time history of VBM at the midship of the 
KVLCC2 ship. Fig. 17 (b) shows the frequency components of VBM, 
which are also detected by FFT. The dry natural frequency of the 
KVLCC2 ship can be estimated at 9.1 Hz. 

3.4.3. Wet condition 
The hammering test under wet condition was performed using two- 

way coupling between the CFD and FEA models. This is an effective 
method to measure the wet natural frequency of the FE model (Pal and 
Iijima, 2022). The fluid domain used for the hammering test is shown in 
Fig. 18. The external force is applied after confirming the calm water 
condition. Figs. 19 and 20 show the time history and frequency com
ponents of VBM for the Barge and KVLCC2 ship, respectively. The fre
quency components of VBM are detected by applying the FFT method to 
the time history of VBM, as in the wet condition. 

From Fig. 19 (b) and Fig. 20 (b), the wet natural frequency of the 
Barge and KVLCC2 ship structure can be estimated at 7.83 Hz and 7.22 
Hz. Compared to the dry natural frequency, the wet natural frequency 
decreases due to the added mass effect of the fluid. 

4. Numerical validation 

To validate the experimental and numerical model used in this study, 
the hydroelastic problem of a Barge ship is investigated based on Mal
enica’s model experiment (Senjanović and Malenica, 2003), using the 
EX-A wave condition for the validation. 

Fig. 21 shows the heave RAOs at each monitoring point of the Barge 
ship under different angular frequencies (ω). The black squares, blue 
triangles and red circles represent experiment results, Malenica’s results 

Fig. 12. Strong partitioned iteration-resolution scheme.  

Fig. 13. Detection of the FSI interface.  

Fig. 14. Applied external force.  
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and the CFD-FEA coupled simulation (LS-DYNA) results, respectively. It 
can be known from Fig. 21 that the experiment results and the CFD-FEA 
coupled simulation results both have good agreement with Malenica’s 
results. 

Fig. 22 compares the time history of heave motion between the 
experiment and CFD-FEA coupled simulation. The experimental results 

are in good agreement with the simulation results. The experimental and 
numerical methods in this study have been validated. 

5. Results and discussion 

5.1. Motion response 

The comparation of z-displacement RAOs of the Barge ship between 
the experiment and numerical results are shown in Fig. 23. It can be 
known from Fig. 23 that the vertical motion response at the bow is the 
largest; in Fig. 23 (a), (b) and (c), from bow and stern to midship, the 
vertical motion response gradually reduces. In the range of λ/Lpp = 1.0 to 
λ/Lpp = 1.6, the vertical motion response has a trend of increase with the 
augment of λ. 

Fig. 24 shows the z-displacement RAOs of the KVLCC2 ship, 

Fig. 15. Decay of VBM in different periods.  

Table 7 
Damping ratio.  

Period xi xi+n n ζ 

I 9.41 5.76 14 0.56% 
II 5.55 3.23 19 0.45% 
III 3.02 0.77 49 0.44% 
I-III 9.41 0.77 82 0.49%  

Fig. 16. Time history and frequency components of VBM (Barge ship).  
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comparing the results of the experiment and numerical simulation. The 
numerical results have good agreement with experiment results except 
for the midship region. At the midship, the numerical result in every case 
is obviously less than the experiment result. The difference between the 
numerical model (continuous model) and the experimental model 
(segmented model) is the reason for this. For the continuous model, all 
parts of the ship move together and both sides of the ship will have a 
larger influence on the movement at the midship. Hence, this difference 
between numerical and experiment results at midship is reasonable. 
From Fig. 24, the minimum heave RAO can be observed around the 
midship. The displacement RAO increases from the midship to the bow 
and stern. The vibration mode of the ship is mainly a 2-node model. 
When wavelength grows (from C3 to C5), the vertical motion response 
has a trend of increment with the augment of λ. 

Fig. 17. Time history and frequency components of VBM (KVLCC2 ship).  

Fig. 18. Fluid domain for hammering test under wet condition.  

Fig. 19. Time history and frequency components of VBM (Barge ship).  

Fig. 20. Time history and frequency components of VBM (KVLCC2 ship).  
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5.2. Wave-induced VBM 

5.2.1. Frequency components of VBM 
As wave induced VBM usually contains wave frequency (WF) com

ponents and high frequency (HF) components, the FFT is used to transfer 
time history results into frequency components. Fig. 25 shows the fre
quency components of VBM under typical wave conditions for the Barge 
ship. The structure is primarily exited by the wave frequency, and the 
WF component matches well with the frequency of the incident wave. 

The frequency components of VBM of the KVLCC2 under the C3 
condition are shown in Fig. 26. It is clear that the WF component as well 
as the higher-order harmonics are observed. The peak of the WF and 2- 

node high frequency (HF) component is higher than other harmonic 
components. 

An FFT band-pass filter is used to divide the VBM into different 
frequency components, including the WF, 2nd to higher springing har
monic orders harmonics. Some of these different frequency components 
are shown in Fig. 27. The frequency range of each component is also 
shown in the figure. All the frequency components in Fig. 27 have good 
agreement with the sinusoidal shape. The WF and 2-node HF response 
are significantly higher than other harmonic components. 

5.2.2. Time history of VBM at the WF 
As discussed in the previous section, the wave-induced VBM usually 

Fig. 21. Comparation of heave RAOs.  

B. Xie et al.                                                                                                                                                                                                                                      



Ocean Engineering 307 (2024) 118081

12

contains the WF and HF components. However, HF components are not 
the focus of this study. The structure response excited by wave frequency 
will be discussed in this section. Hence, the FFT filter is adopted to 
obtain the WF components in VBM. The cut-off frequency used here is 

1.1 Hz. 
Fig. 28 illustrates a comparison of VBM at the middle of the Barge 

ship among three typical wave conditions. The black, red, and blue 
curves represent A1 - A3 wave conditions, respectively. As the wave 
height of each wave condition remains constant, the VBMs caused by 
different wave conditions are within a similar range. However, it can be 
seen from Fig. 28 that the VBM has a trend of decreasing with the 
decrement of wavelength. 

The time history of VBM at the middle of the KVLCC2 ship is shown 
in Fig. 29 under typical wave conditions The black curve, red curve and 
blue curve represent C3 – C5 wave conditions, respectively. Similar to 
the result of the Barge ship, the VBMs caused by different wave condi
tions are within a similar range. The same trend of VBM can also be 
observed from Fig. 29. 

Fig. 22. Comparation of heave motion.  

Fig. 23. The z-displacement RAO under different wave conditions (Barge ship).  

Fig. 24. The z-displacement RAO under different wave conditions 
(KVLCC2 ship). 
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6. Conclusions 

This paper investigated the hydroelastic response of a Barge and 
KVLCC2 model under different wave conditions using experimental 
analysis and strongly coupled two-way CFD-FEA method. By comparing 
numerical prediction results and tank test results of the Barge ship with 
published results, the experimental analysis and numerical methods 
were validated. By analyzing motion and VBM of the ship, conclusions 
can be summarized as follows.  

(1) The strongly coupled two-way CFD-FEA method used in this 
study shows good accuracy in simulating ship-wave interaction 
problems. Nonlinearity combined with both fluid and structure 
can be calculated with high stability using this method.  

(2) The response of vertical displacement RAOs indicates that the 
ship structure is primarily in 2-node mode under various wave 
conditions in this study. At the midship, the simulation results of 
the KVLCC2 ship are larger than the experimental results due to 
differences in the models used, specifically the continuous and 
segmented models. 

Fig. 25. Frequency components of VBM under typical wave conditions (Barge ship).  

Fig. 26. Frequency components of VBM at λ/Lpp = 1.0 (KVLCC2 ship).  

Fig. 27. Time history of VBM with different frequency at λ/Lpp = 1.0 
(KVLCC2 ship). 
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(3) The structural response was discussed in terms of midship VBM. 
The VBM has a tendency to decrease with decreasing wavelength. 
Meanwhile, the high-order harmonics of VBM response are 
observed through the FFT analysis. Further investigation on this 
is needed. 

In the future, investigation of the hydroelastic response of ships with 
various forward speeds and heading angles under regular and irregular 
waves using the CFD-FEA coupled method will be meaningful and 
interesting. Meanwhile, the higher-order components observed in the 
CFD-FEA coupled simulation may need further investigation. 
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