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Abstract
In this study, for efficient safety assessment of a ship’s hull girder subjected to a combination of the global vertical bending 
moment (VBM) and the local double-bottom bending moment (DBM), a numerical method based on a coupled computational 
fluid dynamics (CFD) and finite-element analysis (FEA) is first developed. The mutual two-way coupled CFD and FEA 
in which the elastic deformation of the ship is taken over to the CFD solutions is employed. The present two-way coupled 
method is developed in two steps, in a weakly coupled manner and a strongly coupled manner. The developed two-way 
coupled methods are validated via a comparative study against the available experimental results and the straightforward 
one-way coupled CFD and FEA in terms of the rigid body motion, VBM, and local water pressure. Using the present strongly 
coupled method, the added mass with regards to the elastic deformation of the ship is reflected in the results of a decrease in 
the frequency of 2-node vibration mode of the ship or the vibratory (hydroelastic) component in the water pressure. Then, 
the DBM is evaluated using the estimated water pressure on the ship bottom. An investigation is finally made into the effect 
of the hydroelastic component in the DBM on the total DBM and the hull girder ultimate strength.

Keywords  Computational fluid dynamics · Finite-element analysis · Hydroelasticity · Vertical bending moment · Double-
bottom bending moment

1  Introduction

Assessing the safety of a ship’s hull girder is one of the 
concerns among ship designers. The global VBM is among 
the main structural loads exerted on the ship’s hull girder. 
Therefore, an accurate assessment of the VBM is of particu-
lar importance. For recent container ships, the hydroelastic 
response due to the slamming impact force, namely whip-
ping response, is superposed to the normal wave-induced 
force, and then, it may enlarge the VBM in ships. Hence, a 
quantitative estimation method for predicting the slamming 
impact force and resulting whipping component in the VBM 
is highly needed.

On the other hand, concerns about the local bending 
moment, in particular the DBM, have been raised [1]. The 
DBM may further endanger the structure in addition to the 
whipping VBM. Several preceding studies demonstrated that 
the DBM reduces the structural capacity of the hull girder 
under the hogging condition to some extent [2, 3]. These 
works indicated that the water pressure acting on the bottom 
induces the DBM and thereby increases the compressive 
force on the outer plate of the double-bottom structure. It 
is apparent that a reasonable consideration of a combina-
tion of the normal wave-induced VBM, whipping VBM, and 
the DBM should be made in assessing the structural safety 
of recent large container ships. Then, a consistent numeri-
cal method for predicting these structural loads needs to be 
developed.

For practical design stages, the potential theory-based 
codes such as the linear/nonlinear strip theory or the 3D 
panel method have been widely utilized for both the hydro-
dynamic force and hydroelastic response evaluations [4, 
5]. However, it is often pointed out that such potential-
based methods are hard to calculate the three-dimensional 
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distribution of the slamming impact force, albeit the low 
computational burdens. According to the notable advance 
of the computational performance in recent years, the CFD 
has been attracting attentions as a method for evaluating 
both slamming impact force and whipping VBM. Precursory 
efforts for utilizing the CFD were made by Seng [6], who 
developed a numerical method for the hydrodynamic and 
hydroelastic evaluation of a ship using OpenFOAM [7]. In 
this work, the Timoshenko beam model was implemented 
in the code, with which the whipping VBM evaluation is 
made possible. Several research efforts to utilize the FEA 
for whipping evaluation have been made. Ley et al. [8] and 
Oberhagemann [9] developed one-way and two-way cou-
pled methods between the CFD and FEA where a 1D beam 
was used as a structural FE model and then adopted them 
to whipping evaluations. They demonstrated that the cou-
pled CFD–FEA techniques could well predict the combined 
wave-induced and whipping VBM in both regular and irreg-
ular head sea conditions. One of the advantages of adopt-
ing the CFD would be that it enables us to estimate three-
dimensional distribution of the hydrodynamic loads. In this 
view, some attempts to combine the CFD and FEA, where 
a 3D ship is used as a structural FE model, were also made 
by El Moctar et al. [10] and Ley and Moctar [11]. They 
established the one-way coupled CFD and 3D FEA lever-
aging acoustic elements in order for the whipping VBM to 
take into account the added mass with regards to the elastic 
deformation. Although the realistic natural frequency of the 
wetted ship hull was observed in the whipping VBM, there 
may be room for further improvement, since the added mass 
was not accurately evaluated using the acoustic elements. An 
efficient added mass evaluation using the acoustic elements 
may remain an open issue, but it will be attained by estab-
lishing the two-way coupled CFD and 3D FEA.

Our preceding efforts were also devoted to making use 
of the CFD for the whipping evaluations. We combined the 
CFD and FEA using a 3D ship FE model, and developed a 
numerical method to estimate the whipping VBM [12, 13] in 
a container ship. Then, we applied the developed method to 
evaluate the combined VBM and DBM [14]. However, since 
these previous studies were based on the one-way coupled 
method where the hydrodynamic loads are calculated prem-
ising the rigid body ship, the added mass with regards to the 
elastic deformation could not be represented. To address this 
issue, further extensions of the method towards the two-way 
coupled manner are expected.

Provided that an efficient two-way coupled CFD–FEA 
method is established, the next concern is an evaluation of 
the DBM using the method. In our previous studies [14, 
15], a series of evaluations of the combined VBM and DBM 
were made by adopting the one-way coupled CFD–FEA. 
However, further attention should be paid to the effect of 
the flexibility of the ship, namely hydroelastic effect, on the 

DBM. Tatsumi and Fujikubo [2] and Kawasaki et al. [16], 
amongst others, made the hull girder strength assessment 
considering the DBM, however, without considering this 
effect. As the DBM can be regarded as a local response to 
water pressure, a consideration of the hydroelastic effect into 
the DBM should be achieved by utilizing the water pressure 
taking into account the elastic deformation of the ship.

In the present paper, the hydroelastic effect of the com-
bined VBM and DBM in a ship is investigated numerically. 
To this end, the development and validation of the two-way 
coupled method between the CFD and 3D FEA are con-
ducted first for evaluating both the whipping VBM and the 
DBM. A recent container ship running over the regular wave 
in head sea condition is simulated. The two-way coupled 
CFD–FEA is developed in two stages; in a weakly coupled 
manner and a strongly coupled manner. These two-way cou-
pled methods are validated through a series of compara-
tive studies in terms of the RBM, VBM, and water pressure 
by comparing with the available experiment and the one-
way coupled method. Then, the DBM is evaluated using 
the estimated water pressure on the ship bottom. Finally, 
an investigation is made into the effect of the hydroelastic 
component in the DBM on the total DBM and hull girder 
ultimate strength (US).

2 � Numerical model

2.1 � Subject ship

A POST PANAMAX size containership (6600 TEU) is 
chosen as a subject ship. A series of the towing tank test 
using the scaled model was conducted in National Maritime 
Research Institute (NMRI) in 2010 [17]. A schematic of the 
model is given in Fig. 1. The scaled model was composed of 
six segments rigidly fixed to an aluminum backbone which 
was used for the reproduction of vertical bending flexibil-
ity of the ship. The VBMs were measured along the back-
bone. The principal particulars of the model are described in 
Table 1, while the properties of the backbone are described 
in Table 2.

In this study, the head sea condition under the regular 
wave with the design speed (Fn = 0.179) is targeted where 
the wave height (Hw) and non-dimensional wave length 
(λ/Lpp) are 10 m (in full scale) and 1.0, respectively. The 
natural frequency of 2-node vertical bending vibration was 
found at 9.2 Hz in dry condition and 6.8 Hz in wet condition 
with the logarithmic damping ratio of 0.076. These values 
are obtained from a series of hammering tests for the ship 
model, cf. Ref. [14]. For full scale, respective natural fre-
quencies of 2-node vertical bending vibration are 0.946 Hz 
in dry condition and 0.699 Hz in wet condition, based on 
the similarity rule.
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2.2 � CFD model

The CFD based on the finite volume method (FVM) is used 
for the hydrodynamic force evaluations exerted on the ship 
hull. Fundamental methodologies on the CFD calculation 
are referenced to our previous studies [14]. The commercial 
solver STAR-CCM+ 10.06.009-R8 [18] is adopted for the 
CFD computations. The CFD computations are conducted in 
the model scale, and then, the hydrodynamic pressures over 
the discretized hull surface meshes are calculated. Hereafter, 
all the results and relevant parameters concerning the CFD 
will be presented at the full scale instead of the model scale.

Figure 2 provides the solution domain and mesh discre-
tization of the present CFD model. Half-width of the solu-
tion domain is set 0.8Lpp which may be enough to avoid 
reflected surface waves from the Y-direction disturbing flows 
near the ship model [6]. The non-uniform meshes, where 
relatively finer meshes are used near free surface and hull 
surface regions, were to simulate impact pressure on the 
hull with sufficient accuracy. The basic strategy of the pre-
sent CFD meshing comes from our previous research, see 

Fig. 1   6600TEU container ship 
model [17]
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Table 1   Principle particulars of the subject ship

Full scale Model scale

Ship length (Lpp) 283.8 m 3.0 m
Breadth 42.8 m 0.452 m
Depth 24.0 m 0.254 m
Draft in full loading condi-

tion
14.0 m 0.148 m

Displacement 109480 ton 126.2 kg
Scale ratio – 94.6

Table 2   Properties of backbone

Material name Aluminum

Young’s modulus 68647 N/mm2

Poisson’s ratio 0.33
Material density 2.26 × 10−9 ton/mm3

Moment of inertia of area 7.28 × 105 mm4

Fig. 2   Computational domain 
of CFD model
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Ref. [14]. The outlet boundary condition, i.e., the pressure 
is set to the hydrostatic pressure of the wave to prevent back-
flow, is used for the downstream plane boundary of the aft 
end (X = 0). Regarding the other five boundary planes, the 
velocity-inlet (Inlet) boundary condition, where the veloc-
ity of the wave is prescribed to avoid gradient generated 
from the wall and flow, is adopted [19]. The Euler Overlay 
Method (EOM) [20, 21] is applied to the CFD solution to 
reduce the effects from the reflection of surface waves from 
the boundaries or the free surface disturbance due to the ship 
motion. The region of the damping zone in applying EOM 
is defined as is the case in Ref. [14]. Semi-implicit pressure 
linked equations (SIMPLE) algorithm [22] is employed to 
achieve an implicit coupling between pressure and velocity 
in the CFD stage. In the SIMPLE algorithm, the pressure 
field is calculated as follows:

where pn+1 is the updated pressure, pn is the current pres-
sure, p′ is the cell values of the pressure correction, N is the 
maximum number of iterations, and α is the under-relaxation 
factor. The value of α ranges from 0.2 to 0.5 conventionally. 
In this study, α = 0.3 is adopted for the CFD computations 
unless otherwise specified. The maximum number of itera-
tions, N, is set 5.

Further description of the CFD model is indicated in 
Table 3. The mesh resolution of the CFD over the free 
surface region, Δx (longitudinal direction), Δy (transverse 
direction), and Δz (vertical direction), has been described 
in Table 1. Configuration of the time increment adopted in 
this study is the same as that provided in our previous study 
[14]. The mesh size on the hull surface is 1.77 m in full 
scale, which is almost the same size as the present FE model 
as described later.

2.3 � FE model

Here, the FE modeling adopted in this paper is explained. 
All the relevant parameters concerning the FEA will be pre-
sented at the full scale, while the FEA computations are 
conducted at the model scale. The mesh discretization of the 

(1)
pn+1 = pn + �p�

where n ≤ N,

ship model for the FEA is shown in Fig. 3. The fundamental 
modeling strategies may be referenced to those given in Ref. 
[14]. The dynamic explicit solver implemented in LS-DYNA 
R9.1.0 is used for the FEA computations. The hull surface is 
modeled with 1.9 m × 1.9 m shell elements. The waterproof 
sheet is not modeled in the present FE model, as its rigid-
ity is negligibly small (very thin plastic), and then will not 
influence the VBM. A U-shaped backbone representing the 
material characteristics and moment of inertia of area of the 
experimental model has been inserted inside the ship hull. 
13639 elements and 14063 nodes are used in total.

To suppress surge motion of the FE model, displacements 
of nodes in longitudinal direction (in Fig. 3, X-direction) 
in the vicinity of gravity center are constrained. Rotations 
around X- and Z-directions are constrained over the hull, so 
that unintentional local torsional mode is suppressed. The 
natural frequency of 2-node vertical bending vibration is 
found at 0.894 Hz in dry condition. In performing FEA, 
the gravity acceleration is applied to the FE model in the 
whole solution period, since the hydrodynamic forces from 
the CFD are given considering the gravity acceleration. Ray-
leigh type damping is introduced in the FE model applying 
the logarithmic damping ratio of 0.076. Each calculation 
time step in the FEA is 1.9 × 10−6 s, which is far smaller than 
the present CFD calculation.

3 � Coupling method of CFD and FEA

3.1 � One‑way coupled method

The one-way coupled CFD–FEA is used for the simulation 
and validation of the wave-induced load including the whip-
ping vibration of the ship, which is previously developed in 
Ref. [14]. The procedure on the one-way coupled method is 
schematically explained in Fig. 4. In coupling the CFD and 
FEA, pressure values on the hull surface derived from the 
CFD are directly applied to the FE model. As the RBM of 
the ship is solved in the CFD phase, pressure values from the 
CFD include the hydrostatic components and the hydrody-
namic components with inertia forces from the RBM. Here, 

Table 3   Calculation setup of CFD

Δx 7.09 m
Δy 14.19 m
Δz 1.77 m
Time increment 0.019 s
Number of meshes 0.70 million
Calculation time 0.71 h per physical 10 s

Fig. 3   Overview of the FE meshing of the ship
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note that the added mass with regards to the elastic defor-
mation is not included. Pressure values from the CFD are 
obtained over the hull surface CFD grids at every 0.097 s in 
full scale, and then, the temporal variation of the pressure is 
directly applied to the hull surface FE nodes. This denotes 
that the coupling time step Δt in Fig. 4 is equal to 0.097 s.

To exert the pressure calculated over the CFD grids on the 
FE meshes, mapping processes are needed as the mesh dis-
cretization on the hull surface differs among CFD and FEA. 
In this study, inverse distance weighting (IDW) method 
[23] is used as a mapping algorithm. The IDW algorithm is 
described as follows:

where P(x, t) is a pressure value at target FE node of interest 
at time t, P(xi, t) are pressure values at CFD grids at time 
t, d(x, xi) are each distance between CFD grids and target 
FE nodes, and Ngrid is the number of CFD grids. In this 
study, four grids closest to the target FE node are employed 
to execute mapping analyses, i.e., Ngrid = 4. As the present 
IDW algorithm merely selects nearest four grids to calcu-
late mapped pressure values, the spatial smoothness of the 
mapped pressure is not necessarily assured. However, the 
local non-smoothness will not influence the global hull 
girder bending behavior if the integrated force is transferred 
accurately. Figure 5 provides a comparison of the integrated 
vertical force time history acted on the bow part segment, 
segment 1 (see in Fig. 3), calculated from the CFD and 
mapped result. As found from Fig. 5, the mapped vertical 
force using the IDW is almost comparable to the CFD result. 
Moreover, slight differences on the vertical force are further 
corrected at each coupling time step in the same manner as 
Ref. [14], to keep the force equilibrium between CFD and 
FEA. The force correction is applied to six hull segments 

(2)
P(x, t) =

∑Ngrid

i=0
wi(x)P(xi, t)

∑Ngrid

i=0
wi(x)

wi(x) =
1

d(x, xi)
2
,

colored in Fig. 3. The coupling calculation is initiated after 
computing 15 wave cycles in the CFD stage, to exclude the 
transient part.

The comparisons of the RBM, i.e., heave and pitch 
motions, between the CFD and FEA phases using the pre-
sent one-way coupled method are shown in Fig. 6. As there 
are unbalance forces between imported pressure and accel-
eration due to different mesh discretization in the CFD and 
FEA, reaching the identity of RBM between CFD and FEA 
is still difficult, and therefore, the RBM found from the FEA 
seems to include a drift component. Meanwhile, when the 
VBM time series calculated from the present one-way cou-
pled method is focused, see Fig. 7, the VBM time series is 
found to be stable even under the RBM including the drift. 
From this result, one can judge the VBM results from the 
one-way simulation are reliable, i.e., from 22.461 s.

3.2 � Two‑way coupled method

In general, the two-way coupled CFD and FEA falls into the 
‘partitioned approach’, as the fluid solver and the structure 
solver are alternatingly integrated. In the partitioned two-
way coupled method, information about the force and dis-
placement is transferred via the hull surface. The most basic 
method in the partitioned approach is the so-called weakly 

Fig. 4   Flowchart of one-way 
coupled CFD–FEA [14]

t=tn t=tn+Δt t=tn+2Δt

CFD

FEA

CFD

FEA

CFD

FEA

Pressure

…

…

Rigid body 
motion (RBM)

Inertia force 
from RBM

Hydrodynamic 
force

Hydrodynamic 
force

Pressure Inertia force 
from RBM

Pressure Inertia force 
from RBM

Hydroelastic
response

Rigid body 
motion (RBM)

Velocity on 
FE nodes

Acceleration 
on FE nodes

Hydroelastic
response

Velocity on 
FE nodes

Acceleration 
on FE nodes

0

0.1

0.2

0.3

0.4

0 10 20 30 40 50

Time in full scale [s]

CFD result
After mapping process

Fig. 5   Comparison of the vertical force time histories acted on the 
Segment 1



351Journal of Marine Science and Technology (2020) 25:346–362	

1 3

coupled method. An elementary but popular procedure 
for the weakly coupled method is the conventional serial 
staggered (CSS) procedure [24], where the coupling solu-
tion between the fluid and the structure solver is advanced 
once per coupling time step. Indeed, the weakly coupled 
method guarantees less computational efforts, but it is also 
well known that the weakly coupled method occasionally 
raises instabilities due to the so-called artificial added mass 
effect [25]. Such problem occurs in particular when the 
fluid–structure interaction (FSI) problems concerning the 
incompressible fluid with flexible structures suffered from 
large deformations are solved. The artificial added mass 
effect is considered to be originated from a fact that no rig-
orous equilibrium between the fluid and the structure domain 
is established in each coupling time step, which may be 
inevitable when the weakly coupled method is adopted. To 
overcome this drawback, the strongly coupled method has 
been devised and validated by several researchers [26, 27]. 
In the strongly coupled method, sub-iterations between the 
fluid and structure solvers are implemented in each coupling 
time step to find convergences between the fluid and struc-
ture implicitly. Using the strongly coupled method, solution 
stability and accuracy will be improved over the weakly cou-
pled method at the expense of computational efforts. In this 

study, the weakly and strongly coupled methods between 
the CFD and FEA are developed and compared alongside 
each other.

Stand-alone interface programs to achieve data exchange 
between the CFD and FEA solvers, without accessing the 
core part of these softwares (STAR-CCM+ and LS-DYNA), 
are developed. For overall control of coupling simulations, 
i.e., call mapping programs and control programs for STAR-
CCM+ and LS-DYNA, a control program written in python 
is used. A java macro is used for controlling the STAR-
CCM+ computations, i.e., initiate, interrupt, and resume 
the solver. LS-DYNA execution commands are included in 
the control program written in python. Mapping programs 
for pressure or displacement, written in Fortran, are invoked 
after computing STAR-CCM+ or LS-DYNA at each cou-
pling time.

3.2.1 � Weakly coupled method

The weakly coupled CFD–FEA is assembled by combining 
the CFD and FEA solutions in a staggered manner. The cal-
culation procedure of the weakly coupled method according 
to the CSS of which cycle can be described as follows is 
employed [24]:

1.	 Advance the CFD solution to the next time step (t = tn) 
using the updated fluid meshes.

2.	 Convert the forces from the CFD solution at t = tn to 
the external pressures on the FE model via a mapping 
process.

3.	 Advance the FEA solution to t = tn by applying the 
updated external pressures to the FE model, taking over 
the previous FEA solution at t = tn − Δt.

4.	 Transfer the calculated hull deformation from FEA to 
the CFD mesh and then update the fluid mesh via a mesh 
morphing process.

5.	 Repeat from steps 1 to 4.
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A flowchart of the weakly coupled scheme is shown in 
Fig. 8. The mesh morphing solver implemented in STAR-
CCM+ is adopted to reflect the elastic deformation of the 
ship hull derived from the previous FEA solution. The 
CFD in each coupling time step is computed consider-
ing both the local and global velocity, which are taken 
over from the previous step. Through the data exchanging 
processes as implied by red arrows in Fig. 8, the elastic 
deformation estimated from the FEA in previous time step 
is reflected to the solution of the CFD at current time step.

The FE model used in this study is not constrained 
anywhere to suppress the RBM, and hence, deformation 
results from the FEA include both the RBM and the elastic 
deformation. Ideally, the RBM is to be calculated only in 
FEA then feeding both the elastic deformation and RBM 
back to CFD. However, a divergence of the coupling simu-
lation occurred at a very early stage. This is because of 
that the mesh movement between each coupling time step 
was too large for the present morphing solver to handle it. 
This problem in the morphing solver has been also pointed 
recently, by Lakshmynarayanana and Temarel [19]. On the 
other hand, it can be assumed that the effect of discrep-
ancy in the RBM on elastic deformation would be small, 
as found from the one-way coupled results described ear-
lier, if the external pressure is properly calculated using 
deformed ship in the CFD phases. To overcome this diver-
gence problem, the deformation obtained from the FEA is 
once decomposed into heave, pitch motion, and the elastic 
component at each coupling time step, and then, only the 
elastic deformation is fed into morphing analyses. By tak-
ing this means, one can circumvent the significantly large 
mesh movement between each coupling time step, thereby 

the stability of morphing analyses can be enriched. A note-
worthy work has been recently presented in Ref. [19] to 
overcome this problem, by employing ‘overset’ grid tech-
nique to the CFD model.

Figure 9 illustrates the decomposition method schemati-
cally. Increments of the heave motion at each coupling time 
step are concisely calculated by translational displacement 
of the center of gravity (CoG) of the model. It means:

where Δh denotes the heave motion increment at tn + Δt, 
mi means the mass of each FE node, and zi means the ver-
tical position of each FE node. Meanwhile, the increment 
of the pitch motion Δθ is calculated by applying the linear 
approximation method, i.e., the least-squares method, to 
the vertical displacement of FE nodes along the backbone. 
Consequently, the elastic deformation component at tn + Δt 
is derived from the following:

(3)

Δh(tn + Δt) = Gz(tn + Δt) − Gz(tn)

=

∑Nnode

i
mi{zi(tn + Δt) − zi(tn)}∑Nnode

i
mi

,

(4)

��elastic
g

(tn + Δt) = �g(tn + Δt) − �RBM
g

(tn + Δt)

�RBM
g

(tn + Δt) = �(tn + Δt)�(tn)
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cos(−Δ�) 0 − sin(−Δ�)
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where values with suffix g are the coordinate values under 
local coordinate system of which their origin is the CoG of 
the FE model.

Mapping analyses are carried out after each CFD or 
FEA solution to convey the force or the elastic defor-
mation to the FEA or CFD input at the next coupling 
time step. The IDW algorithm, Eq. 2, is exploited in these 
mapping analyses. For instance, in the case of the elastic 
deformation feedbacks (from FEA to CFD), P(x, t) and 
P(xi, t) in Eq. 2 shall be reread as a displacement value at 
target CFD node and displacement values at FEA nodes 
in each coupling time step, respectively.

A sigmoid function is adopted for interpolating the 
pressure values between consecutive coupling time steps 
to avoid applying abrupt pressure change to the FE model. 
The kth interpolated pressure field between time tn and 
tn + Δt can be described as follows:

where Nin denotes the number of interpolating points and P 
denotes the pressure field. Nin = 10 is adopted in this study. 
To maintain the stability of the coupling solution, the elastic 
deformation of the FE model is suppressed at the early stage 
of the coupling simulation, i.e., up to 2.0 s, by increasing the 
damping ratio in the model.

Coupling time step size Δt is held to that of the CFD 
computation, i.e., Δt is equal to 0.019 s in full scale, see 
Table 2. When the weakly coupled method is computed 
using the under-relaxation factor α = 0.3 in the CFD 
phases, divergence of the solution occurred, presumably 
due to the artificial added mass effect. This divergence 

(5)

�

(
tn +

k

Nin + 1
Δt

)
=

�(tn + Δt) − �(tn)

exp
{
−(k − Nin∕2)

}
+ 1

+ �(tn)

where 1 ≤ k ≤ Nin,

problem was resolved by reducing the magnitude of α 
to 0.05. Thus, the results on the weakly coupled method 
presented later are those when α = 0.05 is used.

3.2.2 � Strongly coupled method

The strongly coupled CFD–FEA is also assembled in this 
study. The fundamental approach to assemble the strongly 
coupled method can be referenced to the algorithm presented 
by Storti et al. [28]. The generic cycle of the strongly cou-
pled scheme can be described as follows:

1.	 Advance the CFD solution to the next time step (t = tn) 
using the prescribed fluid mesh and then obtain the load 
field at kth sub-iteration (Ftn

k ).
2.	 Convert the load field Ftn

k to the external pressure field 
(Pex,tn

k ) on the FE model via a mapping process.
3.	 Advance the FEA solution to the next time step (t = tn) 

using the external pressure field Pex,tn
k and then obtain 

the displacement field at kth sub-iteration (utnk ).
4.	 Transfer the displacement field utnk to the CFD mesh then 

update the prescribed fluid mesh (Xtn
k ) via a mesh mor-

phing process.
5.	 Check the convergence of Ftn

k and/or utnk. If the solution 
is converged, determine the current fields as Ftn = Ftn

k, 
Xtn = Xtn

k. If not, update k = k+1 and repeat from step 1 
to 5.

6.	 Advance the CFD solution to the next time step using 
the determined fluid mesh Xtn.

Note that if only one sub-iteration is implemented, the 
above-mentioned procedure becomes the weakly coupled 
method. As regards the convergence of the force and dis-
placement fields at step 5, there are several ways to find 

Fig. 9   Schematic of decomposi-
tion of deformed body
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those convergences. As the present approach adopts dis-
tinct fluid and structure solvers, in this study CFD and 
FEA, finding the absolute converged fields of the pressure 
and deformation is extremely difficult. Among the usual 
strongly coupled approaches, it is general that convergence 
criteria for the force or displacement field are defined then 
the sub-iteration stages are repeated until the convergence 
condition is satisfied [29]. However, it can also be estimated 
that huge computational efforts might be required in case 
that the computation does not converge quickly. Thus, in 
this study, the so-called predictor–corrector method [30] is 
adopted to reach a convergence at each coupling time step 
while decreasing the number of sub-iteration processing. To 
facilitate the convergence, the Aitken’s accelerator [31] is 
introduced into the sub-iteration. It is well known that the 
Aitken’s accelerator works properly if the target numerical 
sequence has a convergence. In this study, the target field 
to be found the convergence is set as the force field. The 
corrected force field is obtained using 3 estimations and the 
Aitken’s algorithm during the sub-iteration process. Thus:

The corrected force field Ftn
correct and resulting displace-

ment field are used as a converged solution at t = tn. The 
overall procedure of the strongly coupled CFD–FEA at time 
t = tn in this study can be summarized as follows (see also 
Fig. 10):

k = 1 (the predictor):

(6)��������
��

= ��
��
−

(��
��
− ��

��
)2

��
��
− 2��

��
+ ��

��

.

1.	 Compute the CFD where changing the fluid mesh from 
Xtn-Δt

correct to Xtn
predict and then obtain Ftn

1.
2.	 Convert the force field Ftn

1 to the external pressure field 
(Pex,tn

1) on the FE model via a mapping process.
3.	 Compute the FEA where changing the external pressure 

field from Pex,tn-Δt
correct to Pex,tn

1 and then obtain the displace-
ment field utn1.

4.	 Transfer calculated displacement field utn
1 to the CFD 

mesh and then update the fluid mesh (Xtn
1 ) via a mesh 

morphing process.

k = 2 or 3 (the corrector):

5.	 Compute the CFD where changing the fluid mesh from 
Xtn-Δt

correct to Xtn
1 or Xtn

2, and then obtain Ftn
2 or Ftn

3.
6.	 Obtain the external pressure field Pex,tn

2 or Pex,tn
correct via a 

mapping process.
7.	 Compute the FEA where changing the external load field 

from Pex,tn-Δt
correct to Pex,tn

2 or Pex,tn
correct, and then obtain the 

displacement field utn1 or utncorrect.
8.	 Transfer calculated displacement field utn

1 or utn
correct to 

the CFD mesh and then update the fluid mesh (Xtn
2 or 

Xtn
correct) via a mesh morphing process.

9.	 (k = 2): Go back to step 5.
	   (k = 3): Compute the CFD where changing the fluid 

mesh from Xtn-Δt
correct to Xtn

correct, and then return to step 1 
and advance the time (t = tn + Δt).

As for step 1, Xtn
predict should be somehow defined. In this 

study, Xtn
predict is decided based on the linear extrapolation 

of the deformation from the previous time step, i.e., Xtn
predict 

is simply determined by extrapolating Xtn-2Δt
correct and Xtn-Δt

correct. 
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Fig. 10   Workflow of two-way strongly coupled CFD–FEA
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The decomposition of the deformation from the FEA is also 
applied as with the case of the weakly coupled method. The 
interpolation of the pressure fields between consecutive cou-
pling time steps is conducted by using Eq. 5 as well as the 
weakly coupled method. The damping ratio applied in the FEA 
model is increased at the early stage of the coupling in the 
same manner. Coupling time step size Δt is held to 0.019 s 
in full scale as well as the weakly coupled method. When the 
strongly coupled method is adopted, the solution was success-
fully proceeded even when α = 0.3 is applied. This may be due 
to a fact that the artificial added mass effect is mitigated by 
means of the sub-iteration processes.

4 � Validation of two‑way coupled method

In this chapter, a series of validations of the present weakly 
and strongly coupled CFD–FEA results is provided. For 
comparison, the experimental measurements from Ref. [17] 
are referred. The CFD and FEA calculations along with the 
data transfer and mapping computations are conducted using 
a workstation with Intel Xeon E5-1680 processor and with 8 
cores parallel processing. Elapsed wall clock time for com-
puting each method per physical 10 s (in full scale) is sum-
marized in Table 4. As the data transfer and mapping pro-
cesses are included in the weakly coupled method, it takes 
more total computational time than the one-way coupled 
method. Much longer computational time is needed in com-
puting the strongly coupled method, since the sub-iteration 
processes are further included.

4.1 � Rigid body motion

The RBMs of the ship evaluated from the respective numeri-
cal methods are compared with the experimental result. Time 
series of the pitch and heave motion of the ship among the 
experiment, the rigid body CFD results, and the two-way cou-
pled results are compared in Fig. 11. Results from the rigid 
body CFD are presented after 25 wave cycles to exclude the 
transient part. For two-way coupled methods, the rigid body 
motions are derived from CFD computation results at each 
coupling time step. The results of the initial stage of the two-
way coupled calculations during which the damping ratio 
of the FE model is increased are excluded in the figure. In 
addition, coefficient of correlation values of the RBM from 
numerical methods against the experiment are summarized in 

Table 5. All the numerical results represent the high correla-
tion to the experiment.

As regards the RBMs from the weakly coupled method, 
plotted by green solid lines, overall agreement with the experi-
ment or the rigid body CFD can be found. Unstable fluctua-
tions are found around 20–30 s in those peak values and peri-
ods, as seen from the figures, which may be due to a fact that 
transient parts remained in the presented results. However, it 
should be noted that a convergence study in terms of the cou-
pling time step size Δt will be necessary, as the accuracy of 
the weakly coupled method may be influenced by the coupling 
time step size to a large extent [24].

The RBM time series evaluated from the strongly cou-
pled method are also comparable to those from the rigid 

Table 4   Computational time on each numerical method per physical 
10 s in full scale

One-way coupled method 2.38 h
Two-way weakly coupled method 7.5 h
Two-way strongly coupled method 29.4 h
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Fig. 11   Comparison of RBM time series between the experiment and 
numerical methods

Table 5   Coefficient of correlation values of RBM from numerical 
methods against the experiment

Rigid body CFD Weakly coupled 
method

Strongly 
coupled 
method

Pitch 0.993 0.942 0.991
Heave 0.994 0.989 0.992
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body CFD or the experiment in terms of estimated peak 
values and periods. Note that further extension of the solu-
tion time in the two-way coupled methods would be neces-
sary to obtain more stable results for the rigid body motion, 
to exclude the transient parts from the results. Nonetheless, 
one can interpret that the present two-way coupled methods 
offer reasonable RBMs.

4.2 � Vertical bending moment

Next, the VBMs evaluated from the respective methods and 
the experiment are compared. The VBMs are decomposed 
into the normal wave-induced component and the whipping 
components by applying the band-pass filter (BPF) to the 
time series results. Cut-off frequency of the BPF to discrimi-
nate these components is set at 0.3 Hz, considering the wave 
period and natural frequency of 2-node vibration on each 
model.

A comparison of the wave-induced VBMs at the mid-ship 
section (SS5.5, see Fig. 1) is shown in Fig. 12a. Values in 
the vertical axis are plotted in a non-dimensional manner. 
In the result, positive value of Mv_wave indicates the hogging 
moment. As seen from the figure, overall agreement of the 

wave-induced VBMs derived from the weakly and strongly 
coupled methods are found to agree with the experimental 
one, as well as the one-way coupled result. In addition, coef-
ficient of correlation values of the VBM from the numerical 
methods against the experiment are summarized in Table 6. 
All the wave-induced VBM from the numerical results rep-
resent the high correlation to the experiment. On the other 
hand, the coefficient of correlation values represent a large 
variation in the case of the whipping VBM, especially the 
significant low correlation is found for the weakly coupled 
method result.

A comparison of the whipping VBM time series at SS5.5 
is shown in Fig. 12b. Since severe weather/operational con-
ditions with the wave height 10 m and with the full service 
speed are adopted in this study, the peak amplitudes of the 
whipping are remarkably large. When the weakly coupled 
results are focused on, the weakly coupled method under-
estimates the whipping components than the experiment. 
This fact may imply that the slamming impact force is not 
properly simulated. Since the CFD calculation in the present 
weakly coupled method has used the under-relaxation fac-
tor α = 0.05 in SIMPLE scheme, which may be too small 
according to conventional cases [18], thus the pressure tem-
poral values might not be calculated appropriately. Mean-
while, the instability issue of the weakly coupled solution is 
found for the under-relaxation factor α = 0.3 as mentioned 
in Sect. 3.2.1. Decreasing the coupling time step Δt is con-
sidered to be one of the efficient measures [24] when the 
CSS-based procedure is used, and then, a convergence study 
in terms of Δt with α = 0.3 will be necessary. Nonetheless, 
it would require quite a few computational efforts to find 
decent coupling time step for the weakly coupled method, 
and thereby a benefit of the weakly coupled method would 
be reduced. Further careful investigations to solve such 
dilemma will be necessary if the weakly coupled method is 
used for the whipping evaluation.

When the strongly coupled result is focused, see Fig. 12b, 
the whipping component agrees well in terms of the peak 
amplitudes of the moments with the one-way coupled 
method or the experimental results. Regarding the whip-
ping amplitudes, those from the strongly coupled method 
are comparable to the one-way coupled results. The whip-
ping components in the one-way coupled results oscillate 
about 0.87 Hz, which is close to the natural frequency 
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Fig. 12   Comparison of VBM time series between the experiment and 
numerical methods

Table 6   Coefficient of correlation values of VBM from numerical 
methods against the experiment

One-way cou-
pled method

Weakly cou-
pled method

Strongly 
coupled 
method

Wave-induced VBM 0.991 0.939 0.950
Whipping VBM 0.497 − 0.008 0.572
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of the 2-node vibration of the FE model in dry condition 
(0.894 Hz). Meanwhile, the frequency of the vibration of the 
whipping components from the strongly coupled results is 
observed around at 0.58 Hz. The reduction of the vibration 
frequency is owing to the added mass effect with regards 
to the elastic deformation. In fact, the natural frequency of 
the 2-node vibration of the experimental model in the wet 
condition was 0.699 Hz, while it was 0.946 Hz in the dry 
condition, which is comparable to the present simulation 
result. From these results, one may conclude that the present 
strongly coupled method can give a quantitative estimation 
on the whipping VBM considering the added mass effect.

The wave elevation near the ship hull, point ‘P’ in Fig. 13 
(7 m away from hull surface), is obtained from the present 
strongly coupled method, and then, the frequency is checked. 
The wave frequency from the strongly coupled method is 
compared with the rigid body CFD in Fig. 14. One may 
find the increase of wave amplitude around 0.3–0.6 Hz 
to some extent, which may be attributed to the radiation 
wave induced by elastic vibration, but its magnitude is still 
small. Thus, the wave damping may not influence the result 
so much in the present case. Note that as the present study 
is limited to only one wave condition, further case study 
will be necessary to consistently evaluate the wave damp-
ing effect.

4.3 � Water pressure

Finally, local water pressure values on the hull are focused. 
Time series of the pressure at PS1 (bow flare) and PS2 (bot-
tom at SS4.5) in Fig. 1 are compared in Fig. 15, among 
the experimental measurement, the rigid body CFD which 
is used for the one-way coupled method, and the strongly 
coupled results. In these figures, hydrostatic components are 
excluded. From Fig. 15a, both the numerical results have 
well captured the water impact pressure peak comparing 

with the experiment. In the experimental result, the second 
pressure peaks follow the first impact pressure, at t = 12 s 
and t = 21 s. These peaks are considered to have been caused 
by the 2-node elastic vibration of the model. One can find 
from Fig. 15a that such vibratory components are not repro-
duced using the rigid body CFD calculation. For the strongly 

Fig. 13   Location for checking wave elevation
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coupled results, on the other hand, the vibratory components 
have been successfully reproduced.

Next, the results on the pressure at the bottom point PS2, 
Fig. 15b, are discussed. One can find from the experimental 
result that the pressure history includes prominent vibratory 
component about 0.6–0.8 Hz. This oscillation is attributed to 
the 2-node elastic vibration of the model, since the natural 
frequency of 2-node vibration in wet condition was meas-
ured at 0.699 Hz. This vibratory component, hereinafter 
referred to as the hydroelastic component, explains the dis-
crepancy between the rigid body CFD and the experiment. 
When the strongly coupled result is looked at, on the other 
hand, the amplitude of the hydroelastic component agrees 
with the experimental result. The frequency of the hydroe-
lastic component, about 0.5–0.6 Hz, in the strongly coupled 
result, is a little smaller than the experimental result, as it 
may be attributed to the difference of the structural model 
between the present FE model and experimental model. 
Very high-frequency vibrations are occasionally observed 
in the strongly coupled result, e.g., at around t = 16 s in 
Fig. 15b. As the convergences on the force field have been 
only attained as per Eq. 6 in the sub-iteration stages, it is 
estimated that rigorous convergence between force and 
displacement fields might not have been attained at some 
coupling time steps. To prevent this, it is recommended to 
increase the number of sub-iterations, which in turn leads 
to an increase of computational efforts, or to adopt other 
coupling techniques, e.g., the relaxation method [32]. None-
theless, it can be concluded that the present strongly coupled 
method sufficiently captured the hydroelastic behavior of the 
water pressure.

5 � Hydroelastic effect on dbm and ultimate 
strength

5.1 � Formulation of DBM and US

Using the present strongly coupled CFD–FEA results, the 
DBM and hull girder US are evaluated. In this study, an 
interaction formula between the VBM and DBM given by 
Amlashi and Moan [33] is considered to evaluate the hull 
girder US under the combined loadings:

where Mv and Mdb denote the VBM and DBM, respectively. 
They are evaluated based on the present strongly coupled 
CFD–FEA method. Mv_s, Mv_wave, and Mv_whip denote the 
hydrostatic, wave-induced, and whipping VBM, while 
Mdb_s, Mdb_wave, and Mdb_hyel denote the hydrostatic, wave-
induced, and hydroelastic DBM. Mu,v and Mu,db denote the 
hull girder US under pure vertical bending and the ultimate 
DBM, respectively. In case of Lcomb = 1, it indicates that the 
hull girder has reached the US under the combined VBM 
and DBM.

For simplicity, we assume that the hull girder US is gov-
erned by the longitudinal stress on the outer bottom panel 
[34], and then, the ultimate VBM and DBM are assumed to 
follow the beam theory. The longitudinal stress on the outer 
bottom panel when the hull girder reaches US is denoted as 
σu. Given the section modulus of the target cross section Zv, 
Mu,v can be expressed as follows:

(7)

Lcomb = Lv + Ldb

=
Mv

Mu,v

+
Mdb

Mu,db

=
Mv_s +Mv_wave +Mv_whip

Mu,v

+
Mdb_s +Mdb_wave +Mdb_hyel

Mu,db

,

(8)Mu,v = �uZv.

Fig. 16   Unit cross section for 
calculating Mu,db
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The sectional modulus of the ship at the mid-ship section 
is calculated to be Zv = 50.71 [m3].

To estimate Mdb and Mu,db, the formulae given by Tatsumi 
et al. [34] is employed. Let us assume that Mu,db is consid-
ered to be the bending moment when the longitudinal stress 
on outer bottom panel reaches σu under pure bending of a 
unitary double-bottom structure. According to Tatsumi et al. 
[34], when a unit cross section, section C see in Fig. 16, is 
taken from overall cross section of the double-bottom struc-
ture, Mu,db can be calculated as follows:

where Ic and hc are the second moment of area and the height 
of the neutral axis from the outer surface on the section C, 
respectively. The sectional modulus of the section C is cal-
culated to be Zc = 0.214 (m3). The DBM Mdb is calculated 
as follows:

where kp is a spring constant on the partial bulkhead [35], Pc 
is the container load, q is the water pressure applied on the 
bottom, ldb is the longitudinal length of the double-bottom 
between the partial bulkhead and watertight bulkhead, and 
kw is a spring constant on the watertight bulkhead. Note that 
q is derived from the present strongly coupled CFD–FEA 
results. For more detailed derivation of Eq. 10, Tatsumi et al. 
[34] is to be consulted.

5.2 � Results and discussion

The hydrostatic, wave-induced, and hydroelastic compo-
nents in the VBM and DBM at SS4.5 are evaluated from 
the strongly coupled CFD–FEA result and are compared in 
Fig. 17. The time span for the evaluation is 10–30 s. All the 
results in the figures are non-dimensionalized by Mu,v and 
Mu,db, respectively. σu = 280 (MPa) is adopted to derive Mu,v 
and Mu,db. Regarding the VBM, one may find that the whip-
ping component represents a large contribution to the Mu,v 
around 20 s, up to 53% of Mu,v. As to the DBM, the hydro-
static component Mdb_s accounts for the majority of the total 
DBM, i.e., 9% of Mu,db. On the other hand, it should be noted 

(9)Mu,db = �uZc =
Ic�u

hc
,

(10)

Mdb = M1 +
P2
1

2q
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,

that the proportion of the hydroelastic component Mdb_hyel 
has appeared at non-negligible level, which is almost at the 
same level with the wave-induced component Mdb_wave.

According to Eq. 7, Lv, Ldb, and Lcomb are calculated and 
compared in Fig. 18. As found from the figure, although 
the VBM (blue solid line) makes up of a majority of the 
US, the proportion of the DBM (green solid line) is still 
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significant. Lcomb takes a maximum value, nearly equal to 1, 
at t = 25.43 s. The proportions of the Lv and Ldb at t = 25.43 s 
are compared in Fig. 19. It is found that the DBM compo-
nent reduces the ultimate strength by about 11%. Similar 
tendency on the DBM contribution to the ultimate strength 
was reported in a precursory research [2], which observed 
the 18.3% reduction of the ultimate strength due to the DBM 
thorough the nonlinear FE analyses. Note that this reduction 
rate may change depending on the structural design of ship, 
assumed ship operation, etc.

Finally, magnitudes of the hydrostatic, wave-induced, 
and hydroelastic components in Mdb at t = 25.43 s are bro-
ken down in Fig. 20. The largest component is the hydro-
static component representing 80% of the total DBM, as the 
full loading condition is assumed in this study. As regards 
the wave-induced and hydroelastic components, respec-
tive proportions are 11% and 7% of the total DBM. It can 
be interpreted that the hydroelastic vibration in the water 
pressure contributes the total DBM, eventually the US, to 
some extent. Attention should be paid in evaluating the 
DBM other than full loading condition, as the hydrostatic 
DBM may be decreased and thereby the proportion of the 

hydroelastic component may increase instead. In fact, it has 
been pointed out that the hydrostatic loads in ships have a 
significant statistical variation [36, 37]. Since the present 
hydroelastic component in the DBM has been evaluated only 
by the water pressure fluctuation due to the whipping, an 
effect from the inertia force due to the whipping induced 
vertical displacement is not taken into account. Accord-
ing to the results presented in Ref. [16], this effect might 
also magnify the hydroelastic component in the DBM in 
the same phase. The two-way coupled CFD–FEA consider-
ing the flexibility of the double bottom will be needed to 
assess this effect quantitatively. Further research effort will 
be necessary to reach a general picture of the effect of the 
hydroelastic vibration on the DBM and subsequently the 
hull girder US.

6 � Conclusions

In this paper, to establish a consistent evaluation method for 
the combined VBM and DBM, two-way coupled methods 
between the CFD and FEA are developed and validated. A 
3D container ship model is used for evaluating the VBM and 
DBM based on the methods. Then, an investigation is made 
into the effect of the hydroelastic component of the DBM 
on the hull girder US. The followings may be concluded:

1.	 Good accuracies in terms of the RBM and the wave-
induced components in the VBM and local pressure are 
confirmed when the present weakly coupled method is 
adopted. Discrepancies in the whipping vibrations arise 
from the poor representation of the added mass with 
regards to the elastic deformation. Further convergence 
studies in terms of the coupling time step size in the 
weakly coupled method will be necessary while using 
proper under-relaxation factor in SIMPLE scheme.

2.	 The present strongly coupled method gives better agree-
ment with the experimental results in terms of the RBM, 
VBM, and local pressure, including the whipping vibra-
tion with the added mass with regards to the elastic 
deformation. The vibratory or hydroelastic component 
observed in the water pressure at the ship bottom also 
compares well with the experimental result.

3.	 The DBM evaluated from the present strongly coupled 
method reduced the hull girder US by about 11% in 
the considered case. Note that this value may change 
depending on the structural design of ship, assumed ship 
operation, or the location to evaluate the DBM [38].

4.	 The hydroelastic component accounts for 7% of the total 
DBM. This indicates that the hydroelastic component in 
the DBM is non-negligible for accurate evaluation of the 
reduction of the hull girder US due to the DBM.
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Fig. 19   Proportions of VBM and DBM components at t = 25.43 s
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Fig. 20   Proportions of hydrostatic, wave-induced, and hydroelastic 
components included in Mdb at t = 25.43 s
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The present strong coupling of the CFD and FEA is con-
sidered as a promising method for a consistent estimation of 
the hydroelastic effect on the VBM and DBM in a ship. Fur-
ther investigation seems necessary in the future to clarify the 
effect of the DBM on the hull girder US taking the hydroe-
lastic effect into account. Moreover, the extreme value pre-
diction of the combined VBM and DBM with consideration 
of the hydroelastic vibration should be made in the future, 
as a follow-up work of our recent study [15].
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