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Abstract: [Objective] The study aims to investigate the structural responses and dynamic structural collapse mode
of a container ship under waves, considering the effects of load nonlinearity and surface nonlinearity. [Methods]
First, a hydrodynamic model of the ship was established based on the CFD platform, and the overlapping mesh
method was used to realize matching between the dynamic boundary mesh of the hull hydrodynamic model and the
Eulerian mesh of the far-field fluid domain. The fluid volume method was used to simulate the nonlinearity of the
free surface throughout the fluid domain, and the 3D N-S equations were solved in the whole fluid field domain to
obtain real-time solutions of the nonlinear wave loads. Then, a nonlinear finite element analysis (FEA) model of the
ship that can simulate ship hull collapse behavior was established, and the time-domain collapse response of the ship
including plasticity and buckling was calculated based on the explicit dynamic nonlinear FEA method. Finally, the
transmission of fluid pressure and node displacement between the hydrodynamic model and structural FEA model on
the wet surface was realized. This enabled two-way iterative coupling between the CFD solver and the nonlinear
FEA solver, allowing real-time calculation of the nonlinear wave loads and structural collapse responses during the
structural collapse of the 4 600 TEU container ship. [Results] The results show that under extreme waves, the upper
to middle structures of the container ship were widely plastic. The main deck, side plate, deck longitudinal, side
longitudinal, and other components exhibited typical yielding and instability under waves. The deck longitudinal,
side longitudinal, and other structural frames experienced serious lateral instability, and the hull structure lost its
bearing capacity. [Conclusion] The proposed method can accurately solve the structural response and dynamic
collapse mode, making it a new approach to studying the collapse response of ship structures.
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open structure and relatively low stiffness often
face the risk of encountering extreme waves that
Large ocean-going container ships with a large surpass their ultimate bearing capacity when sailing
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on deep-sea routes, leading to structural collapse
and breakage, thus resulting in huge loss of life and
property. Between 1969 and 1994, there were 22
marine accidents worldwide caused by extreme sea
conditions, resulting in the loss of over 542 lives [,
In recent years, ship breaking accidents resulting
from waves continue to occur from time to time,
such as the hull breaking accident of the Japanese
container ship "Comfort" in 2013 @ and the
breaking accident of the Ukrainian cargo ship
"Arvin" in Turkish waters in 2021. Therefore, to
prevent ship structural collapse accidents, it is
necessary to accurately evaluate the structural
dynamic response and collapse modes of container
ships under nonlinear wave loads such as
substantial deformations of the object surface, deck
wetness, and slamming. Furthermore, both domestic
and international ship researchers have identified
this strong nonlinear fluid-solid interaction (FSI)
problem as a research hotspot.

In the initial stages, solvers grounded in potential
flow theory to compute wave loads were integrated
with structural nonlinear solvers in academia. This
implementation follows a two-step approach, where
the structural collapse response of a ship is
calculated by mapping the wave loads unidirec-
tionally to the flow structure model. Masaoka !
introduced a numerical method that integrates
nonlinear finite element analysis (FEA) and the
Ursell-Tasai method. This approach takes into
account the nonlinear fluid forces acting on ship
hull sections and computes the nonlinear bending
moment on the hull's nonlinear beams. lijima [“
introduced the concept of hydroelasticity, known as
the hydroelastic method, which integrates the strip
theory with the theory of nonlinear beams. This
method involves numerically simulating a
hydroelastic test designed to calculate the substantial
deformation of the amidships Liu®
employed nonlinear strip theory to determine the
maximum slamming load on the bow of a container
ship when subjected to abnormal waves. This
approach involves adding the calculated slamming
load to the hull beam to derive its nonlinear
structural response. Liu et al. 7 achieved the
simulation of the structural collapse response of any
3D ship by integrating the 3D panel method solver
with the nonlinear FEA solver. The comparison
results with hydroelastic buckling test outcomes
demonstrated favorable agreement. Additionally,
they conducted a joint simulation using the panel

corner.

method based on 3D potential flow theory and the
nonlinear FEA to replicate the structural collapse
response of a container ship under wave conditions.

In recent years, scholars have integrated the
viscous flow theory computational fluid dynamics
(CFD) solver with the FEA solver to establish a
two-way FSI approach for ship structural response
calculations. Takami ® employed the CFD-FEA
method to compute both the overall and local
elastic responses of a ship hull structure in waves.
The calculated results were then compared with
those obtained through the nonlinear strip method,
the panel method, and the model test results. Chen !
analyzed hull responses under slamming load using
STAR-CCM+ and ABAQUS. lJiao et al. [
numerically  investigated deck wetness and
slamming of the S-175 container ship utilizing
STAR-CCM+ and ABAQUS. Liu et al. [
examined the near-shore structural hydroelasticity
at model scales by employing STAR-CCM+ and
ABAQUS with one-way and two-way coupling
methods. Their findings indicate that the two-way
coupling results demonstrate greater consistency
and accuracy compared to the one-way coupling
results, specifically in comparison with experimental
data. At present, the two-way coupled CFD-linear
FEA method is predominantly employed in
studying the hydroelasticity of ship structures and
has not yet been extensively utilized for investigating
nonlinear issues in actual ship structures. Therefore,
there is potential to incorporate the nonlinear FEA
solver and the CFD solver to establish a two-way
FSI approach, realizing the simulation of the
structural collapse of real shipsunderwave conditions.

The two-step approach grounded in potential
flow theory is limited to one-way coupling. This
approach falls short of fully accounting for fluid
viscosity and nonlinear wave loads such as free
surface breaking, deck wetness, and slamming.
Additionally, it fails to consider the impact of
dynamic large deformation on wave loads, making
it inadequate for a comprehensive assessment of
ship structural collapse under wave conditions.
Therefore, this paper used a two-way coupling
method with a CFD solver and an explicit dynamic
nonlinear FEA solver to numerically simulate the
elastic, elastoplastic, and post-ultimate strength
conditions of a 4 600 TEU container ship facing
head-on regular waves. The objective is to analyze
both the elastoplastic response and the dynamic
structural collapse mode of the vessel.
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1 Basic theory and numerical
method

This paper employed a two-way coupling method
to address the structural collapse response of the
container ship under wave conditions, based on the
CFD theory and explicit dynamic nonlinear FEA
theory. The subsequent sections will sequentially
introduce the numerical theories and methodo-
logical approaches associated with CFD, explicit
dynamic nonlinear FEA, and two-way FSI.

1.1 CFD methods

The CFD solver is based on the finite volume
method to solve the Navier-Stokes (N-S)
equations. It partitions the flow field into control
volumes of varying sizes, and the fluid flow within
these control volumes is governed by the continuity
and momentum equations. To balance computa-
tional accuracy and cost, the Reynolds-averaged
Navier-Stokes equation (RANS) was employed.
RANS decomposes velocity and pressure into
instantaneous fluctuating values and average
values, as illustrated in Eq. (1).

N

or  'ox, pox;, pox,

where #, and 4; = (i,v,w) are the Reynolds average
velocity components in the x, y, and z directions in
the Cartesian coordinate system; x;and x; = (X, Y, 2)
are Cartesian coordinate values; t is time; p is the
fluid density; p is the time-averaged pressure; W is
the dynamic viscosity coefficient of the fluid; and
pu;u; is the Reynolds stress term, which is a second-
order tensor.

With the introduction of the Reynolds stress term
to represent turbulent fluctuations, a turbulence
model was applied to close the equations. In this
paper, the SST k- turbulence model was implemen-
ted with the RANS equations to solve the entire
fluid domain. Additionally, the volume of fluid
(VOF) method was employed to accurately capture
the free liquid surface. The transport equations for
the turbulent kinetic energy and dissipation rate of
the SST k—w model are described as follows:
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where k is the turbulent Kinetic energy; G, is the
generating term of turbulent kinetic energy; p, is the
turbulent viscosity;  is the turbulent dissipation
rate; G, is the generating term of the specific
dissipation rate; D,, is the cross-diffusion term of w;
Y, is the turbulent kinetic energy dissipation term of
k; Y, is the turbulent kinetic energy dissipation term
of w; Syand S, are the customized source terms; o,
is the Prandtl number of k; ¢, is the Prandtl number
of w.

1.2 Explicit dynamic nonlinear FEA

The generalized kinematic equation for the
structural system is as follows:

Mii+Cu+Ku="P (4)
where M, C, and K are the mass matrix, damping
matrix, and stiffness matrix of the object,
respectively; P is the external load; u, # and i are
the displacement, velocity, and acceleration of the
object at a certain time, respectively.

This paper employed an explicit method to
address the dynamic nonlinear response of the hull
structure. The explicit dynamic nonlinear FEA
program resolves the dynamic equilibrium equations
at the onset of an incremental step. This is
represented by multiplying the node mass matrix
(M) by the node acceleration, which is the disparity
between the external force (P) applied at the node
and the internal force within cell (1), as illustrated
in Eq. (5).

Mii=P-1 (5)

The acceleration is computed at time t at the start
of the current incremental step:

i, = (M) - (P=D), (6)

Following this, the acceleration was temporally
integrated using the central difference method.
During the calculation of velocity changes, it was
assumed that acceleration remained constant. The
velocity and displacement were then solely dependent
on the acceleration and displacement from the
previous moment. This approach allows for the
continuous advancement of velocity and displace-
ment in an "explicit" manner over time, thereby
completing the solution to the kinematic equations.

1.3 Two-way FSI approach

The collapse of a structure under waves involves
both structural nonlinearities and wave load
nonlinearities, constituting a highly nonlinear FSI
problem. Addressing such an _issue. necessitates
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multiple exchanges of physical quantities within a
coupling iteration time step to obtain accurate
calculation results. In this paper, a two-way implicit
coupling simulation was achieved by utilizing the
co-simulation functionality between the CFD platform
STAR-CCM+ and the large-scale nonlinear FEA
platform ABAQUS. This involved exchanging
pressure and nodal displacement data at the FSI
interface. From the coupling process shown in Fig. 1,
it can be observed that during each iterative time
step, STAR-CCM+ and ABAQUS exchange wave
loads (F), as well as structural displacements and

1%t inner iteration
spatial position X* and

2" inner iteration
spatial position X?and

deformations (U) multiple times. In each exchange,
the hydrodynamic model's mesh is updated using
mesh superposition technology and the mesh
"deformation” function, obtaining a new spatial
position (X) and wave load (F) for the hull. This
iterative exchange process continues throughout the
coupling simulation. After several coupled iterations,
the wave load (F), structural displacement and
deformation (U), hull surface pressure (P), and hull
spatial position (X) converge. Ultimately, at the end
of a coupled iteration time step, a stable structural
response and flow field distribution can be achieved.
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Fig. 1 Data exchange in two-

Due to the need for data transfer at the FSI
boundary in the FSI process, the FSI interface must
adhere to the following fundamental conservation
law:

dr = d, ()
where z; denotes the stress in the fluid domain; z,
denotes stress in the structure domain; n denotes the
direction vector; d; represents the displacement in
the fluid domain; d, represents the displacement in
the structure domain.

Besides, considering the meshes of varying sizes
at the FSI interface between the FEA model and the
CFD model during the data transfer, the mesh
interpolation challenge was addressed using the
radial basis function, as depicted in the following
equations:

{Tf X A = Ty X A

o= ap(h—xl)+p)

i=1

(8)

r=xill= =+ =y 4=z (9)

where o(x) is the function of x; N is the number of
interpolation points; «; represents the weighting
coefficient to be determined; ¢ is the radial basis
function; model ||x=x;|| is. the Euclidean distance

2" inner interation
displacement and
deformation U?

k™ inner interation
displacement and
deformation U¥

way FSI within iteration time steps

from the interpolated point x to x; ; p(x) is the
interpolation function of the low-degree polynomial.

2 Numerical FSI modeling of

4 600 TEU container ship

A CFD hydrodynamic model and an FEA model
were set up to compute the structural collapse
response of a 4 600 TEU ocean-going container
ship under wave conditions. This was achieved
using the two-way FSI coupling CFD-FEA method.
The structural configuration of the 4 600 TEU
container ship incorporates a hybrid skeleton,
double bottom, and double side design. The entire
ship is predominantly organized with three large-
opening cargo holds positioned between the
wheelhouse and the forecastle. Table 1 lists the
main dimensional parameters of the 4 600 TEU
container ship, and Fig. 2 shows the structural

geometry model.
Table 1 Main dimensions of the 4 600 TEU container ship
Parameter Value Parameter Value
Length overall/m 260 Molded depth/m 19.6
,L_eerggeahd?cel}\lﬁse/rr]n 247 Design draft/m 11.0
Molded breadth/m 373 Mo'df,%ﬂ]ifnpe'fnﬁime”t 646477
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Fig. 2 Geometric model of the 4 600 TEU container ship

2.1 Hydrodynamic model

A CFD hydrodynamic model of the 4 600 TEU
container ship was established, as depicted in Fig.3.
The semi-implicit method, known as the Simple
algorithm, was utilized to solve the pressure-
coupled equation system of the N-S equations. The
convection term was discretized using the upwind
differencing scheme, and the k-¢& turbulence model
was employed for turbulence flow modeling. The
free surface between air and water was simulated
using the VOF method. Finally, the computed wave
pressure results were incorporated into the
structural analysis as loads.

The computational domain encompasses both the
numerical wave background domain and the
overlapping region. Symmetric boundary conditions
were applied to save computational costs. First, half
of the wave pool background domain was generated
in STAR-CCM+, with dimensions of 1 750 m in
length, 500 m in width, and 750 m in height. The
coordinates were set relative to the ship's length (L),
approximately —3.85L < x < 2.88L, 0 <y<1.92L, and
-1.88L < z < L. Subsequently, a half overlapping
region, with dimensions of 350 m in length, 50 m in
width, and 75 m in height, was established to simulate
rigid body motion and facilitate fluid data transfer
with the background region. The coordinates for
this overlap region were defined relative to the
ship's length as approximately —-0.19L < x < 1.15L,
0 <y < 0.19L, and -0.096L < z < 0.19L. The
coordinate system's origin in the computational
domain was positioned at the baseline of frame 0 of
the ship. In this system, the x-axis points towards
the bow, aligning with the ship's length; the y-axis
points towards the port side, aligning with the ship's
breadth; the z-axis points downward along the draft
direction. The computational domain and boundaries
of the 4 600 TEU container ship are illustrated in
Fig. 3(a). At the overlapping mesh interface, the
boundary type was set as overlapping mesh. The
hull model was defined with a wall boundary type,
while the symmetric section was assigned a boundary
type of symmetric plane. For the inlet, starboard,
and bottom boundaries, the boundary type was
velocity inlet, while ' for the: top and outlet

boundaries, it was pressure outlet. Additionally,
there was a wave dissipation region of 2 times the
ship length at the pressure outlet boundary. This
region serves to eliminate the effects of reflected
waves from the wall surface and the waves induced
by the hull motion on the flow field, utilizing a
wave dissipation and damping method.
s
S
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‘ﬂ section,
g
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= Bottom
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(a) Schematic of the CFD computational domain and each boundary
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(b) Local mesh near the hull computational domain
Fig. 3 CFD hydrodynamic model of the 4 600 TEU container
ship

This paper employed the cut-cell mesh generator
and prism layer mesh generator to mesh the
computational domain. The surface size of the hull
was set at 0.5 m, similar to the mesh size of the
structural finite element model, to prevent mesh
interpolation errors at the FSI interface during the
mapping process. A prism layer near the wall
consisted of eight layers (y+ > 300). The maximum
size of the overlapping mesh region for the hull was
1.5 m, and the maximum size of the background
domain was 7.5 m. Additionally, a set of transitional
meshes, with a maximum size of 4 m, was introduced
between the overlapping region and the background
domain. This configuration aims to mitigate flux
errors resulting from the disparity between coarse
and fine meshes. Finally, the free surface was
divided into meshes according to the ITTC rule 2,
with a minimum of 40 meshes per wavelength and
at least 20 meshes per wave height. This division
used a length of 1/80 of the wavelength in the wave
direction and 1/20 of the wave height in the vertical
direction. This ensures both the stability of the
wave and  the accurate capture | of nonlinear
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phenomena on the free surface, including liquid
surface breaking, deck wetness, and slamming. The
ultimate mesh configuration is depicted in Fig.3(b),
comprising a total of 5.27 million cells, with 2.02
million cells in the overlapping region.

2.2 Structural nonlinear FEA model

A half FEA model of the 4 600 TEU container
ship structure was constructed by integrating the
pre-processing software HYPERMESH with the
large-scale structural nonlinear calculation platform
ABAQUS, as shown in Fig. 4. To prevent potential
errors arising from the singularity of the stiffness
matrix during calculations, a row of nodes was
strategically selected at the stern to constrain the
hull's movement along the x-axis. This constraint
implemented is to prevent undesired drifting of the

hull under the influence of waves. Symmetric
boundary conditions were applied in the longitudinal
section of the hull, and the specifics of these
boundary conditions can be found in Table 2. The
time-domain responses of the ship structure were
computed using explicit dynamics nonlinear FEA.
A finite element mesh size of 0.5 m was employed
to ensure the alignment of the surface mesh with
the hydrodynamic hull and to accurately simulate
the buckling behavior of the hull. The ultimate FEA
model comprises 216 485 elements.

Fig. 4 FEA model of the 4 600 TEU container ship

Table 2 Boundary conditions

Position U, o

U, Upy URy Ug.

Stern Constrained

Longitudinal section in

center place Constrained

Unconstratined

Unconstratined

Unconstratined Unconstratined Unconstratined Unconstratined Unconstratined

Constrained  Unconstratined  Constrained

This paper primarily employed a two-way
coupling method based on a viscous flow solver to
investigate ship collapse issues. It specifically
focuses on structural collapse problems under the
nonlinear transient wet surface without greatly
increasing the wave height. Additionally, to enhance
the efficiency of numerical simulation, a certain
degree of strength weakening treatment was applied
to the plate thickness while ensuring that the
stiffness distribution of the hull structure aligned
with that of the actual hull structure. In this paper,
the hull structure is composed of Q235 steel, and
the constitutive model adopts an ideal elastoplastic
material. The specific material parameters are
detailed in Table 3.

Table 3 Material parameters of hull structure

Density/ Modulus of Poisson's Yield Permissible
(tm™) elasticity/MPa  ratio  strength/MPa  stress/MPa
7850 2.06x1(¢ 0.33 235 211

2.3 Coupling calculation settings

In STAR-CCM+ and ABAQUS, the outer hull
surface was designated as the FSI interface. Through
this interface, real-time exchange of pressure data
from the flow field and displacement data from the
structural response was facilitated, enabling the
solution of the two-way FSI problem. Surface-to-

surface mapping was chosen for data mapping. The
pressure field, including the dynamic pressure in
the flow field and the wall shear force, was mapped
from the flow field to the hull surface of the
structural solver through the FSI interface. The
displacement field under the water pressure was
solved in ABAQUS and transferred back to the
flow field through the FSI interface; after updating
the flow field, one complete two-way coupling
calculation was completed. The implicit coupling
algorithm was chosen, with five data exchanges per
time step, and multiple internal iterations for each
exchange. The fluid calculator carried out 10 internal
iterations in one calculation time step. A constant
coupling time step of 0.005 s was chosen. The
co-simulation was performed through a server
powered by an Intel Xeon E5-2660 with 20 cores
and 40 threads for parallel computation. It took
approximately 15 days to compute one set of
conditions.

2.4 Computational conditions setup

Computational conditions were formulated to
study the structural collapse response characteris-
tics of a 4 600 TEU container ship under different
wave parameters. The computational conditions are
shown in Table 4. The waves involved in all
conditions were first-order linear waves, with a
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wavelength of one ship length (247 m). The wave
height started at 2.5 m and increased to 15 m at
intervals of 2.5 m, ensuring that the hull structure
experienced elastic deformation, elastoplastic
deformation, ultimate strength deformation, and
post-ultimate strength deformation under the wave
loads. In this paper, four typical nodes were
selected in the collapse region amidships from the
deck to the bottom of the ship, located on the main
deck, the side plate, the bilge plate, and the bottom
plate. These nodes were named Node 1, Node 2,
Node 3, and Node 4 respectively, as shown in Fig. 5,
for outputting the time-domain elastoplastic stress
curves to determine if the structure collapsed.

Table 4 Numerical simulation conditions for collapse
responses of overall hull

condition ‘e e S | Conditon e el S
H 1 1 2.5 H_4 1 10.0
H?2 1 5.0 HS 1 12.5
H3 1 7.5 H._6 1 15.0

Fig. 5 Positions of typical stress nodes

3 Result analysis

3.1 CFD mesh independence verification

First, a mesh independence verification for the
CFD calculation of condition H_1 was conducted.
Three sets of meshes were established: a (coarse), b
(medium), and c (fine), with base sizes of 12.5, 7.5,
and 5 m, respectively. The number of meshes was
2.84 million, 5.27 million, and 9.98 million,
respectively. The results for heave, pitch, and stress
at Node 2 for the three sets of generated meshes are
illustrated in Fig. 6. It can be observed that the
calculation amplitudes of the coarse mesh are
smaller compared to the fine mesh, with heave
amplitude about 9.1% smaller, pitch amplitude
about 7.6% smaller, and the stress amplitude about
7.9% smaller. The calculated amplitudes of the
medium mesh and the fine mesh are very close,
with deviations of the heave amplitude, pitch, and
stress . approximately 3.3?/0, 2.1%, and. 2.5%,

respectively. Taking into account the efficiency of
numerical computation, the medium mesh was
chosen for the computation.

Coarse mesh(a)
———Medium metsh(b)
———Fine mesh(c)

081

0.4

Heave/m
(=3

—04r

0.8}

0 5 10 15 20 25 30 35
Timels
(a) Heave

0.8
Coarse mesh(a)
Medium metsh(b)
04}  —Fine mesh(c)

Pitch/(°)
(=]

—0.4

—08 . . .
0 5 10 15 20 25 30 35

Time/s
(b) Pitch

%107

—— Coarse mesh(a)
4+ —— Medium metsh(b)
Fine mesh(c)
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Timels
(c) Stress at Node 2

Fig. 6 Mesh independence verification

3.2 Time-domain stress curve of typical
nodes

The two-way FSI coupling CFD-nonlinear FEA
method, as introduced in this paper, was applied to
compute the two-way FSI problem of the 4 600 TEU
container ship. The elastic and elastoplastic
responses of the 4 600 TEU container ship were then
determined under six specified computational
conditions, as illustrated in Table 4. The ultimate
longitudinal stress outcomes for typical nodes along
the ship's length are depicted in Fig. 7, where
positive values indicate compression and negative
values denote tension. The figure reveals that the
overall stress curve did not exhibit a pronounced
hydroelastic .vibration response. This observation
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can be attributed to two main factors. Firstly, wave-
induced vibration typically occurs when the total
first-order vibration frequency of the ship hull
aligns with multiples of the wave encounter
frequency. Even in cases of wave-induced vibration
of container ships, such phenomena do not occur at
any frequency. Secondly, in the simulations conducted
in this paper, the ship remained stationary under the
waves without giving it a sailing speed, resulting in
a small slamming force and no significant flutter
phenomenon. Additionally, the primary focus of
this paper is on elastoplastic responses and collapse
issues, and the selected conditions for calculation
deliberately exclude scenarios that might trigger
hydroelastic vibration responses.

Fig. 7(a) and Fig. 7(b) illustrate the stress curves
for conditions H_1 (with a wave height of 2.5 m)
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and H_2 (with a wave height of 5.0 m),
respectively. The figures indicate that the wave
loads remained relatively small throughout the two-
way coupling process. In both cases, the stress
curves of typical nodes exhibited elastic responses.
From Fig. 7(c) and Fig. 7(d), which depict the stress
curves for conditions H_3 (with a wave height of
7.5 m) and H_4 (with a wave height of 10.0 m),
respectively, it is observed that Node 1 under
condition H_3 entered plasticity at 14.96 s, while
Node 2 entered plasticity at 26.76 s. In condition
H_4, Node 1 entered plasticity at 14.01 s, and Node
2 entered plasticity at 28.26 s. Nodes 3 and 4 did
not enter plasticity in either case. This trend reveals
that as wave height increases, the rate at which the
ship's structure enters plasticity accelerates.
Additionally, as local structures undergo plasticity,
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Fig. 7. | Time-domain elastoplastic stress curves of typical nodes under various conditions
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their stiffness diminishes, leading to a reduced
capacity to withstand deformation. Consequently,
sagging deformation in the mid-arch intensifies. By
examining Fig. 7(e) and Fig. 7(f), which represent
conditions H_5 (with a wave height of 12.5 m) and
H_6 (with a wave height of 15.0 m), respectively, a
heightened rate of plasticity entry in the ship
structure with the increasing wave height can be
observed. Besides, most nodes entered plasticity,
and the structure entered a state of collapse. The
stress curves began to lose periodicity and adopted
an irregular shape as the collapse progressed. This
is attributed to the decreasing or even loss of load-
bearing capacity during the collapse and the
intricate out-of-plane large deformation affecting
the flow field's wave loads.

3.3 FSI collapse mode analysis under
typical conditions

In the two-way FSI process, contour maps
generated by the hydrodynamic and structural
models allow for the visualization of the
relationship between the hull structural responses,
ship buoyancy, and water pressure on the hull at
any given moment. Therefore, this paper chose
condition H_5 as a representative case for analyzing
the collapse mode considering FSI, showing its
collapse mode at the sagging moment, as shown in
Figs. 8-10. From Fig. 8, which depicts the wave-
free surface distribution of the 4 600 TEU container
ship under the typical condition H_5, it can be
observed that when the wave trough was in
proximity to the amidships profile, the hydrodynamic
model accomplished the mesh mapping of the
heave, pitch, and sagging deformations generated
by the FEA model through the FSI interface,
resulting in noticeable collapse deformations and
trim, as well as significant bow waves impacting
the deck and slamming at the stern. Fig.9 displays
the pressure distribution on the wet surface of the
container ship, where dynamic waves induced a
significant pressure distribution on the ship that was
mapped onto the structural FEA model during the
two-way coupling process. The pressure distribu-
tions of the two aligned completely, showing a
successful mapping of the wave loads. From Fig.10,
which presents a contour map illustrating the
structural stress and deformation of the container
ship, it can be observed that the upper to middle
structures of the container ship entered extensive
plasticity at this point. Components such as the

main deck, side plates, deck longitudinals, and side
longitudinals underwent deformation under wave
loads, leading to noticeable yielding and buckling
instability. The main deck and side plating
exhibited prominent wrinkles, while the deck
longitudinals, side longitudinals, and other stiffeners
experienced serious lateral instability. The plastic
deformation area extended from the side plate to the
ship's bottom plate. This indicates that condition
H_5 caused widespread structural collapse of the
4 600 TEU container ship, resulting in the complete
loss of its load-bearing capacity.

Fig. 8 Wave-free surface distribution (with a wave height of
12.5m)

e

Fig. 9 Contour map of wave pressure (with a wave height of
12.5m)
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Fig. 10  Stress contours of hull structure and deformation
(with a wave height of 12.5 m)

3.4 Effect of wave loads on overall and
local deformation

To illustrate the correlation between the overall
and local deformation responses of the hull and the
magnitude of wave loads, maximum deformation
values of yaw angle and typical nodal stress were
extracted from the six typical conditions for
comparative analysis. The outcomes are presented
in Fig. 11. As evident from Fig. 11(a), the maximum
yaw angle increased with the elevation of wave
height. When the wave height remained below 10 m,
the midship structure experienced the elastic and
elastoplastic stages due to the small wave load,
resulting in limited deformation of the yaw angle.
However, when the wave height surpassed 10 m,
the wave loads exceeded the ship's load-carrying



58 CHINESE JOURNAL OF SHIP RESEARCH, VOL.18, NO.6, DEC. 2023

capacity. At this point, the midship structure
underwent extensive plasticity, causing a significant
reduction in carrying capacity and a rapid increase
in the maximum deformation values of yaw angle,
signifying an evident collapse and damage to the
hull structure. From Fig. 11(b), it is evident that the
stress in the local structure increased with the
augmentation of wave height. The deck (Node 1)
and side plate (Node 2) entered into plasticity more
rapidly compared to the bilge plate (Node 3) and
bottom plate (Node 4) due to their distance from the
neutral axis.
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(a) Variation of maximum deformation of yaw
angle with wave height
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Fig. 11 Variation of maximum local and overall deformation
with wave height

4  Conclusions

The paper established a CFD hydrodynamic
model and a nonlinear FEA model for the structural
analysis of a 4 600 TEU container ship. Various
typical wave conditions were selected, and a two-
way FSI coupling CFD-nonlinear FEA method was
employed to simulate the structural elastoplastic
responses of the container ship. The study investiga-
ted typical nodal stress curves and FSI collapse
modes. The conclusions are as follows:

1) The two-way FSI coupling CFD-nonlinear
FEA method allows for the consideration of the
influence of nonlinear wave loads such as deck
wetness, instantaneous wet surfaces, and_significant

deformations of the hull. This method achieves a
two-way FSI mapping of fluid loads and structural
displacements and deformations, providing a new
approach for accurately assessing the structural
response and dynamic collapse processes of ships
under waves.

2) When the wave height is relatively small, the
ship's hull structure experiences linear -elastic
deformation or small-scale structural plastic
deformation and the structure remains in a safe
state. However, when the wave height exceeds a
certain threshold, the vessel transitions from partial
structural plasticity to extensive plasticity, leading
to structural collapse. Moreover, as the wave height
increases, the rate at which the structure enters
plasticity accelerates.

3) The 4 600 TEU container ship, being a large
open hatch vessel with the neutral axis distant from
the deck area, exhibits a structural collapse mode
known as midship collapse under wave conditions.
This is characterized by the onset of yielding and
buckling in the deck and upper hull structures.
Under the influence of cumulative plastic effects,
this failure gradually spreads from the ship's side
plate toward the bottom plate, ultimately leading to
a complete loss of load-bearing capacity and
significant longitudinal deformation of the entire
structure.

The study solely assessed the structural collapse
response of the 4 600 TEU container ship at zero
speed. Further research is needed to investigate the
impact of slamming-induced vibrations and wave-
induced vibrations on the collapse response under
sailing conditions.
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