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a b s t r a c t

Investigation of hydroelastic responses of high-speed vessels in irregular sea state is of major interest in
naval applications. A three dimensional nonlinear time-domain hydroelastic method in oblique irregular
waves is developed, in which the nonlinear hydrostatic restoring force caused by instantaneous wetted
surface and slamming force are considered. In order to solve the two technical problems caused by
irregular sea state, the time-domain retardation function and Proportional, Integral and Derivative (PID)
autopilot model are applied respectively. Besides, segmented model tests of a high-speed trimaran in
oblique waves are performed. An oblique wave testing system for trimarans is designed and assembled.
The measured results of main hull and cross-decks are analyzed, and the differences in distribution of
load responses between trimarans and monohull ships are discussed. Finally, from the comparisons, it is
confirmed that the present concept for dealing with nonlinear hydroelastic responses of ships in oblique
irregular waves is reliable and accurate.
© 2018 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Due to pluralism of function demands of floating structures,
high performance ships, such as hovercrafts, the deep “Vee” ves-
sels, wave-piercing catamarans and high-speed trimarans, have
received enormous attention in past decades. Among these vessels,
owing to small wave-making resistance and good transverse sta-
bility, high-speed trimarans have incomparable advantages and
wide prospect of application (Hampshire et al., 2004; Wang et al.,
2011).

In marine structures design, wave loading is an important factor.
When evaluating the structural strength of monohull ships,
scholars mainly pay attention to the influence of Vertical Bending
Moments (VBM) (Senjanovi�c et al., 2012a; Im et al., 2017). Thus,
many published papers were limited to the ship load responses in
heading regular waves. But in reality, sea condition is irregular sea
state, i.e. oblique irregular waves. For trimarans sailing in irregular
sea state, they suffer very complex load responses that include not
only the VBM but also the Horizontal Bending Moments (HBM) and
torsional moments. Due to the effect of side hulls, HBM and

torsional moments, which are often underestimated, are larger
than those of monohull ships in some cases (Hu et al., 2010). If the
principle of traditional monohull ships is directly applied to the
design and development of trimarans, it may not guarantee a safe
design of the structures in irregular sea state even using the most
severe regular wave condition for wave loads. Therefore, accurate
prediction of load responses of high-speed vessels in oblique
irregular waves has great significance in naval applications.

In addition, the traditional rigid theory treats the hull as a rigid
body with 6 degrees of freedom. Actually the hull is a flexible body
that has not only its rigid body motion, but also structural defor-
mation. Compared to the rigid theory, the hydroelasticity theory
can exactly reflect High-Frequency (HF) load characteristics as the
effect of different structure modal deformations on load responses
can be considered. Therefore, recently the hydroelasticity theory
has been widely applied in the study of ship wave loads. Bingham
et al. (2001) investigated the load responses of a trimaran by
rigid theory and hydroelasticity theory. The results showed that the
vertical load responses from the hydroelastic method were in
agreement with the results from rigidmethod, however, therewere
differences in the transverse loads of side hulls. Senjanovi�c et al.
(2014a) summarized the results on the hydroelasticity of ultra
large container ships related to the beam structural model and
restoring stiffness. The coupled horizontal and torsional ship hull
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vibrations were analyzed. Malenica and Derbanne (2013) presented
an overview of the different hydro-structural issues in ship design
in the context of the direct calculation procedures. Special attention
was paid to springing and whipping hydroelastic effects.

Cheng et al. (2016) carried out the hydroelastic simulation of a
VLFS edged with dual inclined perforated anti-motion plates by
using a direct time domain modal expansion method. In order to
investigate the hydroelastic responses of the VLFS, several model
experiments of a VLFSwere conducted. Kang and Kim (2016) solved
the hydroelastic interactions of a deformable floating structure
with irregular waves for the motion and structural dynamics in
time domain. In order to consider the fluid memory effect, they
further expanded the Kramers-Kronig relations based on Fourier
Transform to the elastic modes. Li et al. (2013) studied the
hydroelastic responses of a deep-water gravity aquaculture fish
cage exposed to irregular waves. Irregular waves were simulated by
choosing a suitable wave spectrum, and the nonlinearities of the
wave loads were also considered. Ji et al. (2015) applied the
multiple-cylinder diffraction solution to random wave interaction
with several representative arrays of cylinders. The possibility of
the near-trapping under the multi-directional random waves was
investigated. Wei et al. (2018) developed a time-domain hydroe-
lastic analysis method for freely floating structures in inhomoge-
neous waves. The inhomogeneity of the wave fields was described
by different wave spectra at different spatial positions along the
floating structures. They pointed out that the vertical displace-
ments, bending moments, shear forces and torsional moments of
the freely floating VLFS in inhomogeneous waves apparently
differed from those in homogeneous waves, especially in beam
seas. However, these articles just focused on the zero-speed simple
floating structures, it is necessary to develop a nonlinear time-
domain hydroelastic method of high-speed complex hulls in
irregular sea state.

So far there has been little research on the hydroelasticity the-
ory for speedy ships in oblique irregular waves, which is unfavor-
able to the study of actual sea state. The primary reason is that the
two technical problems are still unsolved or solved not well:

1) Generally speaking, the irregular sea excitation may be seen as a
superposition of a series of regular wave components at each
instant time. In contrast to regular wave with a single frequency,
the influence of variable wave frequency components of irreg-
ular wave on load responses can not be negligible (Chen, 2017).
Tian (2007) chose the characteristic frequency in the energy
spectrum to calculate fluid forces to investigate the nonlinear
hydroelastic responses in irregular waves. However, this mean
cannot reflect real mechanical properties of ships in irregular
waves;

2) In the real navigation, ships sailing in oblique wave fields
maintain course and track by continuously adjusting the rudder.
When the ship horizontal motion (sway and yaw) is simulated
numerically in time domain, owing to lack of rubber force, the
steady state solutions cannot be obtained even in the case of
regular waves. The solutions of horizontal motions may drift in
process of time steps, and this drift seriously affects othermodes
of motions (Li, 2009). Unlike some simplified approaches, such
as digital filter technique (Fukasawa, 1990) or phase angles
method (Chen et al., 2006), Chen et al. (2017) predicted the load
responses of a container ship in oblique regular waves by
combining the PID autopilot model with the time-domain
nonlinear hydroelastic method. The results show it's feasible
to solve the divergence problem of ship motion equation in
oblique waves by using the PID autopilot model, which is also
applied in the present paper.

Despite trimarans have many advantages, complex cross-deck
structures make the investigation on trimaran load responses
more difficult. Strictly speaking, it is hard to observe the load dis-
tribution and load change law of main hull, side hulls and cross-
decks theoretically. Fortunately, the segmented model test can
provide a more suitable approach for studying the trimaran wave
loads. However, torsional loads, vertical loads and horizontal loads
need to be simultaneously measured, which brings some diffi-
culties for the experiments in oblique waves. Thus, lots of trimaran
model tests are seakeeping tests, in which ship models are not
segmented, and the sectional loads could not be measured. Kim
et al. (2016) carried out a segmented container carrier model
towed in a model basin under head and oblique waves, and the
random decrement technique was applied for the derivation of free
decay signal. However, the measured data was limited to vertical
and torsional mode shapes of the ship model, and how to simulate
numerically the load responses in oblique waves was not pre-
sented. In China, Harbin Engineering University team (Tang et al.,
2016, 2017) studied the trimaran motion and wave loads in regu-
lar and irregular oblique waves by segmented model experiment. A
series of scaled segmented trimaran models based on the vibration
characteristics of the prototype were designed and tested in the
tank. The experimental results of the wave loads and the pressures
in various sea conditions were analyzed. However the simulta-
neous measurement scheme of vertical loads, horizontal loads and
torsional loads was not presented, which makes it hard for re-
searchers to reproduce the tests accurately.

In the present paper, the goal is to develop an accurate and
efficient method to evaluate the wave load responses of flexible
hulls in oblique irregular waves. A three dimensional (3-D)
nonlinear hydroelastic method for ship load and motion responses
is developed, in which the nonlinear hydrostatic restoring force
caused by instantaneous wetted surface and slamming force are
taken into consideration. The present work differs from previous
examples of the hydroelastic analysis, and more attention is given
to how to solve the randomicity of irregular sea state. By adopting
the time-domain retardation function and PID autopilot model,
ship load responses in oblique irregular waves are investigated
numerically. In order to verify the accuracy of the present approach
and discuss the nonlinear behaviors of ship load responses, a series
of tests of a high-speed trimaran in oblique regular and irregular
waves are carried out. The measurement schemes of different
forms of wave loads are introduced and experimental results are
analyzed. Finally, the main contribution of the different nonlinear
factors is analyzed and the calculation results show good agree-
ment with the test data.

2. Nonlinear hydroelastic theory in oblique irregular waves

2.1. Basic formulations

In this paper, the hull is assumed flexible body and traveling in
waves. A ship-fixed right-handed coordinate system O-xyz was
applied. The positive z points upward and the positive x is towards
the bow. The xOy plane is coincident with the still water level. In
order to predict the ship hydroelastic responses, the fluid is
assumed to be inviscid, incompressible and the flow is irrotational.

The 3-D frequency-domain Green function method was applied
in this paper. The source-sink distribution method was used to
calculate the velocity potential that includes the diffraction po-
tential fd and the radiation potential fr (Incident potential fI is
known). In general, the ship motion in waves is usually viewed as a
forced vibration under the action of wave excitation, so we have,
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½a�€prðtÞ þ ½b� _prðtÞ þ ½c�prðtÞ ¼ fFðtÞg (1)

where [a], [b] and [c] denote respectively generalized structural
mass matrix, structural damping coefficient matrix and structural
stiffness matrix.

fFðtÞg denotes the total fluid forces at each instant time, which
can be composed of a series of fluid forces acting on the hull:

fFðtÞg ¼ fFSðtÞg þ fFIðtÞg þ fFDðtÞg þ fFRðtÞg þ
n
FslammingðtÞ

o

þ fFdðtÞg
(2)

where, fFSðtÞg is the hydrostatic restoring force; fFIðtÞg and fFDðtÞg
are incident wave force and diffraction wave force respectively;
fFRðtÞg is radiation force of the hull; fFslammingðtÞg is slamming
force; fFdðtÞg denotes the rudder force/moment.

In the following sections, each fluid force in Eq. (2) will be
calculated. In order to takemore factors into the calculation tomeet
the requirement of practical engineering, some nonlinear terms,
such as nonlinear restoring force caused by instantaneous wetted
surface and slamming force, are added to the motion Eq. (1)
artificially.

2.2. Nonlinear hydrostatic restoring force

According to the 3-D hydroelasticity theory, the r-th order
component of generalized hydrodynamic forces of ships can be
expressed as:

ZrðtÞ ¼ �∬
SðtÞ

n
.
,u
.

r,Pds ðr ¼ 1;2;/mÞ (3)

where, P is pressure; n! is the normal vector; u
.

r is the r-th
displacement vector of the flexible structure; r ¼ 1;2:::6 denotes 6
degree of freedom rigid motions; r � 7 denotes the elastic mode.

The hydrostatic pressure acting the hull is:

PSðtÞ ¼ �rgz ¼ �rg
�
Sm
k¼1wkpkaðtÞ

�
(4)

where, r is the density of water; g is the acceleration of gravity;
pkaðtÞ is the amplitude of k-th principal coordinates; wk is the k-th
vertical displacement, also independent of time and can be calcu-
lated in advance.

The r-th hydrostatic restoring force can be directly calculated
through the composition method including the integration of hy-
drostatic pressure on instantaneous wetted surface S (t) and hull
gravity FG.

FrSðtÞ ¼ �rg
Xm
k¼1

pka ∬
SðtÞ

n
.
,u
.

rwkds� FrG (5)

FrG ¼ ∬
SðtÞ

Fg,wrds (6)

where, Fg is weight collection degree of each station.

2.3. Wave exciting force and radiation force

One key difficulty for the time-domain simulation in irregular
sea state is how to evaluate the effect of different wave frequency
components on wave loads efficiently and accurately. In order to

reflect the characteristics of ship wave loads in irregular sea state,
the time-domain convolution theory and retardation functionwere
used to obtain wave exciting force and radiation force of flexible
hull in irregular waves respectively. Concerning the wave exciting
force in irregular waves, the work presented by Cummins (1962)
was applied and expanded to the elastic modes. The r-th wave
exciting force can be expressed as:

8>>>>>>><
>>>>>>>:

FrI ðtÞ ¼
Zt

0

iIrðt � tÞzðtÞdt

FrDðtÞ ¼
Zt

0

iDr ðt � tÞzðtÞdt
,ðr ¼ 1;2:::mÞ (7)

where, iIrðtÞ and iDr ðtÞ denote the impulsive response function of
incident wave force and diffraction wave force respectively. zðtÞ
denotes the incident wave elevation of irregular waves at time t.
The impulsive response function irðtÞ and frequency response
function HrðiuÞ satisfy the Fourier transform relations:

8>>>>>>><
>>>>>>>:

iIrðtÞ ¼
1
p

Z∞

0

HI
rðiuÞeiutdu

iDr ðtÞ ¼
1
p

Z∞

0

HD
r ðiuÞeiutdu

,ðr ¼ 1;2:::mÞ (8)

where, HI
rðiuÞ and HD

r ðiuÞ denote the frequency response function
arising from the incident wave force and diffractionwave forcewith
unit amplitude respectively. The frequency response function of
each mode can be determined by the frequency-domain hydroe-
lastic method to obtain the final wave excitation force of each
mode. Therefore, the influence of all over the frequency range of
irregular sea state on wave exciting force can be taken into
consideration.

The radiation force of the hull in random seas can be calculated
by use of the time-domain retardation function. We can further
expand to the elastic modes such that

FRðtÞ ¼ �½mð∞Þ�€prðtÞ �
Z∞

0

KrkðtÞ _prðt � tÞdt (9)

where mð∞Þ is the added inertia matrix as u/∞, which is a r� r
constant matrix; KrkðtÞ is the retardation function that is a r� r
matrix dependent on time t and remains the same with different
wave heights and periods.

Now the key point turns to determine the retardation function
KrkðtÞ. The time-domain retardation function KrkðtÞ can be ob-
tained from frequency-domain results of fluid damping coefficients
B(u) or added inertia matrix A(u) by Kramers-Kronig relations
based on Fourier Transform (Ogilvie, 1964).

KrkðtÞ ¼
2
p

Z∞

0

BðuÞcosðutÞdu (10)

KrkðtÞ ¼
2
p

Z∞

0

u½mð∞Þ � AðuÞ�sinðutÞdu (11)

As seen from Eqs. (10) and (11), the retardation function can be
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obtained from hydrodynamic coefficients (A(u) or B(u)), and hy-
drodynamic coefficients corresponding to different u can be
calculated by frequency-domain hydroelastic method. Since the
variation of B(u) with respect to wave frequency u is more regular
than A(u), for example, the B(u) will be zero at zero and infinite
frequencies. Hence, in this study the time-domain retardation
function KrkðtÞ is obtained from Eq. (10).

Obviously, the data quality is the key of the result veracity.
However, detail calculation for infinite wave frequencies requires
too much storage and too long time. To avoid the limitation of the
computer resources, the infinite integrals need to be approximated
by definite boundaries where the integrand becomes negligible to
ensure the accuracy. Firstly, the whole frequency range ð0; ∞Þ was
divided into ð0;umaxÞ and ðumax;∞Þ by a truncated frequencybu, and
Eq. (10) has the form,

KrkðtÞ ¼
2
p

0
@ Zumax

0

BðuÞcosðutÞduþ
Z∞

umax

BðuÞcosðutÞdu
1
A (12)

The work presented in Cao (2008) can be used as reference in
choosing the truncated frequency umax. The conventional algo-
rithm is suitable for the solution withinð0;umaxÞ. A key problem is
calculation of the integration in frequency range ðumax;∞Þ. Some
scholars, such as Kang and Kim (2016) andWei et al. (2018), ignored
the contributions of high wave frequencies to the calculation of the
retardation function by using a large enough truncated frequency.
However, according to Xiao (2005), truncation error is not negli-
gible and all the fluid damping coefficients within the whole fre-
quency range are indispensable. In order to ensure the calculation
accuracy, an approximate approach was applied. As identified in
Kashiwagi (1990), since the B(u) would vanish as u/∞, B(u) at
high frequency can be expressed as:

BðuÞzae�bðu�umaxÞ (13)

where, a and b are undetermined coefficients that can be deter-
mined by “Least square method”. Besides, b should be a positive
number so that the damping coefficient can vanish as u/∞.

Substituting Eq. (13) into Eq. (12), we have,

KrkðtÞ ¼
2
p

Zumax

0

BðuÞcosðutÞduþ 2
p

ae�bumax

b2 þ t2
½b cosðumaxtÞ

� t sinðumaxtÞ�
(14)

Therefore, the time-domain retardation function matrix KrkðtÞ
can be obtained.

2.4. Rudder force/moment

2.4.1. PID autopilot model
Another key difficulty for the time-domain simulation in irreg-

ular wave state is how to eliminate divergence of the horizontal
motion of hulls in oblique waves. Based on the previous research
results in regular waves, the PID autopilot model was expanded to
oblique irregular waves in this paper. The classical PID control
equation widely used in practical engineering control is expressed
as:

d ¼ K14e þ K2 _4e þ K3

Z
4edt (15)

where, d is the rudder angle signal; 4e is the course deviation

signal; K1-K3 is the proportional coefficient, which can be adjusted
to adapt to the load and environmental requirements. The integral
term considering the course deviation is taken into account to
make the course keep invariant.

The PID autopilot model applied in this paper can be written as
follows:

dR ¼ k1h6 þ k2 _h6 þ k3h2 þ Uk3

Zt

0

h6dt (16)

where, dR is the rudder angle; h2 is the sway motion of the ship; h6
is the yaw motion of the ship; _h6 is the yaw angular velocity of the
ship. In actual engineering, the good maneuverability will be ob-
tained by adjusting the control parameters k1-k3.

The effective attack angle of the rudder consists of the rudder
angle, the hull motion parameters and the horizontal velocity
arising from the incident wave. The effective attack angle can be
defined as follows:

d ¼ dR þ h6 �
xR
UR

_h6 þ
zR
UR

_h4 �
1
UR

_h2 (17)

Since the rudder force in x coordinate direction is quite small,
which has little influence on surge motion, this paper mainly fo-
cuses on the modification of horizontal motion equation. Hence,
only the effects of rudder force on sway and yawmotions are taken
into account in this paper. Since d is quite small, sin dzd, the rudder
force of the sway and yaw motions can be simplified as

8>><
>>:

F2R ¼ 1
2
rfaARkbkpU

2
Rð1þ aHÞd

F6R ¼ 1
2
rfaARkbkpU

2
Rð1þ aHÞxRd

(18)

where, fa is the derivative of normal force coefficient; AR is the
effective rudder area; d is the effective attack angle; (xR, yR, zR) is the
position coordinates of the rudder coordinates; UR is the effective
flow velocity behind the rudder, which can be calculated by the
formula as:

UR ¼ 1:2U (19)

where, U is ship forward speed.
As seen from the formula derivation above, the rudder force acts

on sway and yaw motions in the form of damping force and
restoring force, and the integral term can be considered as an
exciting force.

2.4.2. Coefficient matrix of the rudder force/moment
In the article, a proportional coefficient K was used, so as to

eliminate the influence of the rudder on ship hydrodynamic per-
formance. Generally speaking, K is suitable for the expression of the
rudder force/moment, which is written:

K ¼ �1
2
rfaARkbkpU

2
Rð1þ aHÞ (20)

And then the rudder force relating to horizontal motions (sway
and yaw) is included in the equilibrium relationship as follows:

FdðtÞ ¼ �½BRudder�f _hðtÞg � ½CRudder�fhðtÞg � ½ERudder�
Zt

0

h6ðtÞdt

(21)

The damping coefficient BRudder, restoring force coefficient
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CRudder, and coefficient of the integration part ERudder of sway and
yaw motions can be expressed as follows:

½BRudder� ¼ K

2
666666666666664

0 0 0 0 0 0

0
1
UR

0 �zR
UR

0 k2 �
xR
UR

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0
xR
UR

0 �xRzR
UR

0
�
k2 �

xR
UR

�
xR

3
777777777777775

(22)

½CRudder� ¼ K

2
6666664

0 0 0 0 0 0
0 k3 0 0 0 k1 þ 1
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 k3xR 0 0 0 ðk1 þ 1ÞxR

3
7777775

(23)

½ERudder� ¼ K

2
6666664

0 0 0 0 0 0
0 0 0 0 0 �k3U
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 �k3UxR

3
7777775

(24)

where, xR is the x direction coordinates of the rudder.

2.5. Slamming force

In contrast to linear hydroelastic theory, the nonlinear hydro-
elasticity theory takes the slamming forces into account. In this
paper, the momentum slamming theory is used to predict slam-
ming load:

Ff ðx; tÞ ¼ �
�
d
dt

�
mðx; tÞ d

dt
ZRðx; tÞ

�
� rgsðx; tÞ

�
(25)

where,m(x,t) denotes the instantaneous added mass; s(x,t) denotes
instantaneous sinking area; ZR(x,t) denotes vertical relative ship
motion to the incident wave.

Since the hydroelasticity theory needs to take into consideration
the ship elastic deformations, the vertical relative ship velocity to
the incident wave should be written as follows:

d
dt
ZRðx; tÞ ¼

Xm
r¼1

wrðxÞ _prðtÞ � _z (26)

where, _z is the wave vertical velocity.
And then the slamming load of each mode was integrated on

instantaneous wetted surface S(t), the r-th slamming force
considering the vibration modes can be expressed as:

FrslammingðtÞ ¼ ∬
SðtÞ

Ff ðtÞ,wrds (27)

2.6. Hydroelastic time-domain motion equation and modal analysis

Finally, the hydroelastic time-domain motion equation in obli-
que irregular waves is established as follows:

ð½a� þ ½m�Þ€prðtÞ þ ð½b� þ þ½BRudder�Þ _prðtÞ þ
Zt

0

½KrkðtÞ� _prðt � tÞdt

þð½C� þ ½c� þ ½CRudder�ÞprðtÞ

þ½ERudder�
Zt

0

p6ðtÞdt ¼ FrI ðtÞ þ FrDðtÞ þ FrslammingðtÞ

(28)

For the solution of the second-order differential motion Eq. (28),
the fourth-order Runge-Kutta method was widely adopted to
obtain the principal coordinates. The displacement w (x,t), bending
moments M(x,t) and shear forces V (x,t) at each time step can be
obtained through modal superposition method.

wðx; tÞ ¼ Sm
r¼1prðtÞwrðxÞ

Mðx; tÞ ¼ Sm
r¼1prðtÞMrðxÞ

Vðx; tÞ ¼ Sm
r¼1prðtÞVrðxÞ

9>>>>>=
>>>>>;

(29)

where,wr(x),Mr(x) and Vr(x) are the r-th natural vibrationmodes of
displacement, bending moment and shearing force of ships
respectively, which can be obtained through transfer matrix
method (TMM) or finite elementmethod (FEM) (Senjanovi�c, I. et al.,
2012b; Senjanovi�c, I. et al., 2014b). This paper took a trimaran as an
example, and MSC. Patran was used to perform FEM simulations.
Table 1 lists the main particulars of the trimaran. The global finite
element model and the first three orders of vertical natural modes
of displacement of the trimaran are shown in Figs. 1 and 2,
respectively. Station 0 starts from the fore perpendicular.

When building the finite element model, the shell elements and
bar elements were respectively used to simulate the plate struc-
tures and stiffener structures. The total number of elements is
92439, which includes 49256 shell elements and 43183 bar ele-
ments. Besides, the shell elements include 45563 quadrilateral el-
ements and 3693 triangular elements.

3. Self-propelling segmented model experiment

3.1. Test model of a high-speed trimaran

Since the real marine environment is the irregular sea state, the
model test in oblique irregular waves will give a further under-
standing about the ship load characteristics. To verify the proposed
approach and nonlinear behaviors of the trimaran load responses,
the self-propelling model test of the trimaran was carried out in a
comprehensive tank. The wave maker in the comprehensive tank

Table 1
Main parameters of the model.

Principal dimension Prototype ship

Length overall/m 142
Breadth/m 27
Depth/m 13
Draft/m 6
Displacement/ton 3978
VCG from BL/m 7.85
LCG from FP/m 75.02
Side hull length/m 62
Side hull breadth/m 3.76
Side hull depth/m 8.26

Z. Chen et al. / International Journal of Naval Architecture and Ocean Engineering 11 (2019) 409e421 413



can generate the unidirectional long-crested wave, including reg-
ular waves and irregular waves. The purpose of the oblique wave
experiment can be achieved by changing the heading direction of
ship model. The model scale was 1:32. The ship shell was made of
Fiber Reinforced Plastics (FRP), and the pedestals were made of
wood. The model consisted of three-segmented hulls horizontally:
left-side hull, main hull and right-side hull respectively. To consider
the hydroelastic effects in the tests, the main model consisted of
seven-segmented hulls longitudinally, and side hulls were con-
sisted of two segments. The interval of each segment is 10mm to
satisfy the wave-induced elastic deformation. The propulsion sys-
tem, including electric motors, shaft couplings and gear boxes, was
installed in the stern segment of the model. The segmented ship
model in the test is shown in Fig. 3, and the sketch of the backbone
system and the self-propelled system is shown in Fig. 4.

Jiao et al. (2016) used rectangular tubular backbone to measure
the vertical and horizontal loads simultaneously. But this backbone

system can not measure the torsional moments simultaneously.
Indeed torsional loads are difficult to be measured and observed,
however, since torsional loads often weaken the structural resis-
tance and even lead to the damage of local structure, they are a kind
of significant load in oblique waves. In order to measure the
bendingmoments and torsional moments simultaneously, the rigid
segments were connected by a variable cross-section hollow cyl-
inder backbones system to keep stiffness of the main hull and side
hulls. The system consisted of a longitudinal beam and two trans-
verse connecting beams (see Fig. 4). Before installing the back-
bones, strain gauges were glued on the surfaces of backbones by
means of “full-bridge configuration” to measure sectional loads.
Fig. 5 is a sketch of the measurement method of sectional loads.

It is worth mentioning that structural dynamic of ship model
and prototype ship can meet the similar relations by adjusting di-
mensions of the transverse section of backbones. MSC. Nastranwas
applied to carry out modal analysis of the backbone system to
obtain the natural frequency. Finally, based on the modal results,
the size of backbone system was determined.

Based on a hammer test in the drymode, the natural frequencies
of the two-node and three-node vertical mode were estimated to
be 9.952 Hz and 23.83 Hz, and the errors are 0.36% and 17.5%
respectively comparing with the results calculated by FEM.

The measured parameters were the motion (heave, roll and
pitch) of the center of mass, the vertical stress, horizontal stress and
torsional stress, the incident wave elevations at the front, and the
slamming pressure near the fore perpendicular. The range of wave
direction is from 0� to 180�, and the oblique waves came forward to
the port of trimaran model with the wave directions of 0�, 45�, 90�,
135� and 180�, as shown in Fig. 6. During the irregular wave tests,
the ISSC double parameters wave spectrum was used to simulate
random waves.

SzðuÞ ¼
173H2

1=3

u5T4Z
exp

 
� 691
u4T4Z

!
(30)

where H1/3 is the significant wave height, TZ is the spectral peak
period.

For each sea state, depending on the forward speed, one or two
runs were conducted in regular waves, and nine or ten runs were
conducted in irregular waves that were realizations of the same
spectrum. Table 2 presents case IDs and wave conditions.

Then the analyses of dimensionless results of measured wave
loads are done, respectively, and the dimensionless method of
bending moments and torsional moments has the form:

Mdimensionless ¼
M

rgzaL2B
(31)

where,M denotes the peak-to-peak value of sectional moments; za
is the wave amplitude; L is ship waterline length; B is ship breadth.

Fig. 1. Finite element model of the trimaran.

Fig. 2. First three orders of vertical natural modes of bending moment.

Fig. 3. The segmented ship model in the comprehensive tank.

Fig. 4. Model test setup of the trimaran.
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3.2. Experimental results of backbone

The purpose of this part was to determine change law of load
responses and validate the practicability of the present measure-
ment scheme. Compared to the load responses in irregular waves,
the mechanics behavior of hydroelastic responses in regular waves
can be observed better. So load responses in regular oblique waves

were studied firstly.
The test focuses on the amplitudes of hydroelastic responses

under different wave directions. Fig. 7 illustrates VBM, HBM and
Longitudinal Torsional Moments (LTM) with wave direction and
ship length in a typical condition. As seen in Fig. 7(a), under almost
all the wave directions, load responses reach the peak values at
Section 5, i.e. the mid-ship, and the amplitudes of load responses at
transverse sections behind the mid-ship are significantly larger
than those at transverse sections before the mid-ship. For the
monohull ships, themaximumvalues of sectional loads occur at the
mid-ship in most cases, and the load distribution along ship length
is more or less symmetrical. However, owing to effect of side hulls,
the wave loads near the stern are in some cases larger than those
near the bow. Besides, in following quarter waves and following
waves, the distribution of sectional loads along ship length may
change a lot: the amplitude at Section 3 near the bow increases
gradually, and difference of response amplitudes near themiddle of
ship decreases gradually.

Fig. 7(b) shows dimensionless results of HBM. The largest HBM

Fig. 5. Measurement method of sectional loads.

Fig. 6. Rule of the wave headings.
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response varies with wave direction. When the wave direction is
changing from head quarter waves (b¼ 45�) to following quarter
waves (b¼ 135�), the maximum section of HBM changes from
Section 5 to Section 4, andwith variation of distribution of sectional
loads along ship length, the amplitudes of sectional loads behind
the mid-ship are not larger than those before the mid-ship.

Fig. 7(c) shows dimensionless results of LTM. It is not difficult to
find that the largest LTM response varies with wave direction. For a
wave angle of 135�, the peak value is at Section 6, and the response
amplitudes at transverse sections behind the mid-ship are obvi-
ously larger that those at transverse sections before the mid-ship.
Moreover, with variation of the maximum sections of LTM, the
increasing of response amplitudes at transverse sections behind the
mid-ship is more obvious.

Therefore, the influence of side hulls on LTM along ship length is
the greatest, and VBM and HBM take second place. This influence
lies in both the maximum section of responses and symmetry of
load longitudinal distribution. Inmost cases, the peak values of load
responses always occur at Section 5, and in individual situations
this situation may vary with wave direction angles. During the
design stage of ship structure, designers usually pay the most
attention to the load characteristics of maximum section of load
responses. Hence, the experimental results at Section 5 will be
mainly discussed in the following.

In addition, the largest VBM occurs in heading waves, oblique
waves and following waves take second place, and the lowest
response occurs in beam seas. There are no HBM and LTM in
heading or following waves because of bilateral symmetry of the
ship. Moreover, there is the minimum value of HBM in beam seas,
whereas LTM have the maximum value in beam seas. In beam seas,
the HBM amidships are larger than the VBM amidships. It is
explained by the fact that the waves propagating in beam seas
impact on the side hull at stern first. This impact is transmitted to
back half part of the main hull by cross-deck structure. And then
waves reach themain hull and cause another load response of main
hull. Superposition of these loads on horizontal direction causes
trimaran's HBM. Obviously, compared with traditional monohull
ships, the effect of side hulls at stern further enhances the HBM.
This is a special characteristic of load responses by trimarans, which
cannot be captured by monohull ships, even by monohull ship in
the extreme sea state. This phenomenon is also a concern for the
structural analysis.

3.3. Experimental results of cross-decks

As the structure connecting the side hulls, the bending resis-
tance ability and torsion resistance ability of cross-decks are rela-
tively weak and it's easy to produce stress concentration. It is one of

the important positions for dynamic strength check. Thus, in
determining the design loads, the two new load forms may derive
from the cross-deck structure, namely, Splitting Bending Moments
(SBM) and Transverse Torsional Moments (TTM), which can be
observed by the transverse backbone system.

3.3.1. Variation with the ratio of wave length to ship breadth l/B
Due to the side hulls, when cross-decks bear wave loads in

obliquewaves, there is difference in load amplitudes betweenwave
forward side and wave backward side. Figs. 8e9 display load re-
sponses of cross-decks with the ratio of wave length to ship breadth
l/B, with awave height of 5m. It is found that SBM onwave forward
side are larger than those on wave backward side in head quarter
waves. The SBM on both of sides are very close in beam seas. In
following quarter waves, the situation is contrary to head quarter
waves, and the amplitudes of SBM onwave forward side are smaller
than those on wave backward side. In contrast, TTM on wave for-
ward side are always larger than those on wave backward side in
oblique waves. With the increasing of l/B, the differences of TTM
amplitudes on both of sides decrease rapidly.

3.3.2. Analyses of the wave direction
As discussed above, when it is at l/B¼ 2.1, the transverse loads

of cross-decks would usually reach the peak value. Thus, the effect
of wave direction on SBM and TTM on wave forward side at l/
B¼ 2.1 are further investigated, as shown in Fig. 10. It can be
observed that the peak value of SBM at b¼ 90� is larger than that in
oblique waves, and the peak value at b¼ 45� is a little larger than
that at b¼ 135�; while the amplitude of TTM is the lowest in beam
seas, and the largest at b¼ 45�. As the sailing speed increases, the
differences of load responses at different wave directions would be
more significant.

4. Numerical results and discussions

4.1. Calculation model and parameters

According to offsets of the trimaran, the mesh of finite element
was generated first, and then was transferred to hydrodynamic
mesh for numerical simulation through interface program, as
shown in Fig. 11.

In actual engineering, the first three orders of elastic modes are
suitable. So in this paper the first nine orders of the modal terms
(six orders of rigid modes and three orders of elastic modes) were
considered to improve the calculation efficiency. In this paper the
computations are made on an 8 CPU workstation with 3.4 GHz, on
windows Win7 system. The average consuming time of a regular
wave condition and an irregular wave condition were 7min and

Table 2
Wave conditions.

ID Forward speed U/knot Wave height H/m l/L Heading angle b/�

R-1 14 7 1.0 0, 45, 90, 135, 180
R-2 14 2 45
R-3 5 7 0
R-4 10
R-5 15
R-6 20

ID Forward speed U/knot Wave height H/m l/B Heading angle b/�

R-7 12 5 1.6, 2.1, 2.7, 3.2, 3.7, 4.3, 4.8, 5.3, 5.8, 6.4, 6.9, 7.4, 7.9 45, 90, 135
R-8 0, 12 5 2.1 45, 90, 135

ID Forward speed U/knot Significant wave height H1/3/m Spectral peak period TZ/s Heading angle b/�

IR-1 18 14 9.88 45, 90, 135
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9min separately.

4.2. Numerical verification of autopilot model in oblique waves

In this paper, the divergence problem in oblique waves can be
solved by using of PID autopilot. To demonstrate the practicability
of the proposed method, the sway and yaw responses of the
trimaran were calculated first.

Fig.12 is the comparisons of the results based on two calculation
models. It is shown that there is remarkable difference in the mo-
tion response characteristics. For the conditions without rudder
effect, owing to lack of restoring force on the horizontal direction,
there is large divergence in the motion responses of the ship. After
considering rudder effect, the divergence disappears. Unlike
traditional methods that phase angles or encounter frequencies are
used to take the effect of wave headings into consideration, the
method presented in this paper solves divergence problem of
horizontal motion equations in oblique waves fundamentally.

4.3. Validation and analysis of nonlinear method under regular
wave conditions

As discussed above, for a more accurate prediction of load re-
sponses, a nonlinear computation may be necessary, especially for
hydroelasticity of high-speed vessels. The purpose of this part is to
validate the accuracy and determine the nonlinear effects of the
present method. Compared with the load responses in oblique
irregular waves, the nonlinear characteristics of load responses in
heading regular waves can be observed clearly. Thus, three kinds of
different nonlinear calculation models in regular waves were built
in this paper:

� NL-1: only slamming force is considered;
� NL-2: only nonlinear restoring force caused by instantaneous
wetted surface is considered;

� NL-3: NL-1 þ NL-2.

Fig. 13 reveals that the differences between calculation results
and test results at the four forward speed conditions are obvious.
For the forward speed of 5 knots, the load responses show few
nonlinear characteristics, so the results from nonlinear methods
slightly overestimate the VBM compared with the test results, and
the peak values predicted by linear theory are close to the test re-
sults. However, it can be seen that HF load effects are clearly pre-
sented in the time histories of the test results for the higher speed,
as shown in Fig. 13 (b)-(d). In these cases the measured sagging
moments are larger than the hogging ones by up to 32%e46%. This
is also true for the three nonlinear calculation models. The differ-
ence between hogging and sagging is the result of nonlinear effects.
This means that the linear method cannot meet precision
requirement for the higher speed. At the forward speed of 10 knots
and 15 knots (see Fig. 13 (b)-(c)), the predicted results from NL-1
and NL-2 agree well with the measured ones. It should be noted
that when the forward speed is up to 20 knots (see Fig. 13 (d)), the
nonlinear degree that the ship encounters is stronger, and the
predicted results from NL-3 are in remarkable agreement with the
experimental results.

It is worth mentioning that if only the slamming force is
considered (NL-1), the calculation accuracy of HF load components
meets the precision requirement, however, the total amplitudes of
load responses are lower than those of the test results, which is
shown in Fig. 13 (c). This is primarily because that as a kind of
transient impact force, slamming force mainly influences the HF
characteristics of load responses, especially for the two-nodemode.
It can be observed that the HF components of the predicted results

Fig. 7. Sectional loads with wave direction and ship length
(Case R-1).
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oscillate with certain frequencies if slamming effects are

considered. Conversely, if only the nonlinear restoring force caused
by instantaneous wetted surface is considered (NL-2), although the
total amplitudes agree well with the measured ones, HF charac-
teristics of load responses are not reflected clearly, which is shown
in Fig. 13 (b). This implies that the nonlinearity of restoring force
mainly influences the amplitudes of rigid motion modes, whereas
has little influence on the elastic modes.

Consequently, for lower forward speed case, the slamming effect
is not strong, and the nonlinearity of restoring force is dominant, so
the measured results agree well with the results from NL-2. How-
ever when the forward speed reaches a certain value, strong
slamming effect appears and the HF nonlinearity caused by slam-
ming force is dominant, so themeasured results agreewell with the
results from NL-1. As the speed continues to grow, it is essential to

Fig. 8. SBM at different l/B (Case R-7).

Fig. 9. TTM at different l/B (Case R-7).

Fig. 10. Load responses of cross-deck at different wave direction angles (Case R-8).

Fig. 11. Panel arrangement for the trimaran.
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consider possibly many nonlinear factors. When carrying out nu-
merical calculation, we found that the predicted results from NL-3
manifested better agreement with experimental results especially
for forward speed over 17 knots, at which interactions between the
forward speed and HF load components were stronger.

4.4. Hydroelastic responses in oblique irregular waves

The ultimate aim of this paper is to predict the ship nonlinear
hydroelastic responses in oblique irregular waves numerically.
Thus, after proving that the present method in regular waves is
reliable, 45�, 90� and 135� were selected for numerical simulation
in oblique irregular waves.

During the tests, the wave probe was used to measure the wave
height of irregular waves. The measured wave height data was
taken as inputs for numerical analysis, and then the VBM and HBM
responses were obtained and compared with the experimental
results (Exp.). It can be observed in Fig. 14 that good agreements of
nonlinear VBM and HBM amidships are obtained. The HF compo-
nents of calculation results considering nonlinear factors can show
better agreement with the test data. The HF vibrated responses
include whipping and springing components, which is a common
phenomenon for hydroelasticity. Strictly speaking, it's hard to
distinguish between whipping and springing. As a kind of first or-
der modal force caused by the slamming phenomenon, whipping is
dominating in the severe sea conditions, and the influence of

Fig. 12. Validation of PID autopilot (Case R-2).

Fig. 13. Comparison of VBM amidships in heading regular waves.
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slamming can not be ignored. It was observed from the experiment
that the figures in regular waves are very similar to those described
above. The hydroelastic responses may be underestimated by the
linear method. Therefore, the nonlinear hydroelastic method is
more reliable and reasonable for the estimation of ship wave loads
especially in harsh conditions.

Furthermore, with the help of time-domain retardation func-
tion, the effect of different wave frequencies on load responses can
be taken into account. Generally speaking, for method without
considering the retardation function, since the force and hydro-
dynamic coefficient are obtained by a single frequency, each fre-
quency band of peak value of response curve has an equal interval,
and the shifting of phase of peak value will take place. This is a
special characteristic of the responses by irregular waves, which
cannot be captured by regular waves, even by regular wave with
the maximum wave height. The method without retardation
function cannot predict the accurate time of peak value of load

responses, which will bring the risk and pressure to real-time
monitoring of hulls.

With the successful demonstration of the prediction of
hydroelastic responses, it is reasonable to expect the feasibility of
applying the present method to the other ship types. This is dis-
cussed in the future.

5. Conclusions and recommendations

The best contribution of this thesis is that it is feasible to predict
the hydroelastic responses of high-speed vessels in oblique irreg-
ular waves by adopting the time-domain retardation function and
PID autopilot model. From the analysis of this work, a framework of
ship numerical and experimental research methods in irregular sea
state is established.

By adopting the time-domain convolution theory and retarda-
tion function, the wave exciting force and radiation force in

Fig. 14. Comparison of hydroelastic responses in oblique irregular waves (Case IR-1).
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irregular waves can be obtained, and the effect of variable wave
frequencies on load responses can be taken into consideration.
Besides, the PID autopilot model used in the paper can solve the
divergence problem of ship horizontal motion equation in oblique
waves effectively. By combining these two techniques and the
nonlinear time-domain hydroelasticity theory, the hydroelastic
responses of a trimaran in oblique irregular waves are predicted.
Generally, nonlinearities are more significant for hydroelasticity of
high-speed vessels. The nonlinearity of restoring force mainly in-
fluences the amplitudes of rigid motion modes, whereas slamming
force mainly influences the HF characteristics of load responses.

The test method presented in this paper can measure torsional
loads, vertical loads and horizontal loads simultaneously, which
satisfies the test demands of ship load responses in irregular sea
state. In contrast to monohull ships, the load responses of trimaran
with side hull have their own characteristics in oblique waves. The
load responses at transverse sections near the stern are signifi-
cantly larger because of the arrangement of side hulls at stern. In
some oblique wave cases, HBM and LTM often have more violent
reaction than VBM. Moreover, the maximum value of SBM is in
beam seas, while the amplitude of TTM is the lowest in beam seas
and the largest under b¼ 45�, which should be concerned in
structural design.

The ship numerical and experimental research methods pre-
sented in this paper are not limited to trimarans, and more nu-
merical simulations and experimental analysis on other ship types
will be further investigated in the near future.
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