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al, 1972) in moderate and heavy seas have shown that
the wave-induced sagging bending moments can be
considerably larger than the wave-induced hogging
bending moments. The non-linearity in the verticalplane bending moments has to be taken into account in
structural design. To minimise wave-making resistance
and enhance seakeeping performance at relatively high
speed, fast vessels are usually designed with large
length to beam ratio, large bow flare and low block
coefficient. These properties put them outside the
application range for the rules of the classification
societies for hull girder loads calculation. Individual
considerations based on direct calculation procedures
are therefore required to derive the design loads
(Zheng, 1999). Many empirical non-linear strip
methods have been proposed predicting the non-linear
wave- and slamming-induced structural loads with
reasonably good accuracy (see the proceedings of the
International Ship and Offshore Structures Congress
(ISSC) and the International Towing Tank Conference
(ITTC)).
The importance of the non-linearities in heave and
pitch motions of ships was not recognised until late
1980’s. In the benchmark seakeeping experiments
carried out for ITTC on a standard hull form
designated the S175 container ship by twenty three
organisations, a significant scatter was found in some
of the transfer function results for heave and pitch
motions in head seas (ITTC, 1987). Later model tests
by O'Dea, et al (1992) demonstrated a variation of the
heave and pitch transfer functions with wave
amplitude, indicating a non-linear motion behaviour.
Recently, Kapsenberg and Brouwer (1998) showed
that linear prediction of the heave motion may be
insufficient if a ship hull is designed to minimise both
resistance and wave-induced motions. Model testing at
this stage is still essential in hull form optimisation for
seekeeping performance.
In order to predict non-linearities consistently in both
wave-induced rigid-body motions and structural loads,

ABSTRACT
The non-linearities in wave- and slamming-induced
rigid-body motions and structural responses of ships
such as heave, pitch and vertical bending moments are
consistently investigated based on a rational timedomain strip method (Xia, Wang and Jensen, 1998). A
hydrodynamic model for predicting sectional green
water force is also outlined for the investigation of the
effect of green water loads on the global hull girder
bending moment. The computational results based on
the non-linear time-domain strip theory are compared
with those based on the fully non-linear 3-D panel
method SWAN-DNV and other published results.
From the rather extensive computations and
comparisons, it is found that non-linear effects are
significant in head and bow waves in the motion-wave
resonant region for both heave and pitch motions, bow
accelerations and vertical bending moments for two
container ships considered, whereas not significant for
a VLCC. The non-linearities in motions and structural
loads of conventional monohull ships seem well
predicted by the present non-linear strip theory.
INTRODUCTION
Linear strip theories and 3D linear potential theories
have been widely accepted and used by naval
architects as the main tools for estimating the
performance of a ship in waves due to the relatively
small computational effort and the generally
satisfactory agreement with experiments. The
difficulties come in higher and extreme seas and when
trying to establish maximum lifetime loads for
structural design.
Non-linearities in wave- and slamming-induced
structural responses of ships have been observed from
full-scale measurements and in model experiments.
Strain measurements on ships with fine forms such as
warships (Smith, 1966) and container ships (Meek et
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a rational time-domain strip method was developed by
Xia, Wang and Jensen (1998) for the vertical-plane
problems. A higher-order ordinary differential equation
was used to approximate the hydrodynamic memory
effect due to the free surface wave motion. The
hydrodynamic and restoring forces were estimated
exactly over the instantaneous wetted surface. The
'momentum slamming' force was automatically
obtained in the formulation. The fluid force expression
was coupled with the structure represented as a
Timoshenko beam to form a hydroelasticity theory. By
specifying wave amplitudes, non-linear frequency
response functions were presented for the S175
Containership in head seas, including the heave and
pitch motions, bow acceleration and sagging/hogging
bending moments, see Figure 1. Two different bow
geometries of the ship were considered to demonstrate
the relationship between the bow flare of ships and the
non-linearity of the responses, see Figure 2. The
predicted results were compared with available
experimental data from the elastic model test made by
Watanabe, Ueno and Sawada (1989) and the
experimental investigation by O'Dea, Powers and
Zselecsky (1992). Very good agreements were
obtained between the predictions and the
measurements for wave-induced rigid-body motions
and bending moments.
A ship sailing in a heavy sea may experience shipping
of water on the fore deck. The green water load may
result in severe impact loading on the deck, the
superstructure and the equipment mounted on the deck.
Prediction of green water loads is especially important
for fast ships and for FPSOs as shipping of green water
may place severe operational restrictions on these
kinds of vessels.
Recently, a significant research effort has been
initiated to solve the problem. Model tests have been
performed on FPSOs in MARIN (Maritime Research
Institute Netherlands), and design guidelines are issued
addressing the bow shape and the necessary freeboard
and breakwater. However, the present numerical
methods cannot predict correctly the green water loads
due to the very complicated and non-linear water flow
around the bow and over the deck. Volume-Of-Fluid
(VOF) methods seem to be the most promising, but
require significant improvement (Fekken, Veldmann
and Buchner, 1999).
The extreme sagging wave bending moments in
ships are usually determined by taking into account the
non-linearities due to momentum slamming and
hydrostatic restoring action. These non-linearities are
very important to container ships with a large flare,
yielding extreme sagging moments twice as high as
those obtained by a linear analysis, see Figure 2.
However, the effect of green water on deck is seldom
included in the calculations of the sectional loads but if

it is, the associated vertical forces are often based just
on the static water head by which the relative motion
exceeds the freeboard.

Figure 1: Calculated non-dimensional frequency response
functions (FRF) of heave, pitch, bow acceleration (FP) and
midship bending moment of the original S175 container ship
for different regular wave amplitudes, Fn=0.25 (Xia, Wang
and Jensen, 1998).

Figure 2: Non-linear sagging (positive) and hogging
(negative) bending moments of the original (O) and the
modified (M) S175 container ship, moving in regular waves,
λ = 1.2 L, a = L/60 and Fn=0.25. Comparison is made of the
experiment (Watanabe et al., 1989) and the numerical
calculation (Xia, Wang and Jensen, 1998).

Buchner (1994, 1995) has shown by
measurements that the actual pressure due to water on
deck might be several times larger than the static water
head. A much more accurate description of this load
was obtained by including a term proportional to the
change of the momentum of the water on deck. Later,
Wang, Jensen and Xia (1998) proposed a modified
formula to account for the forward-speed effect of the
ship. The concept of effective relative motion was used
and a Smith correction factor was introduced to
account for the wave pile-up effect during green water.
The present paper outlines several of the recent
validations and applications of the non-linear
hydroelasticity method for heave and pitch motions,
vertical bending moments and other wave-induced
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external fluid force Z(x,t) acting on a ship section can
be expressed as

responses of ships. A short introduction of the nonlinear time-domain strip theory model will be given in
Section 2. The modelling of the longitudinal
distribution of green water loads will be introduced in
Section 3. In Section 4, the non-linearities of wave
loads and ship responses in head seas will be discussed
for the S175 container ships. Comparison will be made
of the present predictions with other numerical and
experimental results, particularly, the fully 3-D nonlinear simulation by SWAN-DNV (Adegeest, Braathen
and Vada, 1998). Section 5 of this paper will be
devoted to the prediction and validation of wave loads
and ship responses in all headings for a panamax
container ship and a VLCC. This will also demonstrate
the relationship between the non-linearities and the hull
forms.

Z ( x, t ) = − m

∂m Dz ∂m ⎛ Dz ⎞
−
⎜
⎟
∂x Dt ∂z ⎝ Dt ⎠
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(2)

where m ( x, z ) is the added mass of the ship section
Dq J
Dt
accounts for the ‘memorial’ hydrodynamic effect with
q J governed by the following set of differential
equations

when the oscillating frequency tends to infinity;

⎧ ∂q j ( x, t )
Dz
= q j −1 ( x, t ) − B j −1 q J ( x, t ) − (m B j −1 + A j −1 )
⎪
Dt
⎨ ∂t
⎪q ( x , t ) = 0
⎩ 0

According to Xia, Wang and Jensen (1998), the nonlinear time-domain hydrodynamic force F(x, t) at the
longitudinal position x on the hull may be expressed by

j = 1, 2, ..., J

(3)

The third term of Z(x,t) in Equation (2) is the
momentum slamming force. It is assumed to be zero
when the ship section exits water. The still-water
response of the ship due to the difference of the
distribution of the weight and the buoyancy forces is
ignored in the calculations.

(1)

where I in represents both the impulsive and memory
effects in the hydrodynamic momentum; D/Dt is the
total derivative with respect to time t,

+U

Dt 2
Dq J
−
+ f b + f gw
Dt

THE TIME-DOMAIN STRIP THEORY

DI
⎧
⎪ F ( x, t ) = Dt
⎪
⎨
( j +1)
⎪∑ J ⎛⎜ B I − A Dz ⎞⎟
=0
j
j
j
=
0
⎪⎩
Dt ⎠
⎝

D2z

MODELING OF GREEN WATER LOADS
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A brief introduction to the formulation of the green
water sectional force fgw (in Equation 2) is given
below, whereas a detailed derivation can be found in
Wang, Jensen and Xia (1998) and Wang (2000).
The vertical load fgw per unit length due to green water
on deck in a longitudinal position x and at a time t is
taken to be
Dz ⎤
D ⎡
f gw ( x, t ) = − gm gw ( x, t ) −
m gw ( x, t ) e ⎥
(4)
Dt ⎢⎣
Dt ⎦

with U being the forward speed of the ship;
∂j
( ) ( j ) = j ; A j ( x, z ) and B j ( x, z ) are the so-called
∂t
frequency-independent hydrodynamic coefficients
derived by a rational approximation from the frequency
dependent added-mass and damping coefficients.
Furthermore,
the
relative
motion
z ( x, t ) = w( x, t ) − ζ ( x, t ) , where w(x,t) is the vertical

directed positively upwards. Here ze(x,t) is defined as
the effective relative motion and mgw denotes the
instantaneous mass per unit length of green water.

motion of the hull and ζ ( x, t ) is the wave elevation
with Smith correction.
If
the
frequency-independent
hydrodynamic
coefficients A j ( x, z ) and B j ( x, z ) are taken as
functions of only x, i.e. the change of wetted body
surface is neglected, Equation (1) represents a timedomain counterpart of the linear strip theories, for
example, Salvesen, Tuck and Faltinsen (1970).
Generally, J=3 suffices for most sectional shapes for
symmetric ship motion problems.
By integration of the higher order differential equation
in Equation (1) and by incorporation of the hydrostatic
buoyancy force fb under the instantaneous wave surface
and the green water force fgw, the total non-linear
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