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a b s t r a c t

In the design stage of the very large container ships, some methodologies for the whipping effects have
been developed, but most of them are based on single sea state. We developed a methodology that
considers multiple sea states. Fluid-structure Interaction (FSI) analyses with one dimensional structural
model were carried out to capture slamming-induced transient whipping behaviors. Because of the
nature of random phases of the applied wave spectra, the required period for entire FSI analyses was
determined from the convergence study where the whipping effect became stable. Low pass filtering was
applied to the transient whipping responses to obtain the hull girder bending moment processes. Peak
counting method for the filtered whipping responses was used to obtain collection of the vertical
bending moment peaks. The whipping effect from this new method is compared with that from based on
single sea state approach. The efficiency and advantage of the new methodology are presented.

© 2020 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

The bow and sternwith large breadth due to the enlargement of
the ship size cause strong slamming and large impact force is
induced to the hull. These may generate strong vibration responses
such as whipping phenomenon in the longitudinal direction of the
hull. If this phenomenon is not considered in the design phase, the
hull structure may undergo unexpected damage and even
destruction. In fact, it has been reported that whipping response,
which is the elastic phenomenon of the ship, may be one of the
causes of the ship accident. Therefore, the requirements of ship
owners for hydro-elastic analysis are increasing rapidly for orders
of large vessels such as Very Large Container Ship (VLCS) and Very
Large Ore Carriers (VLOC). The whipping response should calculate
the change of force with respect to the actual water plane area of
the ship. Additionally, since strong nonlinearity due to high
crushing in rough sea is considered, there is a limitation on the use
of a regular wave as the design wave for structural analysis in
design stage. However, the logical approach to the selection of
regular wave is difficult and excessive reinforcement may occur if

the evaluation criteria of the International Association of Classifi-
cation Society (IACS), which is commonly applied to large container
ships, are not satisfied. Therefore, for the estimation of whipping
effect due to slamming impact force, it is reasonable to apply the
design sea state method. In this method, instead of regular wave,
the irregular waves similar to real sea conditions are applied to
estimate the whipping effect of ship.

The studies on the hydro-elasticity response of ship started from
the late 1970s. Most of these applied themodal superposition based
on Euler beam theory and were carried out to overcome the in-
efficiency of using the 3Dmodel. Bishop et al. (1985) carried out the
dynamic calculation using beam theory such as Euler, Timoshenko
and Vlasov in order to analyze the behavior of the open-thin
structure and comparing with experimental results on uniform
cross section beams, Timoshenko and Vlasov beam theory proved
relatively good results. Lee et al. (2003) attempted to analyze the
elasticity response of a ship by applying the Euler and Timoshenko
beam theory in the frequency domain using the 3D source method.
Remy et al. (2006) carried out the model test using flexible barge in
the oblique sea condition and compared the responses obtained in
the frequency domain using the modal superposition method.
Malenica et al. (2007, 2013) carried out the hydro-elastic analysis in
the frequency domain using the Green function and extended the
calculation of the whipping response in the time domain by
introducing the impulse response function. Senjanovic et al. (2009,
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2011, 2012, 2014) developed a one-dimensional (1D) beam element
that takes into account the effects of warping deformation and
applied it to the calculation of the elastic properties of pontoons
and large container ships. Kim et.al. (2009) analyzed the torsional
behavior of a large container ship under oblique sea conditions by
combining Finite Element Method (FEM) based on 1D beam
element and high-order Boundary Element Method (BEM) based
on the Rankine panel. Like these, the studies for solving the hydro-
elastic problem analytically have been progressing steadily. Also,
Storhaug et al. (2011) separated the wave and vibration compo-
nents from the measured data through model test. Svein et al.
(2011) estimated the fatigue damage caused by waves and vibra-
tion components on each voyage route. Until recently, numerical
studies on the elasticity effect of ships have been carried out mainly
by considering the direct interaction of the fluid-structure and by
studying the characteristics of the elastic response in the time se-
ries from real ship measurements (Kim et al., 2012 & 2018). How-
ever, all of them have difficulties to directly evaluate the influence

of elasticity response in the actual ship design stage. The method-
ology for estimating the elasticity effect in the design phase is
described in the analysis guidance of classification by the wave
environment, estimation probability level, structure and fluid
models (BV 2015, DnV-GL 2015, LR 2018, KR 2017). Im et al. (2017)
evaluated the ultimate strength considering whipping effect by
class rule. However, that method requires further research to
develop effective analysis techniques and evaluation methods.

In this study, a new method for estimating the whipping effects
was developed considering multiple design sea states. A container
vessel of 15,000 Twenty Equivalent Unit (TEU) class was used to
verify the distinguished ability of the proposed method. Frequency
response analyses allowed to screen the sea states with high
contribution on development of the long-term response. We also
performed the transient Fluid Structure Interaction (FSI) analyses
based on one dimensional structural model representing container
ship. After some statistical process, the required period for entire
FSI analyses was determined from the convergence study where

Nomenclature

Mw wave vertical bending moment
B breadth
Cw wave coefficient at scantling draught
fR factor related to the operational profile in URS 11A
MUS ultimate strength for sagging condition
M mass
C damping
K stiffness matrix
u!ðtÞ displacement vector

f
!

external force vector

f
!

LD linear hydro dynamic force (Radiation and diffraction
force)

f
!

NF nonlinear Froude-Krylov force

f
!

NR nonlinear hydro static restoring force

f
!

SR slamming force

f
!

SF soft spring restoring force (Surge, Sway, Heave)

f
!

DAK viscosity damping force of roll
∅ velocity potential
n! normal vector on the body surface
SB exact body surface
SF free surface
S∞ infinite surface
Ζ total wave elevation
G gravity constant
F double body basis potential
4I incident wave potential
4d disturbed wave potential
zI incident wave elevation
zd disturbed wave elevation
f velocity potential in GWM
HðtÞ free surface elevation in GEM
Sðx; tÞ vertical velocity of free surface
f(x) body geometry
f'(x) slope of body geometry
_hðtÞ relative velocity
€hðtÞ relative acceleration
Iww warping inertia

ShðujHs ;TzÞ modified Pierson-Moskowitz wave spectrum
L rule length of ship
Cp wave parameter in URS 11A
fNL non-linear correction factor
MUH ultimate strength for hogging condition
q heading angle
c(t) intersection point
g dead-rise angle
t time
Dt time step size
Xcðx;cÞ function from conformal mapping
x x-coordinate on the wetted body surface normalized

by c(t)
bðtÞ instantaneously submerged breadth
cðtÞ intersection point
fðxÞ body geometry
HðtÞ free surface elevation in GWM
g dead-rise angle
UF fluid domain
pij occurrence probability of sea state (HS;TzÞ
pk occurrence probability of incidence angle
pl occurrence probability of loading condition
A area in section
Fy shear area in y direction
J St. Venant torsional constant about shear center
Iy second moment of area about horizontal neutral axis
Iz second moment of area about vertical neutral axis
Iw warping constant
Is shear constant
Zsc vertical distance of shear center above keel line
Zneu vertical distance of horizontal neutral axis above keel

line
Ysc horizontal distance of shear center from center line,

positive port
VCG vertical distance of center of gravity above keel line
M mass per unit length
Ixx polar mass moment of inertia about shear center
Iyy second moment of inertia about horizontal axis of CG
Izz second moment of inertia about vertical axis of CG
HðujqÞ load transfer function
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the ratio of the vertical bending moments became stable. The new
methodology is proposed to overcome the limitation of existing
methodology for estimating of whipping effect in single sea state.
One equivalent whipping effect can be estimated by taking into
consideration the sufficient amount of time series and occurrence
probability of design sea states.

2. Practical application of whipping effects

2.1. IACS URS 11A

URS 11A is the rule for longitudinal strength of container ship in
the IACS (International Association of Classification Society) regu-
lations. This rule, which is applied in addition to the existing URS 11
(Longitudinal Strength Rules), should be applied to container ships
that were contracted for construction on or after 1 July 2016. This
rule conforms to the requirements of the CSR (Common Structural
Rules) of the IACS. For large ships that are 150 m or more in length,
the ultimate strength assessment must be carried out. In particular,
ships with a hull width of 32.26 m or more are subjected to the
slamming evaluation of the whipping response in consideration of
the hydro-elastic response according to the procedures of each
classification. In URS 11A, the hull girder ultimate bending moment
capacity, MU is defined as the maximum bending moment capacity
of the hull girder beyond which the hull structure collapses in Fig.1.
The ultimate bending moment capacities of a hull girder transverse
section, in hogging and sagging conditions, are defined as the
maximum values of the curve of bending moment M versus the
curvature c of the transverse section considered. The curvature c is
positive for hogging condition and negative for sagging condition.

Eqs. (1) and (2) are for the ultimate strength evaluation that is
applied to the CSR and URS 11A. The ultimate strength capability
value (MU) should be larger than the combination of the permis-
sible still water bending moment (MS) and the wave vertical
bending moment (Mw). The VBM with whipping responses due to
slamming are taken into consideration in vertical bendingmoment.
URS 11A noted that hull girder ultimate strength assessment is to
take into consideration the whipping contribution to the vertical
bending moment according to the Classification Society's proced-
ure. So, it is essential to develop a procedure for effectively esti-
mating Mw increased by whipping effect.

gsMs þ gwMw � MU

gmgDB
(1)

Mw�hog;sag ¼±1:5fRL
3CpCw

�
B
L

�0:8

fNL (2)

gs and gw are the safety coefficients for the still water bending
moment (¼1.00) and vertical wave bending moment (¼1.05),
respectively. gm and gDB are the safety factor for the material
(¼1.05) and the double bottom structure (¼1.20), respectively.

2.2. Procedure development for estimation of whipping effect

The method of evaluating the whipping response is shown in
Fig. 2. The design wave approach is used to regular wave. The long-
term value of the VBM is obtained by carrying out the stochastic
analysis using the wave spectrum and the wave scatter diagram.
Next, the maximum VBM with whipping response is calculated
using a regular wave inducing the long-termvalue.Whipping effect
is estimated by dividing the VBM based on the flexible body
(including whipping response) with the VBM based on the rigid
body (excluding whipping response). This method can be efficient
in terms of the simplicity of the calculation procedure or the time
spent in the analysis. However, it has limitations that can't
adequately derive the effect of whipping due to the theoretical
background on the choice of the regular wave and the over-
estimation of slamming force due to excessively large wave
amplitudes.

In design sea state method using irregular waves, the process of
short and long-term analysis is the same as the design wave
approach. After the short and long-term analysis, the design wave
approach obtains the extreme values and the corresponding wave
amplitudes, while the design sea state approach determines the
dominant sea state within the wave scatter diagram with the
greatest contribution to the extreme value determination. Because
it is not effective in carrying out the time analysis for all sea states
and incorporating into the design. To obtain time series of the VBM
including the whipping response due to slamming, by generating
irregular waves from the Pierson-Moskowitz (PM) wave spectrum
using the significant wave height (Hs) and the zero-crossing period
(Tz) of the selected sea state. The maximum VBM in the corre-
sponding probabilities are predicted by the Weibull distribution
linearization, and the whipping effect is calculated by comparing
with the predicted value in the response excluding the whipping
response. This method may be more similar to the real sea state
than the designwave approach as it can directly considers irregular
waves although the procedure is tricky and takes a long time to
interpret. Although there is still a problem of not considering all sea
states of the wave scatter diagram, the fact that the sea states with
high significant wave height which greatly influences the deter-
mination of the extreme value is more conservative than the
consideration of many sea states. In this study, the estimation of the
whipping effect is carried on the design sea state approach for
considering the irregular sea state.

3. Numerical model

3.1. Hydrodynamic model

For solving the fluid motion surrounding a ship structure, 3D
potential flow is assumed and 3D Rankine panel method is applied.
In this method, the irrotational flow of inviscid and incompressible
fluid is assumed, fluid flow is expressed by velocity potential. The
coordinate systemwith ship forward speed is defined in Fig. 3. The
governing equation of the fluid motion reduces to the Laplace
equation. The set of the boundary value problem is expressed
through Eqs. (3)e(7).Fig. 1. Bending moment capacity versus curvature.
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V2 ∅ ¼ 0 in UF (3)

v∅
vn

¼ U
!
, n!þ v n!

vt
, n! on SB (4)

�
d
dt

þV∅ ,V

�
½Z� zðx; y; tÞ� ¼ 0 on Z¼ zðx; y; tÞ (5)

d∅
dt

¼ gz�1
2
V∅ ,V∅ on Z¼ zðx; y; tÞ (6)

V∅ / 0 at S∞ (7)

In order to linearize the boundary problem, the velocity po-
tential is decomposed into basis potential, the incident potential
and the disturbed potential. Also, free surface evaluation is
decomposed into the incident wave elevation and the disturbed
wave elevation.

∅¼ Fðx; y; tÞþ∅Iðx; y; tÞ þ∅dðx; y; tÞ (8)

z¼ zIðx; y; tÞ þ zdðx; y; tÞ (9)

Through double-body linearization, the free surface boundary
conditions are expressed as

vzd
vt

�ðU!�VFÞ,Vzd¼
v2F
vZ2

zdþ
v∅d

vz
þðU!�VFÞ,VzI on Z¼0

(10)

v∅d
vt

�ðU!�VFÞ ,V∅d ¼ � vF
vt

� gzd þ
�
U
!

,VF�1
2
VF ,VF

�

þðU!�VFÞ ,V∅I on Z¼0

(11)

The body boundary condition is linearized by Taylor series

Fig. 2. Flow chart for evaluation of whipping effect.

Fig. 3. Coordinate system for 3D Rankine panel method.
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expansion about the mean body surface

v∅d
vN

¼ ½ðU!,VÞðU!�VFÞþ ð

� ðU!�VFÞ ,VÞU!� , n!þ vU
!
vt

, n!v∅I

vn
on SB (12)

The form body boundary condition is extended to flexible
modes using eigenvectors as

v∅d

vn
¼

X6þn

j¼1

�
vxj
vt

nj þ xjmj

�
� v∅I

vn
on SB (13)

nj ¼ A
!
, n! (14)

mj ¼ð n!,VÞ
�
A
!j

, ðU!�VFÞ
�

(15)

Where superscript j indicates rigid body motions from mode 1 to
mode 6 and flexible motions is over mode 7. Detailed numerical
solutions can be shown in some documents (Kim and Kim, 2014).

3.2. Structure & slamming model

Ship structures have been modeled as 1D beam for a long time.
Euler and Timoshenko beam theory gives good approximation for
calculating the vertical bending moment (Bishop and Price, 1979).
However, ship structures with large openings on the deck are
frequently exposed to torsional moment because they have very
low torsional rigidity due to a large warping distortion. To account
for this problem, 1D finite element method based on the Vlasov
beam theory is applied to the hydro-elastic analysis in WISH-FLEX
(SNU, 2011).

The 1D beammodel is shown in Fig. 4, the structure of the hull is
represented by some beam elements in the center line of the hull.
In the coupling of the 3D Rankine panel model, 2D slammingmodel
and the beam model, it is essential to exchange the motion and
pressure between the models. The static, dynamic and slamming
pressures are distributed to two adjacent nodes as nodal force using
shape function of beam element. The motions of the body surface
and slamming sections are calculated by motions of the two adja-
cent node and the shape function. The details were introduced by
the works of Kim et al. (2009, 2014).

General Wagner Model (GWM) is considered for calculation of
slamming forces as shown in Fig. 5. Asymmetric slamming forces
for torsion and horizontal bending are not considered. The solution
of this method is to calculate the velocity potential by applying the
boundary condition to the actual wetted surface and the rising free
surface to the horizontal line located at the contact point where the
object touches. Khabakhpasheva et al. (2014) constructed hydro-
dynamic pressures or this model with a slamming pressure pro-
portional to the square of the velocity and an additional mass
pressure proportional to the acceleration and the detailed about the
solution were introduced.

3.3. Fluid-structure interaction

To predict the hydro-elastic response of the hull, the fluid-
structure interaction analysis must be established and solved in
the time domain. The program used in this study is WISH-FLEX
(SNU, 2011). This program assumes a 3D potential flow in the
fluid domain. The solution is obtained by applying the BEM using
the linearized boundary condition at the average position. In order
to consider the geometric nonlinearity, the Weakly-nonlinear
method, which takes into account nonlinear Froude-Krylov (F-K)
force and nonlinear hydro-static restoring force, is applied to the
actual water plane area. The whipping phenomenon, which is the
structural vibration of the hull, is caused by a strong slamming load
at the bow and stern. This slamming load is calculated by the
change of the added mass with the change of the water plane area.
This problem cannot be solved by the linear potential-based
boundary value problem, which assumes that there is no change
in the water plane area. In this study, two dimensional (2D) model,
GWM, were applied to the head sea condition for the slamming
calculations. This method is determined by calculating the velocity
potential by applying the boundary condition to the actual water
plane area and the rising free surface to the horizontal line located
at the contact point where the object touches. The motion equation
of hull can be defined in 3D coordinate system using Eqs. (16) and
(17).

M €u!ðtÞþC _u!ðtÞþK u!ðtÞ¼ f
!ð €u!ðtÞ; _u!ðtÞ; u!ðtÞ; tÞ (16)

f
!¼ f

!
LD þ f

!
NF þ f

!
NR þ f

!
SR þ f

!
SF þ f

!
DAK (17)

The left and right sides of (16) are equally calculated at each time
step. The external force is calculated by the 3D Rankine panel
method and the 2D slamming model. The rigid and elastic motion
of the hull are calculated by the 1D finite element method. Fig. 6 is a
flow chart of the fluid-structure interaction considering the slam-
ming force. Numerical solutions are discussed in some documents
(Kim and Kim, 2011, Kim and Kim, 2014).

4. Numerical analysis

4.1. Frequency-domain analysis for screening of design sea states

It is very difficult to carry out the hydro-elastic analysis in all sea
states of wave scatter diagram. Therefore, it is necessary to select
several design sea states that can have dominant impact on the
analysis results. The whipping effect of ship is estimated at the

Fig. 5. Coordinate system for 2-D slamming models.

Fig. 4. An example of 1D FE models.
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probability level of dynamic wave bending moment calculated by
IACS regulations. This dynamic bending moment is formulated by
the statistics of long-term values for many existing container ships.
Therefore, it is reasonable to select the design sea states for esti-
mating the whipping effect, which are related to the determination
of the long-term value. Fig. 7 shows flow chart of frequency domain
analysis for screening of design sea states.

This analysis is based on the assumption that irregular sea state

encountered during the ship's design life can be generated by the
synthesis of sinusoidal waves with all possibilities and obtains the
structural response for the regular wave. Using this regular wave,
the load transfer function is calculated in frequency domain. Next,
we find the response spectrum of the VBM at the hull section to be
considered by multiplying the load transfer function and the wave
spectrum in the sea states that corresponds to the significant wave
height and wave period of the wave spectrum.

SðujHs ;Tz ; qÞ¼ ðjHðujqÞjÞ2ShðujHs ; TzÞ (18)

The area of the short-term response spectrum is given by
formula (19). The spreading function is used and defined as fsðqÞ is
kcos2ðqÞ.

m0 ¼
ð Xq0þ90�

q0�90�
fsðqÞ SðujHs ; Tz ; qÞ (19)

Assuming that the probability density function of the short-
term load follows the Rayleigh distribution, the probability of ex-
ceedancewhere the amplitude X of the load exceeds a certain value
(XpÞ is expressed as follows.

Gij
�
X > Xp

	¼ exp

 
� Xp

2

2m0ij

!
(20)

Where, m0ij is the area of the response spectrum in the short-term
sea state. In the long-term statistical analysis, the load response
probability exceeding Xp is given by the following formula (21).

a¼ 
G�X>Xp
	�

L ¼
X
ij

X
k

X
l

pijpkpl
�
GijðX > XcÞ


(21)

According to the procedure of long-term analysis, we found Xp

of load response at each sea state in accordance with formula (20)
and then calculated the contribution for each short-term sea state
using formula (22). At this time the contribution sum of the short
term sea states under consideration should be equal to 1.

Contributution¼
P

k
P

lpijpkpl
�
Gij
�
X >Xp

	

½GðX>XcÞ�L
(22)

The container ship used for analysis is a 15,000 TEU CLASS, and
the principle dimensions are given in Table 1. Fig. 8-(a) is hydro
model and Fig. 8-(b) is mass model for analysis.

Fig. 6. Flowchart for fluid-structural interaction analysis.

Fig. 7. Flow chart of frequency domain analysis for screening design sea states.

Fig. 8. Hydro & mass model for frequency response analysis.

Table 1
Principle dimension.

Length between perpendicular (Lpp) Breadth moulded (B) Depth moulded (D) Design Draft

347m 48.2m 29.8m 14.5m
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For this ship, the significant wave height is 15.5m, and the zero-
up crossing period is 11.5 s, which provides the greatest contribu-
tion of about 12.0% of the long-term value according to Fig. 9. It can
be seen that some of the sea states with certain zero-up crossing
periods and significant wave height have most of the contribution
of long-term value.

4.2. Transient whipping response analyses

4.2.1. Hydro-elastic analysis in time domain
1D beammodel is based on the Vlasov beam theory considering

horizontal bending and torsion. Nodal points were set at the po-
sition of the transverse bulkhead in the longitudinal direction, and

the cross-sectional information representative of the middle of
each node was extracted. Table 2 shows midship sectional property
applied in the analysis.

Analytical calculation of the coefficients for the ship section is
known to be a very difficult task. Generally, the sectional properties
are obtained by carrying out a numerical analysis on a two-
dimensional section. (Kim et al., 2014). To verify the equivalence
of the idealized 1D beam and 3D FE global model, modal analysis
was carried out for each model. Table 3 shows the results of the
torsional mode (T) and the vertical bending mode (VB), which
occur at the lowest order in dry condition of each structural model.

From the results, it can be confirmed that the information from
the 3D FE model is in good agreement with the results of the 1D
beam model. Additionally, the analysis is carried out in the wetted
condition in which the added mass is considered. This analysis
applies only to the 3D FE model, and it is confirmed that frequency
of structural response in wetted condition by the added mass is
lower than response in dry condition. The head sea condition was
applied in the hydro-elastic analysis considering the occurrence
probability of slamming phenomena. The analysis time of 3 h was
applied considering the duration of the short-term sea state.

The time series were extracted at sufficiently small time in-
tervals of 0.025 s to obtain the irregular time series data such as the
peak value of the slamming load and the vibration component of
the VBM. The PM spectrumwas applied where the frequency range
of the spectrum is applied so that the long wave length is four times
the ship length and the short wave length includes the length of the
2-node vertical bending mode. Where it is not possible to estimate
the viscous roll damping and structural damping coefficients of
ship, values of 5% and 2% are generally recommended in the Clas-
sification Guidelines (Kim et al., 2018a, b). The analysis in fluid
domain using Rankine panel method is shown in Fig. 10.

The 3 h VBM time series in design sea state are calculated from
ship motion that encounters a long crest-based wave considering
the combined random phase. The VBM time series at the middle of
hull can be obtained by carrying out the hydro-elastic analysis in
the time domain using the 1D beammodel. Fig.11-(a) illustrates the
VBM time series and in Fig. 11-(b) shows Fast Fourier Transform
(FFT) result in frequency domain. The sagging moment is larger
than the hogging moment when considering the geometric
nonlinearity of container ships. To analyze the statistical charac-
teristics, the FFT was carried out to confirm the response of the 2-
node vertical bending mode near 0.47 Hz.

4.2.2. Estimation of whipping effect
In order to estimate the whipping effect, VBM based on the rigid

body (without whipping response) is needed. These data can be
calculated by rigid bodymodel without slamming calculation in the
same sea state and phase angle. However, in this study, the
response in the high-frequency range is removed by applying low
pass filter to the hydro-elastic analysis results. The cut-off fre-
quency is 0.9 times the 1st structure mode in order to sufficiently

Table 2
Sectional property of middle of idealised beam element.

A (m2) 7.14Eþ06 Zneu (m) 1.33Eþ04

Fy (m2) 1.16Eþ06 Ysc (m) 0.00Eþ00

J (m4) 3.60Eþ13 VCG (m) 2.25Eþ04

Iy (m4) 1.10Eþ15 M (kg=m) 5.79E-01

Iz (m4) 2.69Eþ15 Ixx ðkgm) 1.02Eþ09

Iw (m6) 2.79Eþ23 Iyy ðkgm) 7.07Eþ07

Is (m4) 9.50Eþ14 Izz ðkgm) 1.10Eþ08
Zsc (m) �1.55Eþ04 Iww ðkgm3) 2.26Eþ16

Table 3
Modal analysis.

1D FE Model
(Dry)

3D FE model
(Dry)

Dry mode Error
(%)

3D FE model
(Wetted)

VBM(Hz) 0.603 0.614 1.8 0.471
T (Hz) 0.386 0.362 6.6 0.352

Fig. 10. Time simulation on design sea state (Surface).

Fig. 9. Contribution of Long-term value calculation in each sea state.
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remove the vibration component. Fig. 12 shows the process of
extracting peak values for estimating themaximumVBM. The zero-
up crossing period can be easily selected in the time series obtained
by applying the low-pass filter. After determining the inflection
point within the selected zero up-crossing period, the largest ab-
solute value was selected as the peak value.

To estimate the VBM increase due to whipping, a distribution
function that estimates the cumulative distribution of the peak
values is also needed. The Weibull distribution is most commonly
used to estimate long-term distribution in industry because it can
flexibly simulate various distribution functions such as normal
distribution or exponential distribution according to parameters.
Here, we assume that the probability distribution of VBM in the
short-term sea state is a two parameterWeibull distribution, which
can be expressed as shape parameter and scale parameter.

The probability density function of the Weibull distribution is
given by (23), and the reliability function and the failure rate
function are given by (24) and (25), respectively. There are various
methods for estimating these parameters, but the least squares
method is applied here. To improve the accuracy of the Weibull
distribution approximation, the tail weighting method is applied,
which ignores the lower values of the linear distribution values
used in the parameter estimation (Kim et al., 2018a, b).

ðt

0

f ðtÞdt¼1� e
�
�
t
h

	b

(23)

RðtÞ¼1� FðtÞ¼ e
�
�
t
h

	b

(24)

hðtÞ¼ f ðtÞ
RðtÞ¼

�b
h

��t
h

�b�1

(25)

Fig. 13 is a sample of estimated distribution from the time series

Fig. 12. Calculation of period peak values.

Fig. 13. Estimation of the Weibull distribution function.

Fig. 11. Analysis result in hydro-elastic analysis.
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of the VBM with and without the whipping response in 3 h. The
estimation of VBMwas carried out only in the hogging condition for
ultimate strength evaluation, because the still water bending
moment of the container ship is always positive value, similar to
the value of the wave bending moment. We can see that the Wei-
bull distribution follows the existing distribution well. MRule is the
wave vertical bending moment based on the rigid body as calcu-
lated in URS 11A, as applied in (2) in section 2. The whipping effect
is estimated at the probability level corresponding to MRule and
detailed description of estimation method is described in next
chapter.

4.2.3. Convergence study for whipping effect
The irregular waves in the sea state expressed by significant

wave height and zero up-crossing period represented in the sea
state are ‘random processes’ because they are dynamic responses
following statistical probability characteristics in time domain.
Additionally, wave time series in the sea state which is represented
by significant wave height and zero-up crossing period should not
change the statistical properties of the probability process over
time. Therefore, it should be considered more strictly as a ‘sta-
tionary random process’. This means that the average, variance, and
correlation coefficients representing the statistical properties do
not change with time. The response is called ‘ergodic’ if the sta-
tistical properties in the ‘ensemble’ of the sample for a particular
time are the same as those of the response to the time zone applied.
Hino (2000) defined ‘stationary’ and ‘ergodic’ as follows. If we
define the number ‘ensemble’ of samples observed over time as ‘n’
and the kth ensemble of ‘k’ as ‘fk’, we can define the average value
(m(t)) at a certain time (t) as the average of the observed values.

E½f ðtÞ� ¼ lim
n/∞

1
N

XN

k¼1

fkðtÞ¼mðtÞ (26)

Additionally, in the analysis of the irregular phenomenon, the
average of the two ensembles for ensemble (x(t)) and ensemble (x
(tþt)) separated by time ‘t’ is defined by (26), which is defined as a
statistical ‘autocorrelation function’. If we replace (27) with (26),
(26) becomes (28).

Cðt; tÞ¼ E½xðtÞxðtþ tÞ� (27)

Cðt; tÞ¼ lim
n/∞

1
N

XN

k¼1

fkðtÞfkðtþ tÞ (28)

This irregular phenomenon can have ergodicity if it is not a
function of time (t) that does not depend on the ensemble k of (33)
and (35). However, it is difficult to find an ensemble with the
ergodicity defined above when generating irregular waves in the
sea state by superimposing regular waves with random phase angle
in Fig. 14.

Using 3 h data based on single sea state approach, it is difficult to
confirm the reproducibility of the load response when considering
the nonlinearity of the ship motion in waves in a number of
irregular wave conditions representing the same sea state. To ac-
count for this, a representative value in the short-term sea state can
be estimated through statistical analysis, assuming that the load
response at the same exceedance probability follows normal dis-
tribution as shown in Fig. 15. The minimum 40 analyses were

Fig. 14. Generation of irregular wave using superposition of regular waves.

Fig. 15. Estimation of whipping effect based on single sea state approach.
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required to achieve convergence in various irregular wave condi-
tion expressing the same sea state. The exceedance probability level
for estimating the extreme load is the level when the representa-
tive value of the load response without whipping reaches the value
of the vertical bending moment in accordance with Rule formula.
The representative value for each exceedance probability is the
value of three times the standard deviation added to the mean
value of normal distribution. In the exceedance probability level
obtained in the above, a representative value of the load response
considering whipping is calculated, and this is regarded as an
extreme load considering whipping. The contribution by whipping
is calculated as the ratio of the representative values at this time
(KR 2017).

On the other hand, in order to calculate the representative value
in a different way from this method, Fig. 16 shows exceedance
probability according to cumulative number of 3 h data from
random phase angle. As the number of cumulative datasets in-
creases, we can see that the probability level of theMRule calculated
from URS 11Awas stably converged to a specific value. Also, we can
see that there is a good estimation performance for whipping effect
at probability level ofMRule. Fig.17 shows estimatedwhipping effect
by cumulating number of data sets. The whipping effect can be
stably estimated by accumulating at least 10 datasets of 3 h VBM
time series considering random phase angles in single sea state.

5. Application of methodology based on the long-term
approach

Fig. 18 shows the North Atlantic wave data, contribution of each
sea states for long-term value and whipping effect in design sea
states. As shown in Fig. 18, the greatest contribution is 12% in the

zero-crossing period of 11.5s and the significant wave height of
15.5m. It is calculated that the sea state with 14.5e16.5 m and
10.5e12.5s has very significant contributions, accounting for
approximately 75% of the long-term value. This shows that
although the sea state has a very low probability of occurrence in
the wave scatter diagram, it has a large contribution to the long-
term value due to a very large response value from the high sig-
nificant wave height.

By applying the single sea state method, whipping effect was
estimated from dominant sea states as shown in Table 4. The
whipping effect was estimated in each of the sea states by accu-
mulating 10 analytical results (Time series of 30 h) calculated from
the 3 h data. The whipping effect of 1.266 was estimated at the
15.5 m at 11.5 s, which had the greatest contribution for calculation

Fig. 16. Re-estimation of the whipping effect by cumulative number.

Fig. 17. Whipping effect by cumulative number.
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of the long-term value. On the other hand, whipping effect is
estimated about 1.237 in sea state of 16.5 m at 11.5s, which is the
higher significant wave of the same zero-up crossing period. This is
becausewhipping effect is estimated at the certain probability level
of the VBM based on the rigid body instead of directly estimating
the largest value in the 30 h datasets for each sea state. Specifically,
when the single sea state method is applied in design evaluation,
thewhipping effect varies greatly depending on the selected design
sea state which may cause confusion in the actual design stage.
Therefore, the multiple design sea state approach which takes into
consideration dominant sea states can overcome the limitations of
different whipping effects calculated from each design sea states
for evaluating ultimate strength.

For applyin the multiple sea state approach concept, nine sea
states with the great contribution to the long-term value were
selected as shown in Table 4. This approach is based on consider-
ation of the probability of occurrence of the sea state, such as the
stochastic analysis concept for long-term calculation. The calcula-
tion of the long-term value based on the linear method is simple
because it calculates the response in each sea state using only the
VBM transfer function (VBM RAO) by unit wave height. However,

since themethod of estimating thewhipping effect should consider
the strong nonlinearity due to slamming, the linear method cannot
be applied in this case. The response must be directly calculated in
design sea states.

Based on the basic concept of Fig. 19, we proposed a new
methodology to apply the occurrence probability of the sea state,
the duration of the short - term sea state, and the convergence
duration time. The upper part of Fig. 20 is the formula for this
concept, and below is the result of re-estimation. It is confirmed
that the whipping effect can be estimated stably at the corre-
sponding probability level of the rule value from sufficient data. At
the probability level of 10�3, the whipping effect was calculated to
be approximately 23.6%. On the other hand, if we only focus on the
time consumed for the analysis, it is approximately doubled to total
of 90 data sets in nine sea states for multiple sea states approach

Fig. 18. Contribution of the long-term value on the North Atlantic wave scatter diagram.

Table 4
Evaluation of ultimate strength considering whipping effect.

Tz Hs gwhip ðgsMs þ gwMwÞ*gmgDB MU (Nm) Evaluation

10.5 14.5 1.232 2.400Eþ10 2.454Eþ10 OK
15.5 1.227 2.390Eþ10 OK
16.5 1.242 2.419Eþ10 OK

11.5 14.5 1.268 2.470Eþ10 Not OK
15.5 1.266 2.466Eþ10 Not OK
16.5 1.237 2.410Eþ10 OK

12.5 14.5 1.244 2.423Eþ10 OK
15.5 1.232 2.400Eþ10 OK
16.5 1.203 2.343Eþ10 OK

Fig. 19. Concept of multiple design sea state method.

Fig. 20. Whipping effect based on the multiple sea state approach.
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compared to 40 data sets in one sea state for single sea state
approach. Nonetheless, the multiple design sea state approach can
estimate stable whipping. Also, it can prevent the confusion in the
design stage due to the change of thewhipping effect depending on
the selection of the single design sea state. Finally, it can also pre-
vent errors in the design stage, such as excessive reinforcement or
weak design.

6. Conclusion

The purpose of this paper is to develop a procedure for esti-
mating the VBM increment by whipping effect in the design stage.
The evaluation method based on design sea state approach is
applied so that irregular and random phases of wave can be
considered sufficiently. Also, for the efficiency, the hydro-elastic
analysis is carried out in the time domain using the idealized one
- dimensional beam model.

The whipping effect is applied to the ultimate strength assess-
ment of the ship in accordance with IACS regulation. As the ulti-
mate strength is closely related to longitudinal strength of the ship,
it is reasonable that the whipping effect is estimated in the sea
states, which have dominant contribution on the calculation of the
VBM long-term value. These sea states are screened by frequency
response analysis in this study.

Because of the nature of random phases of the applied wave
spectra, the required period for entire FSI analyses was determined
from the convergence study where the ratio of the VBM became
stable. Low pass filtering was applied to the transient whipping
responses to obtain the hull girder bending moment processes.
Peak counting method for the filtered whipping responses was
used to obtain collection of the vertical bending moment peaks. It
was verified that the distribution of the peaks corresponding each
sea state was well fitted with Weibull probability density function.

The newmethodology is proposed to overcome the limitation of
existing methodology for estimation of whipping effect in single
sea state. One equivalent whipping effect can be estimated by
taking into consideration the sufficient amount of time series
representing each sea state and the occurrence probability of the
sea state. Finally, the long-term wave bending moment values
based on the new method were compared with those based on the
single sea state approach. It was able to overcome the confusion
and limitations due to different whipping effect from each single
sea state in design stage. However, in order to develop the appli-
cable formula required in the design stage, it is necessary to
continue the research to find the hull characteristics related to the
vibration of the hull and to find the relation.
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