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a b s t r a c t

In this paper, a verification is presented of a simplified analytical
method for the predictions from numerical simulations of struc-
tural performance during ship groundings over seabed obstacles
with large contact surfaces and trapezoidal cross-section. This
simplified analytical method was developed by Lin Hong and
Jørgen Amdahl and calculates grounding characteristics, such as
resistance and distortion energy, for double-bottomed ships in
shoal grounding accidents. Two finite-element models are pre-
sented. One was built for a hold, and the other was built for a hold
and a ship hull girder and also considers sectional properties, ship
mass, added mass and the hydrodynamic restoring force. The
verification was completed by comparing horizontal and vertical
resistances and the distortion energy between seven numerical-
simulation cases and a set of corresponding cases computed by
a simplified analytical method. The results show that the resis-
tances obtained by the simplified analytical method are close to
the mean values of the resistance curves obtained by numerical
simulations. The comparisons prove that the energy dissipation-
prediction capability of the simplified analytical method is valu-
able. Thus, the simplified analytical method is feasible for assess-
ing ship groundings over seabed obstacles with large contact
surfaces and trapezoidal cross-section. Furthermore, studies of the
influence of ship motion during groundings ascertained that ship
motion affects structural performance characteristics. Resistances
are lessened at the end of the grounding due to the reduction of
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indentations caused by heave and pitch motions of the ship hull
girder. Finally, a new method for predicting the structural perfor-
mance of the time-consuming complete-ship model by applying
a combination of normal numerical simulations and ship-motion
calculations is proposed and proven.

Crown Copyright � 2011 Published by Elsevier Ltd. All rights
reserved.

1. Introduction

With the increase of ship speeds and the total number of ships sailing at sea, collisions and
grounding accidents seem inevitable. At the same time, the public is becoming less tolerant towards
the environmental pollution caused by the associated oil spills. According to the report from the IOPCF
(International Oil Pollution Compensation Fund), collisions and grounding accidents are responsible
for about 50 percent of all major oil spills in its member states from 1970 to 2005 (Fig. 1). Recently,
there is a clear trend towards adopting more-rational design procedures for collisions and groundings,
aside from prescriptive regulations. Many innovative concepts and methods have been proposed and
are expected to soon be used in ship-design procedures. Among these inventions, a procedure based on
ALS (accidental-limit state) design concept was brought forward by J. Amdahl [3]. Four elementary
items are defined by such a rational-design procedure: scenario definition, assessment of global and
local structural performance, post-accident evaluation, and acceptance criteria. This new procedure
may be a useful tool in the preliminary stages of ship design. The second item, assessment of global and
local structural performance, calls for fast and reliable tools, because ship designers are not always
experts on the use of advanced commercial simulation tools, and the high computational costs may be
prohibitive. Therefore, simplified analytical methods for assessment of high-energy ship collisions,
pioneered by Minorsky [11], remain advantageous tools for both their speed and relative prediction
accuracy [7–9].

Many innovative simplified analytical methods, such as those based on the construction of realistic
deformation mechanisms identified during actual ship accidents, model tests and even numerical
simulations, have been developed over the past two decades. To evaluate structural performance of
a double bottom during ship grounding, Wang [23] defined three major structural deformationmodes:
bending and crushing deformation of the transverse plate, folding of the plate behind the transverse

Fig. 1. Cause of major oil spills from tankers compensated by the IOPCF (data from the report of International Oil Pollution
Compensation Fund, 2005).
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plate, and tearing deformation of the plate far behind the transverse plate. Simonsen [16] developed
a simplified analytical approach to calculate the structural resistance during raking grounding scenario,
and assembled it into a comprehensive collision and grounding code DAMAGE, which considers both
soft and hard grounding. Vaugnan [22] Ohtsubo and Wang [13] Simonsen and Wierzbicki [15],
Simonsen [17], Zhang [28] have all developed different simplified analytical methods for structural
performance during ship grounding.

Three major types of seabed topologies were defined by [1] for grounding scenarios: “rock”, “shoal”
and “reef”. Probably because the cutting and rupture of the bottom plating will cause oil spills directly,
most research on ship grounding up to now has focused on the “rock”-type seabed obstructions. By
contrast, in the scenario of a “shoal” seabed, the bottom plate may not fracture, but it is more likely to
degrade the global hull-bending capacity [2]. Thus, studies of structural performance and grounding
resistance in such a type of grounding scenario are also important. Alsos derived a simplified
expression for the horizontal grounding resistance when a ship runs aground a “shoal”-type seabed
obstruction with sphere cross-section [2]. But there are also some other kinds of cross-section for the
“shoal”-type seabed obstruction, and trapezoidal cross-section is one of them that should be consid-
ered seriously.

For the purpose of evaluating structural performance and resistance characteristics of double
bottoms during grounding on “shoals” with trapezoidal cross-section, a new simplified analytical
method for the rapid assessment of ship groundings over large contact surfaces was proposed by Hong
and Amdahl [6] at the 5th International Conference on Collision and Grounding of Ships. It is an
integrated method for assessing the structural performance of the ship bottom when the ship slides
over blunt obstructions with large contact surfaces and trapezoidal cross-section.

Simplified analytical methods must be tested for accuracy. Verificationwork is thought to be of value
for acceptance. Verification may be carried out by three methods: full-scale tests, tests with scaled
models, and numerical (finite-element) simulationmethods. Full-scale tests are seldom used due to high
costs, but results of several full-scale tests have beenwidely used in verificationwork. For example, Tabri
[20] used the results of a full-scale collision test in an inland river in the Netherlands to prove that his
analyticalmodel accounts for the effects of sloshingon shipmotion during a collision. The results of a full-
scale collision test executed by ASIS [12] have been widely used for benchmark analyses in ISSC
committees [8]. Wang [24] conducted nine scaled-model tests to verify his simplified analytical method
for computing the crushing resistance of a ship’s side structure. Similarmodel tests were also executed at
Technical University of Denmark and Zhang [27] used the results to verify the simplified analytical
method that he developed with Pedersen [27]. Simonsen [18] analyzed the results of four large-scale
model tests performed by NSWC (Naval Surface Warfare Center, USA), to verify the simplified analyt-
ical approach for horizontal and vertical forces in raking grounding [17]. Compared with full-scale and
scaled-model tests, numerical simulations have the advantage of low costs, repeatable analyses, and
a relatively short analysis period. Zhang and Suzuki [26] analyzed the parameters of grounding testswith
LS_DYNA code. Paik [14] developed a practical and useful technique of using a nonlinear finite-element
method for simulating ship structures in collisions and groundings. Simonsen [19] used the numerical
simulation code LS_DYNA to verify a simplified damage-prediction model for groundings. Numerical
simulation methods have also been used in buffer-bow design. Kitamura [10], Endo [4] and Yamada [25]
assessed a series of buffer-bowdesigns thatwere analyzed extensively by numerical simulationmethods.

Although verification by numerical simulations was included in the work by Hong and Amdahl [6],
that verification was made by an analysis executed in 1998. The comparison was based only on the
distortion energy, which cannot adequately describe structural performance during grounding. Both
the horizontal and vertical components of grounding resistance should be considered. Notably, the
vertical component affects heave and pitch motions, whereby the indentation of the seabed obstacle
into the bottom will oscillate. Without a verification of grounding resistance, the simplified analytical
method proposed by Hong and Amdahl [6] is profoundly lacking.

The purpose of the work presented in this paper is to verify the simplified analytical method
developed by Hong and Amdahl [6] and to assess its feasibility by applying the numerical simulation
code LS_DYNA.

Hong and Amdahl’s method is based on the assumption that the indentation along the crushing
length of the ship bottom is constant during grounding. This is not always true. Although the inertial
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effects of the ship’s mass and the damping effect of the added mass tend to keep the indentation at
a stable value, the grounding ship can heave and pitch, assuming that the rock slides along the
longitudinal central line and the roll motion are neglected. The grounding force can also attain
tremendous values that can induce rigid-body motion of the ship. Motion of the grounding ship will
change the indentation and influence both the grounding resistance and structural performance.
Therefore, the accuracy with which Hong and Amdahl’s simplified analytical method can predict the
collision force and the extent to which the ship’s motion will influence structural performance during
grounding are addressed in this paper.

2. Hong and Amdahl’s simplified analytical method

Ship bottoms considered in Hong and Amdahl’s simplified analytical method consist of three types
of structural components:

1. Longitudinal girders, including a longitudinal bulkhead;
2. Transverse members, including a bottom floor and transversal bulkheads;
3. Bottom plating.

The stiffeners on the longitudinal girders, floors and bottom plating are not included in the
simplified analytical method; neither are interactions between the structural components. The seabed
obstacle is represented by a rigid indenter with a flat contact surface and a trapezoidal cross-section.
The central girder is assumed to be impacted at the center of the indenter. The primary deformation
modes are:

1. Sliding deformation of the longitudinal girders;
2. Denting and crushing of the floors;
3. Indentation of the bottom plating.

The features of the deformation modes are described briefly in the following section.

2.1. Longitudinal girders

A longitudinal girder is connected with both the inner and outer bottoms in a double-bottom
structure, and its deformation mode is folding of the girder web. In the sliding deformation mode,
the distortion energy of the longitudinal girder in one-half wave can be calculated according to (1) and
(2) [5].

Egirder ¼ M0pH
�
1þ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ tan2q

p �
$
1� tan2q

tanq
þ 4N0H2ffiffiffi

3
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
4
þ tan2q

r
(1)

The mean horizontal crushing force is:

FmH;girder ¼ M0p
�
1þ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ tan2q

p �
þ 4N0Hffiffiffi

3
p tanq
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whereM0 represents the fully plastic bending-moment capacity of a plate strip and N0 is the plastic
membrane force of a plate strip.H and q are half of the vertical crushing distance and the crushingwave
angle of the mechanism, respectively, and they are expressed as:

2H ¼ 1:0836Dþ 0:0652 (3)

2q ¼ 0:94a� 0:0048a2 (4)
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where D is the indentation depth of the indenter and a is the slope angle of the indenter, which has
a trapezoidal cross-section.

2.2. Floors

The response of a transversal floor can be divided into two parts. The central part of the floor at the
intersection with the longitudinal girder, which has the same breadth as the contact surface of the
indenter, is pushed horizontally by the indenter. The remaining part of the floor deforms at the same
time. The deformation mode is similar to the local denting mode of a web girder subjected to
a concentrated load. The deformation mode of the floor includes bending and stretching, and the
distortion energy and horizontal mean force are calculated by summing the computations of the two
parts.

Efloor;central ¼ 4M0

 
2:58

H2

t
þ
�p
2

�2
t þ pC

!
(5)

FmH;floor;central ¼
Efloor;central
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Htanq
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b
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FmH;floor;side ¼ Efloor;side
u0

¼ 7
3
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b
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þ 14:84
N0H2
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where C is the half breadth of the span of the indenter contact surface. According to the upper-bound
theorem, b can be determined by:

b ¼ 2:85H

ffiffiffiffi
H
t

r
(9)

where t is the thickness of the floor plate.

2.3. Bottom shell plating

The energy is dissipated by the bottom plating through three major modes:

1. Plastic bending about four longitudinal hinge lines;
2. Membrane stretching of the material between the longitudinal hinge lines;
3. Plastic rolling and membrane stretching of the plate that contacts the front surface of the indenter.

The plastic bending energy is calculated according to following equations:

D4 ¼ arctan
�
D
b

�
(10)

Eb;plating ¼ 4M0lD4 (11)

H. Zhiqiang et al. / Marine Structures 24 (2011) 436–458440



Author's personal copy

The energy dissipated by themembrane stretching of the material between longitudinal hinge lines
is calculated by the following equations:

Em;plating ¼ 4ffiffiffi
3

p N0l
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u20 þ v20

q
(12)

u0 ¼ Dtanq (13)

v0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2 þ b2

p
� b (14)

The energy dissipated by the rolling and membrane stretching of the plate in contact with the front
surface of the indenter is calculated by

Eroll ¼ 4l
�
2M0C
R

�
(15)

where R is the radius of the rolling process, u0 and v0 are the horizontal and transverse displacement of
the plate respectively and l is the crushing length of the bottom structure. Unfortunately, the rolling
radius does not lend itself to determination by minimization, and further research is still needed.

The total energy dissipated by outer bottom plating is

Eplating ¼ 4l
�
M0D4þ N0ffiffiffi

3
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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q
þ 2M0C
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�
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The contribution to the horizontal resistance from the plate is

FmH;plating ¼ 4
�
M0D4þ N0ffiffiffi

3
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u20 þ v20

q
þ 2M0C

R

�
(17)

Subsequently, the total energy dissipation and the horizontal resistance in the grounding process
can be obtained by summing the contributions from each of the three structural components.

EH;plasticity ¼ EmH;girder þ EmH;floor;central þ EmH;floor;side þ EmH;plating (18)

FH;plasticity ¼ FmH;girder þ FmH;floor;central þ FmH;floor;side þ FmH;plating (19)

3. Numerical simulations

3.1. Example model

The verification and use of the simplified method is demonstrated by an analysis of the double-
bottom structure of a 140.000 m3 shuttle tanker. The scantlings of the tanker are listed in Table 1. A
side view of the shuttle tanker is presented in Fig. 2.

3.2. Finite-element model

Structural grounding simulations were performed using the commercial code LS_DYNA, version
971. We used PATRAN 2008r2 to build the finite-element model for a tanker’s double-bottom structure
and its hold. This model is denoted Model I.

H. Zhiqiang et al. / Marine Structures 24 (2011) 436–458 441
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The structure is modeled using four nodes, which are quadrilateral Belytschko-Tsay (ELFORM2)
shell elements. The finite-element model consists of one hold, and there are 299,586 elements in the
model. Longitudinally, the finite-element model extends between two transverse bulkheads, and
transversely, the model extends to both of the side shells. Therefore, the model provides enough
distance for the indenter to slide along the double-bottom structure, and the structural performance
during the grounding can be exhibited clearly. The model is composed of two parts: a fine-mesh part
and a coarse-mesh part, which is shown in Fig. 3. The fine-mesh part consists of an outer bottom,
a girder, a floor and an inner bottom. The rest is defined as the coarse-mesh part, and the fine mesh
changes to coarse mesh gradually. The model is restrained at the coarse-mesh part by fixing the six
degrees of freedom. Thus, ship motions are not considered in the analysis in model I. The automatic
single-surface contact of LS_DYNA is used to treat the contacts between structural components
occurring during the simulation, with a static friction coefficient of 0.3. The thickness of outer bottom
plate is 19 mm, the thickness of girder is 20 mm, and the thickness of the floor is 15 mm.

The indentermodel is defined to be a shoal with a trapezoidal cross-section and flat sides. Thewidth
of the top of the indenter is just bigger than the span of the middle three girders of the shuttle tanker,
which ensures that in each of the simulation cases, at least three girders are involved in the structural
deformation. The slope angle of the indenter is defined as 30�, which is the value of parametera used in
Equations (3) and (4). In two cases, the slope angle used is 45�. The indenter is defined as rigid and
slides along the double-bottom structure with a velocity of 5 m/s. The model of the indenter and the
grounding scenario are presented in Fig. 4.

In addition to the shuttle-tanker hold model, another finite-element model denoted Model II was
built for the purpose of analyzing the influences of the ship hull girder and ship motion on structural
performance during grounding. It is also expected that it may confirm whether Hong and Amdahl’s
simplified analytical method makes good predictions when ship motions are considered. Model II was
built on the basis of Model I, with a flexible ship hull girder added to the shuttle tanker hold model.
Compared with Model I, Model II has four particular properties.

1. Resultant cross-sectional properties
2. Density of the ship hull girder
3. The hydrodynamic restoring force is simulated in the model
4. Heave and pitch motions are free.

Table 1
Scantling of the double bottom shuttle tanker.

Property Value

Total length 265 m
Length between perpendiculars 260 m
Breadth modeled 42.5 m
Width modeled 22 m
Design draft 15 m
Scanting draft 15.65 m

Fig. 2. Side view of the double bottom tanker.

H. Zhiqiang et al. / Marine Structures 24 (2011) 436–458442
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An equivalent beam model of the hull girder was made, where the total length equals the value of
Lpp less 32 m, which is the length of one hold. The cross-section is defined as a box with area of
5.7867 m2. The model has constant cross-sectional properties along the ship hull girder, which is
a reasonable assumption because of the plump shape of the shuttle tanker.

For simplicity, the added mass is assumed as equal to the ship displacement. The density of the ship
hull girder is calculated by Equation (20):

r ¼ ðM þmÞ=ðLpp� AÞ (20)

where r is the equivalent density of ship hull girder,M is the displacement,m is the added mass, Lpp is
the ship length between perpendiculars, and A is the cross-sectional area.

The hydrodynamic restoring forcewas simulated by a group of springs. The shuttle tanker girder has
twenty beam elements; twenty springs are connected to the ship hull girder and to the top of the hold
model, and each of them has an elastic constant related to the restoring stiffness of the shuttle tanker.
The stiffness of the spring is calculated according to the Equations (21) and (22).

K ¼ rwgAwdzþm33$g
dz

(21)

Fig. 3. Finite-element model of a tanker’s hold, model I.

Fig. 4. Indenter model and the grounding scenario.
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Aw ¼ ðBi þ Biþ1Þ � Lpp
20

� 1
2

(22)

where rw is density of water; Aw is the water plane area for section i; and m33 is the added mass per
station length in the vertical direction, which is equal to the mass of the displacement by dz. Bi and Biþ1
are the scantling breadth at stations i and i þ 1.

Model II is presented in Fig. 5.

3.3. Case studies

Twelve simulation cases are defined and presented in Table 2: seven cases for Model I and five cases
for Model II. Because the simplified analytical method was used to predict the grounding scenario
when the shuttle tanker slides over a shoal, the level of the indenter above the ship’s keel was set to be
no more than half of the double-bottom height. Large indentations increase the risk of triggering
ruptures of the outer bottom, an effect which was not included in the simplified analytical method. The
indentation is a crucial parameter determining the structural performance characteristics of the double
bottom. In cases A1, A2, A3, A4 and A5, Model I was used, with five different indentation magnitudes –
10, 20, 30, 40 and 50%, respectively – relative to the double-bottom height.

The slope angle of the indenter is another parameter that influences the structural deformation
mode of the double bottom. In the simulations, we found that an indenter with a slope angle of 45� can
only simulate the cases with indentations of 10 or 20% of the double-bottom height for sliding
structural deformation modes. If the indentation is larger than 20% of double-bottom height, the
deformation modes differ greatly from those of the sliding deformation modes. The transverse floors
and outer bottom plate crush and fold like a stack, which prevents the sliding-deformation mode and
indicates that grounding with a large indentation and a large slope angle may not create sliding
deformation. Consequently, the results of only two simulations, with slope angles of 45� and small
indentations, are given in Table 2. These are A6 and A7. The purpose of this paper is to verify Hong and
Amdahl’s simplified analytical method; the sensitivity of deformations to the indenter slope angle
should be pursued in future work.

Furthermore, simulation cases B1, B2, B3, B4 and B5 were defined for Model II, corresponding to the
cases A1, A2, A3, A4 and A5 for Model I. Five pairs of comparison cases were thereby created, for the
purpose of determining the influence of ship hull girder and ship motion on the grounding forces and
verifying the feasibility of the simplified analytical method. The horizontal and vertical resistances and
the energy dissipations are compared.

Fig. 5. Finite-element models of hull girder and the hold, which comprise Model II.
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4. Simulation results and comparisons

4.1. Grounding resistances

The horizontal and vertical resistances calculated by the simplified analytical method are
summarized in Table 3. These forces are the mean values as described in Section 2.

The numerical simulations do not provide a constant value but an oscillating curve. Comparisons
between the resistances from the simplified analytical method and those from the numerical simu-
lation method for case A2 and case A7 are presented in Figs. 6 and 7. These two cases are chosen as
representatives, results of other cases are omitted here.

The peak, the trough, and the mean values of the horizontal and vertical resistances for cases A1 to
A5 are plotted versus indentation in Figs. 8 and 9.

Figs. 8 and 9 show that the mean horizontal and vertical resistances obtained by the simulations
obey a linear relationship to the indentation depth when the slope angle is 30�. The mean resistance
predicted by the simplified method is also an approximately linear relationship. The horizontal
resistance predicted by the simplifiedmethod is larger than that obtained from the simulations, but the
relative deviation decreases when the indentation is large. The agreement between the simplified
method and the numerical result for the mean vertical resistance is good for small indentations, but
less good for large indentations; the simplified method under-predicts the force level.

When the mean value of the grounding resistance is known, the initial grounding velocity, V, and
the crushing lengths are related by Equation (23).

Z
Fmeanvalue$ds ¼ 1

2
ðM þmaddedÞ$V2 (23)

where Fmeanvalue is the mean value of the horizontal resistance, ds is the crushing length, M is the
displacement of the ship, madded is the added mass, and V is the initial grounding velocity.

Table 2
Definition of simulation cases.

Case Initial indentation (m) Height (%) Slope angle (deg) Model

A1 0.268 10 30 Model I
A2 0.536 20 30
A3 0.804 30 30
A4 1.072 40 30
A5 1.34 50 30
A6 0.268 10 45
A7 0.536 20 45
B1 0.268 10 30 Model II
B2 0.536 20 30
B3 0.804 30 30
B4 1.072 40 30
B5 1.34 50 30

Table 3
Horizontal and vertical resistances obtained by simplified analytical method.

Case Indentation (m) Mean value of horizontal resistance (N) Mean value of vertical resistance (N)

A1 0.268 2.49 � 107 1.44 � 107

A2 0.536 2.61 � 107 1.51 � 107

A3 0.804 3.01 � 107 1.74 � 107

A4 1.072 3.49 � 107 2.01 � 107

A5 1.34 3.98 � 107 2.30 � 107

A6 0.268 1.78 � 107 1.78 � 107

A7 0.536 2.00 � 107 2.00 � 107
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Only work through the horizontal resistance is taken into consideration. The work performed by
vertical resistance can be neglected because the vertical displacement is very small comparedwith that
of the horizontal crushing length. The magnitude of the potential initial velocity is illustrated in Table 4
for a tanker with a displacement of 119,300 tons and added mass of 15%, or 17,895 tons. For example,
for a formidable crushing length of 192 m, corresponding to six holds, the initial grounding velocity is
16.32 knots, provided that the indentation is 10 percent of the double-bottom height.

From the comparisons between the results of the simplifiedmethod and the numerical simulations,
several comments can be made.

1) Hong and Amdahl’s simplified analytical method is capable of predicting the order of magnitude
for the horizontal and vertical grounding resistances for shuttle-tanker double bottoms. The
discrepancies indicate that there are some effects that are not captured by the simplified method,
and further work should be undertaken to improve our understanding of the governing defor-
mation mechanisms. However, the task is challenging. In view of the uncertainties that are
involved (e.g., soil topology, grounding speed), it is concluded the predictive accuracy of the
simplified method is acceptable for fast predictions of structural performance for a ship sliding
over blunt obstacle with a large contact surface and trapezoidal cross-section.

2) Concerning the resistance curve, the duration of the peak value accounts for a small part of the
total grounding time, and the mean-value curve is relatively close to the trough value. The peak
value occurs at the instant the indenter passes the transverse floors, and the bending and crushing

Fig. 6. Comparison of horizontal and vertical resistances - case A2.
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Fig. 7. Comparison of horizontal and vertical resistances - case A7.

Fig. 8. Horizontal resistances versus indentation.
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of the transverse members last only for a short time. The deformations of the longitudinal girders
and the outer bottom last for a comparatively longer time. Thus the use of the mean value of the
resistance is acceptable; the energy dissipation can be estimated by multiplying the mean value of
the resistance with the crushing length.

3) It is interesting to see that the mean value for the horizontal force predicted by the simplified
analytical method is close to the peak value in numerical simulations. For vertical resistance, the
mean value predicted by the simplified analytical method is close to the trough value from
numerical simulations. This effect is also shown in Figs. 8 and 9. The resistance values obtained by
the numerical method do not conform conclusively to the tangential relationship defined by the
slope angle of the indenter. In the numerical simulations, the vertical resistance was calculated on
the basis of a complicated nonlinear plastic structural deformation pattern, which has an intricate
relationship between the horizontal force and vertical force. Nevertheless, in the simplified
analytical method, the value of vertical resistance can be calculated by multiplying the horizontal
resistance with the tangent of the slope angle of the indenter, on the condition that the friction
between outer-bottom plating and the indenter is neglected. Thus, the simplified analytical
methodmay underestimate the vertical resistance during the sliding-grounding scenario. Hong [6]
presented a method to consider frictional effects on grounding resistance, but that method will
overestimate both the horizontal and vertical resistances significantly, compared with the simu-
lation results of this study. Therefore, further work is needed to evaluate the effects of friction
between the indenter and the tanker bottom.

4) When the slope angle of the indenter is 45�, the horizontal and vertical resistances obtained by
simplified analytical method are close to the mean values obtained from the numerical simula-
tions. This is somewhat different from comparison of results with a slope angle of 30�. It can be

Fig. 9. Vertical resistances versus indentation.

Table 4
Initial grounding velocity versus crushing length and indentation of the tanker double bottom.

Initial velocity (knots) Indentation (m)

0.268 0.536 0.804 1.072 1.34

Crushing length (m)
32 6.63 6.78 7.28 7.84 8.38
64 9.37 9.59 10.30 11.09 11.85
96 11.48 11.75 12.62 13.59 14.51
128 13.25 13.57 14.57 15.69 16.75
160 14.82 15.17 16.29 17.54 18.73
192 16.23 16.62 17.84 19.21 20.52
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concluded that the slope angle of the indenter is a basic parameter with respect to the structural
performance of the double bottom during grounding. It influences the accuracy and feasibility of
the simplified analytical method. However, because numerical simulations with larger indenta-
tions will create a different structural deformation pattern, the role of the slope angle of the
indenter in structural performance characteristics remains still a subject for future work.

5) When the mean value of the resistance and the crushing length is known, the energy dissipated
during the grounding event can be calculated. This is a fast way to assess the energy-dissipation
capability of a double-bottom structure. The critical grounding velocity can be estimated if the
affordable number of ship holds to be damaged in grounding can be decided in advance.

4.2. Comparisons of distortion energy

When calculating the distortion energy with the simplified analytical method, Equations (1), (5), (7)
and (16) are used for the bottom girder, the central part of the floor, the side part of floor and the outer-
bottom plating, respectively. One crucial point is the determination of the parameterR, which relates to
the rolling effect of the outer bottom plate. Hong and Amdahl did not indicate how to determine the
parameterR, but concluded that a sensitivity analysis for the parameterRwas needed. Here, the results
of the numerical simulations are used to determine themagnitude of the rolling parameterR, as defined
in Fig.10. From plots of the structural deformation of the outer-bottom plating in each of the simulation
cases, we see that the rolling radiusR is almost the same. It is governed by the dimensions of the
indenter, which is the same in each of the simulation cases. Thus, the rolling radius parameter R is
chosen to be 300 mm in the calculation of distortion energy by the simplified analytical method.

The energy dissipated by the girders, floors and outer bottom at the end of grounding is calculated
by each of the two methods. The results of distortion energy and the relative difference are summa-
rized in Table 5. At the end of grounding, the crushing length of the hold is 32 m, and eight transverse
members, including floors and bulkhead, are included in the structural deformation process.

In Table 5, the difference proportion is carried out according to Equation (24).

proportion ¼
�
Edissipated;simplified � Edissipated;numerical

�.
Edissipated;numerical$100% (24)

The data listed in Table 5 indicate that the simplified analytical method has an acceptable predictive
accuracy for energy dissipation. There are some differences, notably for cases A1, A6 and A7.

A possible reason for the discrepancies may be the interactions between structural components in
the shuttle-tanker double bottom. These interactions are complicated andmay change the deformation
modes of the structural components to patterns not covered by the simplified method. In addition, the
frictional effect between internal structural components may also consume some energy, which will
influence energy dissipation.

Furthermore, a relatively large discrepancy for energy dissipation occurs in cases A6 and A7, for
which the slope angle was 45�. This demonstrates that the slope angle of the indenter has a significant
impact on the dissipation of energy and the deformation modes.

Fig. 10. Plastic rolling process at the contact surface between plating and indenter.
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5. Influence of dynamic ship motions on the grounding resistance

The vertical component of the contact force will seek to push the ship’s cross-section out of the
water by heaving and pitchingmotions. The horizontal component will have a counteracting effect that
is much smaller. Statically, motion is governed by the water-plane stiffness and the restoring capacity.
For a given obstruction height above the keel level, the static penetration into the ship bottomwill be
relatively small initially because of the pitch displacement. The penetration increases as the obstruc-
tion approaches the center of floatation in themid-ship area. Dynamically, the inertia of the ship delays
the onset of the pitch motion, and the penetration in the initial phase will be equal to the negative
clearance with respect to the obstruction. Further, the dynamic penetration will oscillate about the
static penetration.

The simplified models presented in Section 3, as well as the analysis of a single hold in Section 4,
were conducted for a constant penetration. The question that arises is whether resistance relationships
for a constant penetration can be used to predict the responses for the dynamic case, where the
penetration will oscillate. In order to shed light on this issue, results for a somewhat simplified but
“complete” model are compared with those of a single hold.

5.1. Static and dynamic analysis of grounding

Five numerical simulation cases were conducted for the finite-element model Model II, which is
integrated with a model of ship hull girder. These five simulation cases are denoted B1 to B5.
Comparisons are carried out on for five corresponding simulations of the static cases: A1 vs. B1, A2 vs.
B2, A3 vs. B3, A4 vs. B4 and A5 vs. B5.

The simplification was made that the grounding is assumed to start at the position of the first tank,
not the ship bow, so the different cross-sectional shape of the bow part is not taken into consideration.
The cross-sectional structural components involved in the deformation are assumed to be the same
along the crushing length, thus simulating a long parallel midsection.

In each of the comparison pairs, the same indentation is prescribed at the beginning of the
grounding. Each of the simulation cases in group B has a flexible ship hull girder, a mass property, free
boundary conditions for heave and pitch motions, and a hydrodynamic restoring force represented by
springs, all of which are described in detail in Section 3. The results of the simulations are compared in
Figs. 11–15.

From the comparisons, some characteristics of the structural performance and the influences of ship
motions can be summarized.

(1) In the initial stages, the static and dynamic resistances are virtually identical in all cases. As the ship
moves over the obstruction, both the horizontal and vertical resistances were gradually reduced
compared to the static case. This reduction is caused by the heave and pitch motion of the ship,
which reduces the penetration level. The differences between the static and dynamic resistances
are very pronounced for the cases A4 - B4 and A5 - B5; the significantmagnitudes of the resistances
cause the ship to respond more dynamically. Figs. 16 and 17 show the dynamic motion of the hull

Table 5
Summary of distortion energy results.

Simulation case Distortion energy by
numerical simulation method

Distortion energy by
simplified analytical method

Difference proportion

A1 2.01 � 108 2.55 � 108 26.9%
A2 2.97 � 108 3.13 � 108 5.39%
A3 3.84 � 108 3.77 � 108 �1.82%
A4 4.79 � 108 4.45 � 108 �7.10%
A5 5.70 � 108 5.17 � 108 �9.30%
A6 3.53 � 108 2.85 � 108 �19.3%
A7 4.77 � 108 3.72 � 108 �22.0%
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girder for the case B5. The plots demonstrate that the ship has only executed approximately
a quarter period of a combined heave/pitch oscillation. The CPU consumption for simulation of this
relatively small grounding length is nearly 200 h. This illustrates the overwhelming task of carrying
out simulations of high-energy grounding, where damage may extend over the entire ship length.

The difference between static and dynamic simulations with respect to horizontal resistance,
vertical resistance and distortion energy is not obvious when the indentation is less than 30% of the
double-bottom height. The difference is less than 5% for the first three comparison pairs, and the
difference for distortion energy is also small. These results indicate that the influence of ship motion is

Fig. 11. Comparison of horizontal resistance, vertical resistance and distortion energy for cases A1 and B1.

Fig. 12. Comparison of horizontal resistance, vertical resistance and distortion energy for cases A2 and B2.
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not distinct when the initial indentation does not exceed 30% of the double-bottom height. For these
cases, Hong and Amdahl’s simplified analytical method can calculate the structural performance of
a ship double bottom with good accuracy.

(2) The difference between simulations is larger when the initial indentation is larger than 30% of the
double-bottom height. This phenomenon becomes obvious as the indenter crushes along the hold,
which means that ship motion does have some influence on the structural performance of the
double bottomwhen the initial indentation is large. Comparing cases A5 and B5, the trough value
of vertical resistance in case A5 is nearly double of that in case B5.

Fig. 13. Comparison of horizontal resistance, vertical resistance and distortion energy for cases A3 and B3.

Fig. 14. Comparison of horizontal resistance, vertical resistance and distortion energy for cases A4 and B4.
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These deformation characteristics can be explained by the influence of ship motions. Ship motions
and the hydrodynamic restoring forces will exert their influences on structural performance provided
that the grounding duration is long enough. In ship collisions there is a motion-delay phenomenon,
which allows us to split the collision problem into external mechanics and internal mechanics. This
phenomenon plays a smaller role if the event lasts a long time, when the influence of ship motion has
to be taken into consideration [21]. The grounding scenariowith a tanker sliding over a seabed obstacle
with a large contact surface is an example inwhich the influences of ship motion should be considered,
especially when the indentation is large. There is a tendency for the grounding resistances to decrease
due to the heave and pitch motions of the shuttle tanker, which reduce the true indentation in the aft
area.

For example, the curves of heave motion and pitch motion of the shuttle tanker in case B5 are
presented in Figs. 16 and 17, and the derived curve of true indentation versus crushing length is pre-
sented in Fig. 18. The true indentation curve describes the real indentation that the trapezoid rock
penetrates into the double bottom structure, considering the influence of pitch and heave motion.
Fig. 18 shows that the indentation decreases from 1.34m at the beginning of grounding to 0.92m at the

Fig. 15. Comparison of horizontal resistance, vertical resistance and distortion energy for cases A5 and B5.

Fig. 16. Variation of heave motion of shuttle tanker in case B5.
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end of grounding; the decrease of 0.42 m is attributed to the ship motion. The reduction indentation
causes a corresponding decrease in the resistances.

(3) The trend for the distortion energy follows that of the resistance. The distortion energy in the
corresponding simulation cases is initially virtually identical. The difference increases gradually, as
the indentation changes.

(4) Ship motion plays an important role in grounding resistance and distortion energy. Therefore, the
characteristics of ship motion during a grounding course should be considered. The peak values of
heave and pitch motion in cases B1 - B5 are summarized in Table 6, which shows that motion
decreases the indentation. The variation curve of the heave and pitch motions in Figs. 16 and 17
shows that neither of the two curves accounts for more than approximately one-quarter of
a period, This means that the heave and pitch motions induced by the grounding forces are
periodic motions, with periods determined by the ship’s hydrodynamic parameters. By inspection
of the motion curve, the period of the heave motion of the shuttle tanker is about 11 s, which it is
close to the value calculated by the hydrodynamic method according to Equation (25).

Theave ¼ 2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M þm33
rgAw

s
(25)

where M is displacement of the shuttle tanker, m33 is the added mass in heave motion and is
considered as that of displacement, andAw is water plane area.

It is always taken for granted that the pitch motion has a period close to that of the heave motion,
and the curve in Fig. 17 confirms that assumption.

(5) Figs. 11–15 indicate that a phase-lag phenomenon exists in the curves for the grounding resistance.
For example, the resistance curves of case B5 reach their peak about 1 m of crushing length larger
than that of case A5, especially during the last four peaks along the curve. The phase lag becomes
more obvious when the indentation increases. The reason for the phase lag can be explained by the
pitch motion of the tanker and is illustrated in Fig. 19.

When the indenter crushes along the double bottom, pitchmotion is induced and the tanker rotates
around the transverse axis, which is located at center of gravity of the tanker. Because the indenter
starts crushing the double bottom in the tanker bow area, the pitch motion causes the tanker to move
backwards relative to a pitchless motion. Fig. 19 shows that a displacement increment D exists and is
due to the pitch motion of the tanker. The displacement D causes the indenter to move a longer
distance before it contacts the transverse web frame. This lag phenomenon becomes more obvious if
the pitchmotion is large. Therefore, the lag phenomenon is easily identified when the indenter crushes
along the last several web frames, especially in cases B3, B4 and B5, as the pitch motion play obvious
roles in these cases.

Fig. 17. Variation of pitch motion of the shuttle tanker in case B5.
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5.2. Application of combination for normal numerical simulation and ship motion calculation

As demonstrated by the examples in Section 5.1, it is very time consuming to accurately perform
dynamic simulations of high-energy collisions. This compromises modeling of a large part of the hull
girder, or even the entire girder in extreme cases. If the effects of different penetration depths, loading
conditions, and grounding speeds need to be investigated, a completely new simulation must be
performed. For each scenario, the computational costs could be significantly reduced if the vertical and
horizontal resistances obtained from constant-penetration simulations could be used in a rigid-body
simulation of grounding. This is permissible if the damage obtained by the rigid-body simulation is
virtually identical to that from accurate simulations. This is the case if the grounding forces simulated
by the completemodel can be obtained by interpolation of the force levels for the constant-penetration
simulations. In Fig. 20, the contact forces for the complete simulations are compared with the contact
forces generated by interpolation. The interpolation is based upon the resistance histories from the
simulations as exemplified by Figs. 11–15.

The interpolation method for calculating grounding resistance is described in the following. The
simulation results of case B5 were used as the example. In case B5, the indentation depth varies from
1.34 to 0.72 m, which is shown in Fig. 9. The indentation variation passes three phases, which are:

Phase 1. Indentation varies from 1.34 to 1.072 m;
Phase 2. Indentation varies from 1.072 to 0.804 m;
Phase 3. Indentation varies from 0.804 to 0.72 m.

The grounding resistances can be computed according to the Equations (26–28) for the three
phases, respectively. The curve of interpolated resistance is based on combinations of resistances in the
three phases.

Fig. 18. Variation curve of true indentation in case B5.

Table 6
Peak values of heave and pitch motions during grounding.

Simulation case Indentation (m) Heave (m) Pitch (deg)

B1 0.268 0.163 0.067
B2 0.536 0.232 0.094
B3 0.804 0.297 0.121
B4 1.072 0.363 0.149
B5 1.340 0.411 0.176
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Fig. 19. Cause of phase-lag phenomenon for resistance curve.

Fig. 20. Comparisons for horizontal and vertical resistances between simulation case B5 and values computed by interpolation.
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Rinterpolated1 ¼ RA4 þ
d� 1:072

Dd
$ðRA5 � RA4Þ in phase 1 (26)

Rinterpolated2 ¼ RA3 þ
d� 0:804

Dd
$ðRA4 � RA3Þ in phase 2 (27)

Rinterpolated3 ¼ RA2 þ
d� 0:526

Dd
$ðRA3 � RA2Þ in phase 3 (28)

where Rinterpolated is the grounding resistance obtained by interpolation; RA5, RA4, RA3 and RA2 are the
resistances from simulation cases A5, A4, A3 and A2 respectively; Dd is the indentation change
between two adjacent cases, and it is 0.268 m in the analysis. The curve of interpolated resistance is
compared with of the results from simulation case B5 in Fig. 20.

Fig. 20 shows that the interpolated horizontal and vertical resistance curves match those of
simulation case B5. The mean values of the two compared grounding resistance curves are nearly
identical. The two sets of curvesmatch verywell at the beginning of the grounding, when themotion of
the tanker is not large. With increasing heave and pitch motions, the two sets of curves depart, but the
shapes, the peak and the trough are similar; only a phase lag exists for the curve of case B5. This phase
lag is induced by the motion of the tanker and was explained in Section 5.1.

The results show that interpolation can be used to obtain the grounding resistance curve by
combining rigid-body motions with the results of numerical simulations with fixed indentation. This
method allows for low-cost calculations of grounding behavior.

6. Conclusions

The feasibility and accuracy of a new simplified analytical method, developed by Hong and Amdahl,
for assessing the force and energy dissipation of ship double bottoms during grounding was investi-
gated in the present paper by comparisons of results of nonlinear finite-element analysis performed
with LS_DYNA software. The following conclusions are drawn:

(1) When the ship bottom is assumed to slide over an obstruction with large surface and trapezoidal
cross-section such that the indentation into the bottom is constant, the simplified method predicts
the horizontal and vertical components of the grounding force with reasonable accuracy. For the
actual double-bottom analyses, the tendency is that the average horizontal force is overestimated
while the average vertical force is underestimated. The reason for the discrepancy is that the
simplified method probably does not capture all significant features of the very complicated
deformation pattern. Nevertheless, the authors consider the discrepancy to be acceptable in view
of other significant uncertainties (for example, the shape of the obstruction and friction coefficient)
and believe the analytical method is useful for quick estimates of a ship’s resistance to grounding.

(2) In reality, when a ship bottom slides over an obstruction, the indentation into the ship bottom is
not constant. Notably, the vertical component of the grounding force induces heave and pitch
motions of the hull. Initial contact is likely to take place in the bow area, where the hull responds
most easily by pitch motions. The pitch response is influenced by transient dynamic effects, and
consequently the indentation depth may oscillate heavily. Accurate predictions of this response
require time-domain solutions of the rigid-body motions along with good estimates of the
grounding forces as a function of the actual indentation of the ship bottom. Strictly, this can only be
achieved in a step-by-step, integrated analysis with a finely meshed bottom structure to simulate
the local resistance to indentation, along with a global hull model that includes inertial and
hydrodynamic forces. At present this calculation scheme is extremely demanding with respect to
CPU consumption and can only be carried out in special occasions.

(3) As an alternative to complete, huge models, grounding forces may be synthesized with good
accuracy on the basis of forces obtained by analyses for constant indentation (by either the
simplified method or by numerical simulations). It is proposed to base the force assessment for
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a given indentation by interpolation by adjacent force curves for constant indentation. These
curves can then be used as inputs to a dynamic simulation of the six-degrees-of-freedom, rigid-
body motion of the ship hull. This procedure reduces the computational effort by several orders of
magnitude and allows for quick estimates of the bottom damage caused by grounding.
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