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a b s t r a c t

An investigation is carried out in this paper for the predictions of
structural performance of double-bottom tankers during ship
grounding over the “shoal” type seabed obstacles. Hong and Amdahl
developed a simplified analytical model for the unstiffened double
bottom. Thismethod is carefully studied, verified and thenused as the
first stage of our prediction. The second stage is concerned with
stiffeners since stiffeners are indispensable components for double-
bottom tankers. A prevailing way to handle is to smear stiffeners
onto their attached plating known as the smeared thickness method.
However, the effective ratio in this method is dubious in such shoal
grounding accidents. Proper values of this parameter are determined
in stage two, and then together with the method in stage one,
constitute a reliable and efficient tool for structural performance
predictionsof double-bottomstructures in shoal grounding accidents.
A double-bottom tanker is chosen as object for the case study.
Finite element models of the hold both stiffened and unstiffened
are created for numerical simulations using the LS_DYNA software.
Simulation cases cover a wide range of slope angles of the indenter
and indentations. Numerical results show that Hong and Amdahl’s
model in stage one is capable of predicting energy dissipation with
high precision but poor accuracy for grounding resistances, and a
possible reason may be the neglect of vertical resistance. The
updated smeared method proposed in stage two is also proved to
be capable of grasping major characteristics of stiffeners. Results
and conclusions drawn from this paper can be conveniently
2013 Published by Elsevier Ltd. All rights reserved.
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applied for assessments of the performance of ship double-bottom
structures during shoal sliding grounding scenarios, and will
benefit the application of accidental limit state design concept in
the ship design stage.

Crown Copyright � 2013 Published by Elsevier Ltd. All rights
reserved.
1. Introduction

Although advanced navigational tools have been introduced to reduce the number of ship accidents,
ship structures are still running the risk of exposure to accidental actions, such as collision and
grounding, which may result in potential economic loss, severe environmental pollution and fatalities.
The luxury liner Titanic, designed with the latest technology and engineered to be the largest andmost
luxurious steam ship in the world, was once proclaimed to unsinkable until it collided with the iceberg
and sank on its maiden journal, which deprived of about 1500 people’s lives. The grounding accident of
Exxon Valdez in Alaska 1989 is considered one of the most devastating man-made environmental
disasters ever to occur at sea. The accident resulted in the pouring of approximately 40,000 tons of oil
into a pristine wilderness area, and it is now still suffering from adverse effects of the pollution [1].
These disasters caused great public sensations andmore rational safety regulations for individual ships
were demanded to enhance the sailing safety and protect the environment.

Typically, the prevailing approaches for analysis of crashworthiness can be divided into four cate-
gories, i.e. model scale tests, empirical methods, simplified analytical methods, and nonlinear finite
element methods (NLFEM). Full-scale or large-scale collision and grounding experiments are seldom
executed because they are usually too expensive and risky. Real accidents could be considered as large-
scale “experiments”. Investigations of real accidents are almost alwaysof great value, providingessential
insight into the governingphysical deformationmechanism. Tabri et al. [2] used the results of a full-scale
collision test in an inland river in the Netherlands to verify his analytical model, which accounts for the
effects of sloshing on ship motion during a collision. However, too often researchers are not allowed to
access ship yards for inspection of damaged ships. Small-scale tests may be difficult to interpret real
events due to the intricate scaling laws involved. However, theycan be used toverify analyticalmethods,
though the costs are still high.NLFEM,which are considered as “numerical experiments”, have exhibited
great abilities to simulate certain grounding actionswith the explosively increases of the computational
capacity. Numerical simulations have the advantage of low costs, repeatable analyses, relatively short
analysisperiods, andare thereforewidelyused. For example, Simonsenet al. [3] employed thenumerical
simulation software LS_DYNA to verify a simplified damage predictionmodel for groundings. Alsos and
Amdahl [4] investigated the failure criterionswith respect to fracturewithnumerical analyses. Kitamura
[5], Endo and Yamada [6] and Yamada and Endo [7] assessed a series of buffer-bow designs that were
analyzed extensively with numerical simulation tools.

Additionally, compared with the empirical method for assessments of the high-energy collisions
pioneered by Minorsky [8], the simplified analytical method is advanced because it is superior with
respect to providing insight into the governing deformation processes; it is also mathematically
tractable and predicts the response with reasonable accuracy and time efficiency. Many innovative
simplified analytical methods have been developed over the past two decades. They are typically based
on the reconstruction of realistic deformation mechanisms identified during actual ship accidents,
model tests and numerical simulations. Wang and Ohtsubo [9] defined three major structural defor-
mation modes: bending and crushing deformation of the transverse plate, folding of the plate behind
the transverse plate, and tearing deformation of the plate far behind the transverse plate. Simonsen
[10] 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. Vaughan [11], Ohtsubo and Wang [12], Simonsen and
Wierzbicki [13] have all developed different simplified analytical methods for assessing structural
performance during ship grounding.
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The structural responses when subjected to grounding actions depend mainly on the scantlings,
nature of loads and boundary conditions [14]. The shape and size of striking objects which affect greatly
the nature of loads were proved of crucial significance with respect to the structural damage according
to Alsos and Amdahl [15] They defined three types of seabed obstacles through a series of finite element
analyses, namely “rock”, “reef” and “shoal” as shown in Fig. 1, among which shoal groundings inves-
tigated in this paper (grounding over large contact surfaces) have not attracted the same attentions as
the rock type from researchers. But it threatens significantly the global hull bending capacity and
eventually triggers the collapse of the hull girder, causing hazardous consequences [16]. Therefore, the
shoal grounding accident calls for a more profound understanding of the governing structural collapse
mechanisms. This paper is thus conducted on a need for better predicting the performance of a
practical double bottom when grounding over the “shoal” type seabed obstructions. This process is
done in two stages, which handle respectively unstiffened double bottoms and stiffeners.

Hong and Amdahl [16] developed a simplified analytical model for evaluating resistances of double
bottoms under such grounding scenarios. Deformation mechanisms of major double-bottom compo-
nents were presented, and grounding resistances and energy dissipation were predicted. But before
applied in response predictions, its accuracy must be verified. Although Hong and Amdahl did include
certain verification work in their paper, verification was only for the distortion energy, which cannot
adequately describe structural performance during shoal groundings in all aspects. Besides, the
number of simulated cases was too few to verify the method adequately. With the purpose of verifying
Hong and Amdahl’s method, Hu et al. [17] conducted verification studies on a double-bottom tanker
comparing both grounding resistances and the distortion energy. However, they simulated relatively
small indentations and only one indenter slope angle of indenter, and could therefore not prove
comprehensively the feasibility of Hong and Amdahl’s simplified analytical method. Part one, as the
first part of total two in this paper, is conducted for a more comprehensive verification for Hong and
Amdahl’s method. The simulation cases cover slope angles of the indenter and indentation depths in a
wide range. Results are carefully studied and discussed.

Part two mainly deals with grounding performance of stiffeners. In a practical double bottom,
stiffeners are indispensable structural components. They support plating structures against global and
lateral pressures, and provide also considerable strengths to resist accidental actions such as collision
and grounding. In this paper, the effect of the stiffeners is taken into account by means of the smeared
thickness method or equivalent thickness method. Based on the results from model tests of axial
crushing of square tubes, Paik and Lee [18] proposed the smeared thickness method with an equivalent
thickness given by:

teq ¼ t þ k
As

b
(1)

where, teq is the equivalent thickness, t is the original thickness, As is the sectional area of the stiffeners,
b is the span between two adjacent stiffeners, and k is the “effectiveness-ratio” factor for the stiffeners.
It should be noted that k is an empirical constant and depends on the type of stiffeners and the
grounding scenario. It is often taken as 1.0 for simplicity. However, in the case of shoal groundings,
Paik’s smeared thickness method with k equal to 1.0 will underestimate the role of stiffeners, and this
Fig. 1. Seabed topology with reference to bottom sizes (a) rock; (b) reef; (c) shoal [15].
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has been proved by Hu and Amdahl [19]. Therefore, part two is conducted for better predictions of the
role of stiffeners in shoal grounding scenario by obtaining proper values for the parameter k. The
grounding performance of both stiffened tanker and unstiffened tanker but with smeared thickness is
also compared and carefully discussed. Then, methods discussed could be incorporated into an efficient
tool for assessments and predictions of structural performance of a double-bottom tanker during the
shoal grounding accident. The results and conclusions drawn from this paper can conveniently be
applied for quick assessments of the performance of ship double-bottom structures during shoal
sliding grounding scenarios, and will benefit the application of accidental limit state design concept in
the ship design stage.

2. Numerical simulations

2.1. Finite element models

A double-bottom shuttle tanker of 14,000 m3 displacement was chosen as object with scantlings
listed in Table 1. A side view of the tanker is presented in Fig. 2 [17]. A hold of the tanker is modeled into
two finite element models (one is stiffened and the other is without stiffeners) using PATRAN 2008 r2
including major double-bottom components, i.e. the bottom plate, longitudinal girders and transverse
floors. The commercial code LS-DYNA, version 971 was used to calculate structural performance during
ship groundings. The detailed structure layout is shown in Fig. 3.

The element of choice is four nodes quadrilateral Belytschko-Tsay (ELFORM2) [20]. The length of
side for the refined square element is set 0.12 m, and 1.00 m for the coarse-mesh regions. The mesh
sizes change gradually from the decent mesh regions to the coarse ones so that no abrupt changes
occur in strain gradients, and accuracy is guaranteed. Longitudinally, the finite element model
extended between two transverse bulkheads, and transversely, the model extended to both of the side
shells. Therefore, sufficient space was provided for the indenter to slide along the double-bottom
structure, and the structural performance during the grounding could be exhibited clearly [17].

The sea floor topology type “shoal”was represented by an intruding indenter with trapezoidal cross
section and flat sides. The width of the indenter top was just bigger than the span of the middle three
girders of the tanker, which ensured at least three girders would be involved in the structural de-
formations in each of the simulation cases. The indenter was defined as rigid and slid along the double-
bottom structure with a velocity of 5 m/s. The grounding scenario is illustrated in Fig. 4. The total
amount of elements for the stiffened model was 299,586. Zones with large deformations including
longitudinal girders, transverse floors, bottom plate and the corresponding attached stiffeners are
meshed with refined grids. The inner bottom, brackets and the middle long girder above the inner
bottom plate, where deformations are generally small and tend to grow larger with an increase of
indentations, are also meshed with decent meshes because the boundary conditions they act as will
influence the prediction accuracy of the large deformation regions. The outer shell is coarsely meshed,
since its influence is minor (see Fig. 5). This saves the simulation time while maintaining the accuracy.
The model was restrained at the ends of the coarse-mesh part with all six degrees of freedom fixed.
Thus, ship motions were not considered.

The automatic single-surface contact of LS_DYNA was employed to treat the contacts between
structural components occurring during the simulation, with a static friction coefficient of 0.3. The
thicknesses of the outer bottom plate, longitudinal girders and transverse floors were 19 mm, 20 mm,
and 15 mm, respectively in stage one.
Table 1
Scantling of the double bottom of the tanker units (m).

Item Value

Total length 265.0
Scantling breadth 42.5
Scantling height 22.0
Scanting draught 16.5
Length of one hold 32.0



Fig. 2. A side view of the double-bottom tanker.
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2.2. Simulation cases

2.2.1. Cases defined for verifications of Hong and Amdahl’s method
Simulation cases with large indentations are investigated in this paper for verification since Hu [17]

has studied cases of small indentations. Because topology of the seabed obstacle is the blunt “shoal”
type, the slope angle of indenter cannot be too large. Meanwhile, considering also the comprehensiveness
of our work, the slope angles of verification cases are set respectively as 20�, 30�, 40�, 45� and 60�. For a
given angle, the grounding depth is varied within a range of 50–90% of the double-bottom height.

During the process, it is interesting to find when it comes to a certain combination of indentation and
slope angle value, the structural deformation might turn into a mode in which the transverse floors and
outer bottom plate crush and fold like a stack (see Fig. 6). In this folding mode, when the indenter first
collides over the bottom plate, the bottom plate does not slide along the front inclined surface of the
indenter as it normally does, instead its front edge keeps still and this leads to a subsequent folding of the
bottom plate. As the outer bottom plate moves forward and folds, the transverse floors are directly
exposed to the indenter and are thus torn open. Longitudinal girders are connected to the outer bottom so
thatwhen folds occur in the bottomplate, longitudinal girders lose local stabilities and deform irregularly.
The grounding resistance and distortion energy growsmuchmore intensely than that in the normal state.
Hong and Amdahl’s simplified analytical methodwill be nomore valid under such state. No distinct rules
related to this phenomenon can be tracked. This effect is briefly introduced here, and further investigation
is needed. The corresponding cases are not included in the verification. Altogether 21 cases are defined in
Table 2, with combinations of indentations and slope angles given below.

2.2.2. Cases defined for investigation of the smeared thickness method
The parameter k in Paik’s method is supposed to be a function of the slope angles of indenter and

indentations. Therefore, a more thorough comprehension of intrinsic law of k variations requires
comprehensive simulation cases. Like cases defined in Section 2.2.1, slope angles of the indenter are
defined as 20�, 30�, 45� and 60�, respectively. For each given slope angle, the grounding depth ranges
Fig. 3. Finite element models.



Fig. 4. Indenter model and the grounding scenario.
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from 10% to 90% of the double-bottom height, and at most 9 groups of indentations are investigated.
Altogether 21 analysis cases are defined and presented in Table 3.
3. Grounding performance of unstiffened double bottom

3.1. Hong and Amdahl’s simplified analytical method

Three types of structural components (see Fig. 7) are of major concern in the grounding process in
Hong and Amdahl’s simplified analytical method:

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

It is assumed that the ship under consideration moves in the horizontal plane, disregarding pitch
and heave moment. The responses of ship bottom can be considered periodic because of the repetitive
arrangement of structural members.

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
obstruction is represented by a rigid indenter with a flat contact surface and trapezoidal cross-sections.
For simplicity, the middle web girder is assumed to be impacted at the center of the indenter. The
primary deformation modes are:
Fig. 5. Finite element model of the shuttle tanker.



Fig. 6. The responses of structures in a folding mode: (a) outer bottom; (b): inner bottom; (c): transverse floors; (d) longitudinal
girders.
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1. Sliding deformation of the longitudinal girders.
2. Denting and crushing of the floors.
3. Indentation of the bottom plating.

The mechanisms are formulated in such a way that they are mathematically tractable. In the
following section, the features of the deformation modes are described briefly. For details of the
simplified analytical method please refer to [16].
Table 2
Definition of simulation cases.

Case Indentation (m) Proportion of
bottom height (%)

Slope
angle (�)

A1 1.340 50 20
A3 1.876 70 20
A5 2.412 90 20
B1 1.340 50 30
B2 1.608 60 30
B3 1.876 70 30
B4 2.144 80 30
C1 1.340 50 40
C2 1.608 60 40
C3 1.876 70 40
C4 2.144 80 40
C5 2.412 90 40
D1 1.340 50 45
D2 1.608 60 45
D3 1.876 70 45
D4 2.144 80 45
D5 2.412 90 45
E1 1.340 50 60
E3 1.876 70 60
E4 2.144 80 60
E5 2.412 90 60



Table 3
Case definition for a study of the smeared thickness method.

Model I Model II Slope angle (�) D (m) D/H

H 21 M 21 20 0.268 10%
H 23 M 23 20 0.804 30%
H 24 M 24 20 1.072 40%
H 29 M 29 20 2.412 90%
H 31 M 31 30 0.268 10%
H 32 M 32 30 0.536 20%
H 33 M 33 30 0.804 30%
H 34 M 34 30 1.072 40%
H 35 M 35 30 1.34 50%
H 36 M 36 30 1.608 60%
H 37 M 37 30 1.876 70%
H 38 M 38 30 2.144 80%
H 39 M 39 30 2.412 90%
H 41 M 41 45 0.268 10%
H 43 M 43 45 0.804 30%
H 44 M 44 45 1.072 40%
H 49 M 49 45 2.412 90%
H 61 M 61 60 0.268 10%
H 63 M 63 60 0.804 30%
H 64 M 64 60 1.072 40%
H 69 M 69 60 2.412 90%

H&& and M&& simulation cases; the slope angle, q; indentation, D; double-bottom height, H.
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3.1.1. Simplified analytical method for longitudinal girders
A longitudinal girder connects both the inner and outer bottoms in a double-bottom structure. A

continuous sliding process occurs, in which it is crushed both vertically and horizontally. In the sliding
deformation mode, the distortion energy of the longitudinal girder in one-half wave can be calculated
according to Eqs. (2) and (3):

Egirder ¼ M0_girderpH
�
1þ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ tan2 q

p �
$
1� tan2 q

tan q
þ 4N0_girderH

2ffiffiffi
3

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
4
þ tan2 q

r
(2)

The mean horizontal crushing force is:

FmHgirder ¼ M0_girderp
�
1þ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ tan2 q

p �
þ 4N0_girderHffiffiffi

3
p tan q

1� tan2 q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
4
þ tan2 q

r
(3)

whereM0_girder represents the fully plastic bending-moment capacity of a plate strip and N0_girder is the
plastic membrane force of a plate strip. H and q are half of the vertical crushing distance and the
crushing wave angle of the mechanism, respectively. They are expressed as:

2H ¼ 1:0836Dþ 0:0652 (4)
Fig. 7. A simple model of ship grounding analysis [16].
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2q ¼ 0:94a� 0:0048a2 (5)
where D is the indentation depth of the indenter and a is the slope angle of the indenter.

3.1.2. Simplified analytical method for floors
The response of transverse floors is composed of two parts: the central part and the side part. The

central part of the floor at the intersection with the longitudinal girder, which has the same breath as
the contact surface of the indenter, is pushed horizontally by the indenter. The remaining part of the
floor deforms simultaneously. The deformation mode is similar to the local denting mode of a web
girder subjected to a concentrated load. The distortion energy and horizontal mean force are calculated
by summing the computations of the two parts.

Efloor;central ¼ 4M0_floor

�
2:58

H2

t
þ
�p
2

�2
t þ pC

�
(6)

FmH;floor;central ¼
2M0_floor

Htan q

�
2:58

H2

t
þ
�p
2

�2
t þ pC

�
(7)

Efloor;side ¼ 14
3

pM0_floorbþ 29:68
N0_floorH

3

b
(8)

FmH;floor;side ¼ 7
3
pM0_floor

b
Htan q

þ 14:84
N0_floorH

2

btan q
(9)

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
(10)

where, t is the thickness of the floor plate.

3.1.3. Simplified analytical method for 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

�
(11)

Eb;plating ¼ 4Mo_platinglD4 (12)

where D4 stands for the bending angle of the four longitudinal hinge lines.
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 N0_platingl
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b2

p
(13)
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u0 ¼ Dtan q (14)
v0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2 þ b2

p
� b (15)
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
�2M0_platingC

R

�
(16)

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, Hong and Amdahl did not derive an
analytical expression, and instead an empirical method is recommended for comparing distortion
energy for different R values with the numerical results. Further research is still needed to find a
mathematical expression.

The total energy dissipated by outer bottom plating is:

Eplating ¼ 4l
�
M0_platingD4þ N0_platingffiffiffi

3
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u20 þ v20

q
þ 2M0_platingC

R

�
(17)

Subsequently, combining Eqs. (2), (6), (8) and (16), total horizontal force due to plastic deformation
is obtained as:

FH;plasticity ¼ FmH;girder þ FmH;trans;cental þ FmH;trans;side þ FmH;plating (18)

The total energy dissipated is obtained as:

EH;plasticity ¼ EmH;girder þ EmH;trans;central þ EmH;trans;side þ EmH;plating (19)

3.1.4. The friction effect
Generally, friction plays a significant role in grounding, especially for cases with large contact

surface. For calculating the friction force, it is assumed for simplicity that the entire contact pressure is
acting on the plane front surface of the indenter, the others are omitted because their contribution is
minor.

The total horizontal resistance FH in terms of FH,plasticity is given as [16]:

FH ¼ gðm;aÞ$FH;Plasticity (20)

gðm;aÞ ¼
�
1� m

ðsin aþ mcos aÞcos a
�

(21)
where m is the friction coefficient and a is the inclination angle of the flat indenter relative to the
bottom plate, g(m,a) is the friction factor of the horizontal resistance.

Subsequently, vertical equilibrium gives the expression for the vertical resistance:

FV ¼ kðm;aÞ$FH (22)

kðm;aÞ ¼ 1� mtan a

tan aþ m
(23)
where k(m,a) is the friction factor of the vertical resistance.
An interesting relationship is found between g(m,a) and k(m,a):

kðm;aÞ$gðm;aÞ ¼ 1=tan a (24)

This indicates that the vertical resistance will not be affected by the friction effect [16].
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3.2. Verification of Hong’s simplified analytical method for unstiffened double-bottom tankers

3.2.1. Deformation mode
Hong and Amdahl’s simplified analytical method is based on a careful study of the deformation

patterns of the ship bottom structural members when sliding over an obstacle of the shoal type.
Tearing of the structural members and rupture of the bottom plate seldom happens, but it is more
likely to degrade the global hull girder strengths and may cause evenworse consequences, such as hull
collapse [1].

Figs. 8–10 show the deformation modes and stress contours of major double-bottom components
during the sliding process. Deformations of the bottom structures are rather complicated, and consist
of a combination of bending and stretching. Three types of deformation modes have been identified in
bothmodels, namely sliding deformation of longitudinal girders with repetitive folds shifting from one
side to the other, denting and crushing of transverse members with a horizontal displacement
observed, and plastic rolling of bottom plating. As the grounding depth increases, the double-bottom
structures will deform in a more intense manner. The structures above will also be involved in the
plastic deformations at the same time and absorb energy, but global deformation patterns remain the
same.

3.2.2. Distortion energy
In the simplified analytical method, distortion energy are derived by using Eqs. (2), (6), (8) and (17)

for the longitudinal girders, central part of the floors, side part of the floors and the bottom plating
respectively. The rolling radius R, which relates to rolling of the outer bottom, is a crucial quantity to be
determined. It is supposed to be governedmainly by the dimensions of the indenter. Hong and Amdahl
recommended an empirical method to determine its value. In Hu’s verificationwork, the value of Rwas
determined by ameasurement of the rolling radius based on the real indenter dimensions and 300mm
was adopted [17].

The total energy absorption for grounding scenario of case D1 is presented in Fig. 11, when the
rolling radius is assumed to be 300 mm, 500 mm, 800 mm, 1000 mm, 1500 mm and 2000 mm,
respectively. The diagram indicates that the distortion energy decreases when the rolling radius R
increases. It is also observed that when R is 300 mm, the resistance deviates substantially from the
other curves, and this indicates the value of R determined by simple measurements is uncertain. When
R exceeds 800 mm, the rolling radius has a limited effect on energy dissipations. Therefore,
R ¼ 1000 mm is used in the present simplified calculations.

The energy dissipation results calculated by numerical simulations and the simplified analytical
method are compared in Table 4. By the simulation end, crushing length of the hold is 32 m, and there
Fig. 8. Sliding deformation of the outer bottom.



Fig. 9. Sliding deformation of the transverse floors.
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are altogether eight transverse members, including floors and bulkhead and three longitudinal girders
included in the structural deformation process.

Relative error in Table 4 is defined as:

error ¼
�
Rsimplified;method � Rnumerical;method

�.
Rnumerical;method$100% (25)

Fairly good agreement between the two methods is obtained. The relative error varies between
�18.5% and þ13.0%, which implies Hong and Amdahl’s simplified analytical model is capable of pre-
dicting distortion energy for shoal grounding accidents of shuttle-tanker double bottoms with satis-
factory accuracy.

Case D1 (45� 0.5H) is chosen as an example to illustrate the distortion energy characteristics and is
shown in Fig. 12. It is indicated that the two curves agree well, and humps in distortion energy curve,
due to repetitive collisions of transverse members, are reasonably captured. However, the distortion
energy predicted by simplified analytical method tends to increase slightly slower than that by nu-
merical simulations. This is mainly due to the neglect of interactions between the double-bottom
structural components.

For a better understanding of the role values of slope angles play in the deformation process, results
with a crushing length of 25 m are presented in Fig. 13 for indentations of 0.5H, 0.7H and 0.9H,
Fig. 10. Sliding deformation of the longitudinal girders.



Fig. 11. Total distortion energy when different rolling radius R is assumed.
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respectively. According to Fig. 13, when the slope angle of indenter grows to a certain value, energy of
the simplified analytical method will surpass that of numerical simulations, contrary to our expecta-
tion. According to our knowledge, distortion energy from the simplified analytical method should be
slightly smaller than that obtained with numerical simulations, because the simplified analytical
method neglects deformations of unimportant structural components.

To get a deeper understanding of this issue, distortion energy of each three components, namely
longitudinal girders, transverse members and the bottom plating, is studied and compared in Fig.14 for
the angle 45�. It is clearly observed that distortion energy of the longitudinal girder is overestimated,
energy due to floor deformations seems reasonable; while distortion energy of the bottom plating is
underestimated. However, it is interesting to find that distortion energy of these three components
adds up to a fairly good value with respect to total energy dissipation.

A possible reason for the discrepancies may be that the rolling radius R used is larger than the real
one, which thus leads to relatively smaller distortion energy of the outer bottom compared to that of
Table 4
Distortion energy calculation and comparison [units (�108 J)].

Case Distortion energy by
numerical method

Distortion energy by
simplified analytical method

Error

A1 5.0 4.1 �18.5%
A2 6.6 5.6 �15.8%
A3 8.1 7.3 �9.7%
B1 5.9 5.3 �9.2%
B2 6.7 6.3 �5.9%
B3 7.6 7.4 �2.8%
B4 8.4 8.4 0.0%
C1 7.5 6.9 �7.6%
C2 8.7 8.2 �5.5%
C3 10.0 9.5 �4.6%
C4 11.6 10.9 �5.9%
C5 12.6 12.4 �1.7%
D1 8.1 7.9 �3.4%
D2 9.4 9.3 �0.5%
D3 10.7 10.9 1.7%
D4 12.1 12.4 3.1%
D5 13.4 14.0 4.5%
E1 10.9 11.9 9.7%
E2 14.5 16.5 13.8%
E3 16.5 18.9 14.4%
E4 18.8 21.3 13.0%



Fig. 12. A comparison of the distortion energy-case D1.
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numerical simulations. The rolling radius R does not influence the energy dissipated by the girders
according to Eq. (2), and cannot be the source to the overestimation of energy dissipation by girders. It
is likely that some characteristics of the deformation mechanisms have not been fully grasped for the
longitudinal girders. Further studies should focus on determining the true value of rolling radius R and
obtain a better understanding of the deformation mechanisms.
Fig. 13. Distortion energy versus slope angle of indenter for an indentation of (a) 0.5H, (b) 0.7H and (c) 0.9H.



Fig. 14. Distortion energy comparison of three major components for a slope angle of 45� .
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Further, according to numerical simulation results, distortion energy of three major components
and energy considering all bottom structural members stays very close for all indentation levels, even
up to 0.9H. Table 5 shows that the relative error of grounding resistance for a given slope angle is
virtually independent of the indentation. Therefore it is concluded that simplified models adopted for
the three major double-bottom components are valid for indentations of a wide range. That is to say,
Hong and Amdahl’s simplified analytical method has well comprehended the role of indentations in
the deformation mechanisms.

Fig. 15 shows how distortion energy changes as indentations increase for a given indenter angle
using both numerical simulations and the simplified analytical method.

Fig. 15 and Table 4 demonstrate this simplified analytical method is capable of predicting the
distortion energy for a large range of slope angles with high precisions.
Table 5
Comparison consequences of the horizontal resistance [units (�107 N)].

Case Horizontal resistance (mean value)

Numerical method Simplified analytical method Error

With friction Without friction With friction Without friction With friction

A1 3.5 5.9 12.0 68.6% 242.9%
A3 4.7 7.2 14.8 53.2% 214.9%
A5 5.9 8.6 17.6 45.8% 198.3%
B1 3.5 4.6 8.4 31.4% 140.0%
B2 4.2 5.2 9.5 23.8% 126.2%
B3 5.0 5.7 10.5 14.0% 110.0%
B4 5.5 6.3 11.6 14.6% 110.9%
C1 4.0 4.2 7.7 5.0% 92.5%
C2 4.8 4.8 8.7 0.0% 81.3%
C3 5.6 5.4 9.8 �3.6% 75.0%
C4 6.3 6.0 10.8 �4.8% 71.4%
C5 7.0 6.5 11.8 �7.1% 68.6%
D1 4.1 4.3 7.9 4.9% 92.7%
D2 4.9 4.9 9.0 0.0% 83.7%
D3 5.6 5.5 10.1 �1.8% 80.4%
D4 6.5 6.1 11.2 �6.2% 72.3%
D5 7.1 6.7 12.3 �5.6% 73.2%
E1 5.5 4.9 12.1 �10.9% 120.0%
E3 7.5 6.5 15.9 �13.3% 112.0%
E4 8.4 7.3 17.8 �13.1% 111.9%
E5 9.6 8.1 19.7 �15.6% 105.2%



Fig. 15. Distortion energy versus indentation for various slope angles.
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3.2.3. Grounding resistance
The friction effect plays a significant role in calculating the horizontal resistances according to Hong

[16]. Numerical simulationwork is conducted with the friction coefficient m assigned as 0.3. Horizontal
resistances by the simplified analytical method are derived with the friction effect both considered and
unconsidered respectively. Comparison consequences are shown in Table 5.

According to Hong and Amdahl’s analytical expressions, the vertical resistance is not dependent of
the friction coefficient m. This means vertical resistances are identical whether or not the friction effect
is considered. Therefore, we will not distinguish here and comparison results are shown in Table 6.

Relative error in Tables 5 and 6 follows definitions in Eq. (25). The comparisons in Table 5 indicate
horizontal resistances are overestimated to some extent by Hong and Amdahl’s simplified analytical
method when the friction effect is considered. Tables 5 and 6 show errors of both vertical and hori-
zontal resistances change greatly with the variation of slope angle of the indenter; in some cases the
Table 6
Comparison consequences of the vertical resistance [units (�107 N)].

Case Vertical resistance (mean value)

Numerical method Simplified analytical method Error

A1 5.2 16.1 209.6%
A3 6.9 19.8 186.9%
A5 8.3 23.6 184.3%
B1 4.2 7.9 88.1%
B2 5.2 8.9 71.1%
B3 6.3 9.9 57.1%
B4 7.0 10.9 55.7%
C1 3.3 5.1 54.5%
C2 4.2 5.7 35.7%
C3 4.9 6.4 30.6%
C4 5.4 7.1 31.5%
C5 5.9 7.8 32.2%
D1 3.4 4.3 26.5%
D2 4.1 4.9 19.5%
D3 4.9 5.5 12.2%
D4 5.6 6.1 8.9%
D5 5.9 6.7 13.5%
E1 3.0 2.9 �3.3%
E3 4.1 3.8 �7.3%
E4 4.4 4.2 �4.5%
E5 5.5 4.7 �14.6%
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error is large. This implies that the effect of friction on grounding resistances has not been properly
reflected by the simplified analytical method.

Case E1 (60� 0.5H) and B3 (30� 0.7H) are discussed in some detail for illustrations of the horizontal
and vertical resistance characteristics. The mean values are compared in Figs. 16 and 17. The numerical
simulation provides an oscillating curve. It is observed that peak values of the horizontal resistance in
each wave are nearly constant, so are the trough values. This implies the horizontal resistance attains a
steady deformation situation. The vertical resistance, obtained by numerical simulations is also
oscillating, but peak values increase continuously and stabilize only for the last few peaks.

A probable explanation is that when the indenter passes the transverse floors, bending and crushing
deformations are idealized as perfectly plastic. In reality, only the part in contact with the front surface
of the indenter and a small portion nearby are in a plastic deformation state; a large portion of the
upper and side area of the floor plate is still subjected to elastic deformations, as shown in Fig.18.When
external forces are removed, deformations of the elastic part will get back into its original shape.
Consequently, during the sliding process, additional forces are developed to balance the forces from the
elastic deformations. These forces are not considered in Hong and Amdahl’s simplified analytical
method. As the indenter goes deeper, more transverse floors are subjected to collision and deform, the
additional forces thus keep increasing. When the whole indenter body enters the double bottom, the
external forces stabilize. The additional forces act predominantly in the vertical direction, therefore
vertical resistances increase for a certain horizontal displacement before it becomes stable. This dis-
tinguishes it from the horizontal resistance.

Peak values occur at the moment when the indenter passes transverse floors, which lasts for a very
short time. Bending and crushing deformations of the longitudinal girders and outer bottom plate take
place continuously. Therefore it is appropriate to represent the whole process with a mean value when
dealing with grounding resistances. Energy dissipated can be roughly estimated by multiplying the
horizontal force by the crushing length, and this has been mentioned by Hu et al. [17].

Horizontal and vertical resistances are plotted in Fig. 19 as a function of the indenter slope angle for
various indentation levels without considering friction effects. The horizontal resistance is well pre-
dicted for slope angles near 45�, but under predicted for slope angles larger than 45� and also for
smaller angles. For a ¼ 20� the under prediction is substantial. The vertical resistance is in good
agreement with numerical predictions for slope angles larger than 30�, but deviates significantly for
a ¼ 20�. When the friction effect is considered, discrepancies become even larger (see Fig. 20).

Precisions of the simplified model for the grounding resistance are not quite satisfactory when
friction effects are considered. Possible reasons for the discrepancies may be the neglect of contribu-
tions from vertical resistances. In Hong and Amdahl’s equations, only horizontal resistances are
Fig. 16. Comparison of horizontal resistances – case E1.



Fig. 17. Comparison of vertical resistances – case B3.
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responsible for energy dissipation, and this may overestimated the grounding resistance to some
extent. Further studies are needed for improving equations of grounding resistances in such cases.

4. Grounding performance of stiffened double bottom

4.1. Procedure for determination the k factor

The smeared thickness method proposed by Paik and Lee [18] defined the equivalent thickness as
the plate thickness that would result if all longitudinal stiffeners were smeared onto the bottom plating
as illustrated in Eq. (1). To obtain proper k values for sliding grounding, following assumptions are
made:

1. The effective thickness parameter k is assumed to be a function of the slope angle of the indenter
and the indentations.

2. Focus is placed on obtaining good agreement for the distortion energy. Due to the relation between
the distortion energy and horizontal resistance, the errors of the distortion energy and horizontal
resistances are minimized simultaneously.
Fig. 18. Scenarios of the indenter colliding over transverse floors.



Fig. 19. (a) Horizontal resistance; (b) vertical resistance; grounding resistance versus slope angle of the indenter (without friction).
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Then, procedure based on the above assumptions is as follows. First, Model II is analyzed to establish
the true energy dissipation for a number of indentations and slope angles. Next, the parameter k is
tuned according to Eq. (1) to obtain the smeared thickness for plates in Model I. The parameter k is
assumed to be a unique value within one simulation case. Numerical simulations for the same sce-
narios are executed using Model I. Energy dissipations for the two models are compared. If they match
well, this parameter k is acceptable. Otherwise, the parameter k should be for a second analysis of
Model I, and simulation continues until a suitable parameter k is determined. The same process is
executed for different grounding indentations and indenter slope angles. A relationship between
parameter k and indentation together with the slope angle is finally obtained. Considering the accuracy
and computation workloads, the errors are generally restricted within 5%. When all scenarios have
simulated, k can be determined as a function of indentation as well as the slope angle.

4.2. Determination of the k factor

4.2.1. Accuracy illustration of the parameter k
Higher predicting accuracy and lower computation costs are aimed for during the numerical sim-

ulations. For an illustration of the accuracy of final results, typical simulation cases with a slope angle
Fig. 20. Error of horizontal resistance (with friction) versus indentation.
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value of 30� and indentation magnitudes in a range of 0.1–0.9H are selected as examples. Results of
total distortion energy and relative errors for nine grounding scenarios are summarized in Tables 7
and 8 and Table 9 compares of the corresponding horizontal resistances subsequently. Other cases
share a similar situation and are not listed here.

The errors in Tables 7–9 are defined as:

error ¼ �
Xmodel_I � Xmodel_II

�	
Xmodel_II$100% (26)

It is seen from Table 7 the error for total energy dissipation in each case is less than 4%. Table 8
shows the maximum error of peak resistance for 9 indentation scenarios is 34.5%, and 14.3% for the
trough value, but the error for average horizontal resistances is only in the range of 3%, refer Table 9. It
is indicated that a minimization of errors of distortion energy accompanies with the simultaneous
minimization of mean horizontal forces, which confirms the applicability of the smeared approach. As
results allow omitting stiffeners from the FE models, the computation time is reduced substantially. A
stiffened case in our numerical simulationwill cost a computation time of about 120 h. However, when
stiffeners are omitted, it will be reduced to about 70 h. What is more promising is that when the
parameter k is properly determined, the smeared method will then be able to be combined with
validated Hong and Amdahl’s simplified method to perform instantaneous and reliable assessment of
structural performance for a practical double-bottom tanker during shoal grounding accidents.

4.2.2. Determination of proper k values
The k values determined using the above approach is summarized in Table 10.
For a given slope angle, small indentation depth (D/H� 0.3) has little impact on the parameter k. For

slope angles of 20�, 30�, 45� and 60�, proper k values are obtained as 2.3, 1.9, 1.3, and 0.7. The parameter
k exhibits a fairly good linear relationship with slope angle of the indenter. The fitted curve shown in
Fig. 21 is given by:

k ¼ 3:1� 7:2
180

q; ðD=H � 0:3; q˛ð20�;60�ÞÞ (27)

When D/H > 0.3, relationship between the parameter k and the slope angle is entirely different.
Even though indentationmagnitudes still have little effects on k, the relationship with slope angle is no
longer linear. The k value tends to decrease or remain constant as the slope angle increases. The
empirical expression relationship when D/H > 0.3 comes out to be:

k ¼
2
41:8; q˛½20�; 30�Þ
1:6; q˛½30�; 45�� ðD=H > 0:3Þ
0:9; q˛ð45�;60��

(28)

The slope angle of indenter is restricted within 20–60� mainly because the grounding seabed to-
pology is “shoal”, a kind of blunt seabed obstacle which may not cause rupture and tearing of bottom
Table 7
Comparison of total energy dissipation at the end of grounding.

Indentation Model I (Eþ08J) Model II (Eþ08J) Error

10%H 3.0 2.9 3.4%
20%H 4.2 4.1 2.4%
30%H 5.1 5.1 0.0%
40%H 6.0 6.0 0.6%
50%H 6.9 6.9 0.0%
60%H 8.0 8.1 �1.2%
70%H 9.0 9.2 �2.2%
80%H 9.9 9.7 2.1%
90%H 10.2 10.6 �3.8%



Table 8
Comparison of peak and trough values for the horizontal resistance.

Indentation Peak value (Eþ07N) Trough value (Eþ07N)

I II Error I II Error

10%H 5.6 4.4 27.3% 1.2 1.4 �14.3%
20%H 7.1 5.4 31.5% 2 2 0.0%
30%H 7.8 5.8 34.5% 2.3 2.6 �11.5%
40%H 8.1 6.1 32.8% 3.3 3.2 3.1%
50%H 8.6 6.8 26.5% 3.8 3.8 0.0%
60%H 9.1 7.3 24.7% 5.1 4.6 10.9%
70%H 10.9 8.7 25.3% 5.7 6 �5.0%
80%H 11.5 9.9 16.2% 6.2 6.1 1.6%
90%H 11.9 10.7 11.2% 6.5 6.3 3.2%
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structures like sharp rocks do, but tend to degrade the global strength of ships. Slope angles of 20–60�

are therefore considered sufficient to represent a blunt obstacle.
4.3. Detailed comparison of grounding forces for the smeared and the complete model

4.3.1. Horizontal resistance
The horizontal resistance for cases M33 and H33, case M38 and H38, and case M63 and H63 is

compared in Figs. 22–24
The curve exhibits clearly oscillations associated with the formation of consecutive folds of the web

floor. It should be noted that resistance variations caused by passing by transverse floors are much
more intense in the complete model. This is mainly because stiffenedmodels generally develop amuch
larger horizontal resistance peak. Once the transverse floors collapse and stiffener webs buckle,
grounding resistances will drop rapidly.

An interesting phenomenon is also found for the horizontal resistance curve that two consecutive
peaks occur for smearedmodels but are not seen in stiffened cases. One possible reasonmay be that for
unstiffened tankers, the first peak represents the yielding of the X-element frame structure composed
by the transverse floor and the longitudinal web girder dominated by axial collapse. However, when
the indenter slides further, the floor plate is horizontally stretched a displacement and therefore
consumes substantial energy, generating the second peak in the horizontal resistance curve. While for
stiffened tankers, stiffeners enhance considerably the structure stiffness and largely reduce this effect
so that it is not observed.

Fig. 25 shows the grounding characteristics of the two stiffened cases with different slope angles. It
is observed that horizontal resistances for the two slope angles are in the same order of magnitude.
Both curves are subjected to oscillations. Peak values are reached at when yielding and folding de-
formations take place and the time points are nearly identical. However, contrary to peak values,
Table 9
Comparison of mean values for the horizontal resistance.

Indentation Mean horizontal resistance (Eþ07N)

Model I Model II Error

10%H 2.1 2.1 0.0%
20%H 3.0 3.0 0.0%
30%H 3.8 3.9 �2.6%
40%H 4.5 4.6 �2.2%
50%H 5.3 5.3 0.0%
60%H 6.3 6.2 1.6%
70%H 7.1 7.2 �1.4%
80%H 7.7 7.8 �1.3%
90%H 8.3 8.4 �1.2%



Table 10
Parameter k for different slope angles and grounding depths.

D/H The slope angle of the indenter

20� 30� 45� 60�

0.1 2.3 1.9 1.3 0.7
0.2 2.3 1.95 1.3 0.7
0.3 2.2 1.9 1.4 0.7
0.4 1.9 1.65 1.6 1.1
0.7 1.8 1.6 1.6 1.0
0.9 1.8 1.5 1.6 0.9

Z. Yu et al. / Marine Structures 33 (2013) 188–213 209
trough values for the two slope angles are different. This is mainly due to influences of the slope angle.
The degrees of crushing intenseness are different so that durations of yielding and folding process also
differ.

From comparisons and discussions above, several comments can be made:

(1) The updated Paik’s smeared thickness method is capable of predicting the average horizontal
resistance with good accuracy and can be incorporated into the shoal grounding related simplified
analytical models to deal with stiffeners. Using this simplification, the computation time can be
reduced substantially. The error for the average resistance is less than 3% using the optimized k
factor.

(2) The smeared method tends to have lower peak values for the complete model, and variations of
horizontal resistances are not accurately consistent, especially near peak values. For example, for
case H33 two consecutive peaks occur for horizontal resistances calculated by smeared method,
while the complete model has only one peak, refer Fig. 22. The smeared thickness method cannot
simulate the deformation mode of the stiffeners accurately, which may be needed especially in the
design stage when the stiffener dimensions and arrangements are to be determined. This calls for
researches into the governing deformation mechanisms and energy dissipation patterns in future
studies.
4.3.2. Distortion energy
Fig. 26 shows the distortion energy of smeared models (cases H33, H38 and H63) and energy of

complete models (case M33, M38 andM63). Energy dissipation curves attain a steady increase, and are
Fig. 21. Relationships between parameter k and slope angles for moderate indentations.



Fig. 22. Horizontal resistance for cases M33 and H33.

Fig. 23. Horizontal resistance for cases M38 and H38.
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nearly identical for the complete and smeared models. This proves the smeared thickness method is
capable of predicting the energy dissipation accurately.

Energy dissipations for cases with an indentation of 0.3H and varied slope angles are compared in
Fig. 27. Energy increases as the slope angle value increases, but is less than proportional.
Fig. 24. Horizontal resistance for cases M63 and H63.



Fig. 25. Horizontal resistance for two slope angles (indentation depth 0.4H).
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Energy dissipated of each major structural component is presented in Table 11 for cases M34, M39
and M64, respectively. The distortion energy of the outer bottom plate, longitudinal girders and
transverse floors accounts for most of the energy dissipation. Stiffeners are also an important part.
From Table 11, it is interesting to find that for the same indentation 0.4H, the case with a slope angle of
60� (case M64) dissipates much more energy by the bottom plate and its stiffeners, in both absolute
and relative terms than that with a slope angle of 30� (caseM34). On the other hand, energy dissipation
of transverse floors drops slightly in magnitude, but drastically in proportion. Energy dissipated by the
girders increases slightly. Consequently, it is concluded that energy increase with variations of the
slope angle is primarily dissipated by the stiffened bottom shell. Results of case M34 and case M39
indicate energy consumption of stiffened major components increases to a varied degree when
Fig. 26. Energy absorption comparison between (a) case M33 and H33; (b) case M38 and H38; (c) M63 and H63.



Fig. 27. Energy absorption versus crushing length for different slope angles (D ¼ 0.3H).

Table 11
Energy dissipated for different structural components.

Components M34 M39 M64

Energy (MJ) Proportion Energy (MJ) Proportion Energy (MJ) Proportion

Girder 172 28.8% 248 24.4% 247 23.3%
Girder-stiffener 15 2.5% 25 2.5% 25 2.4%
Floor 110 18.4% 221 21.8% 107 10.1%
Floor-stiffener 11 1.8% 22 2.2% 10 0.9%
Bottom plate 191 31.9% 321 31.6% 440 41.5%
Bottom plate-stiffener 99 16.6% 179 17.6% 216 20.4%

Total 598 100% 1016 100% 1060 100%
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indentations grow from 0.4H to 0.9H. They work together to dissipate the additional energy due to an
indentation increase.

In summary, the outer bottom plate and the longitudinal girders tend to dissipate more energy as
the slope angle and indentation increases. As concerns the transverse floor, the slope angle seem to be
of little importance. This can be well explained by Hong and Amdahl’s simplified analytical method, in
which analytical expressions for the transverse floor energy are independent of the slope angle q. The
structural responses are significantly affected by the plating thickness and stiffeners. Although, some
effects are not properly captured, analyses show the smeared thickness method is capable of predicting
the grounding performance of stiffeners with fairly good accuracy.
5. Conclusions

This paper mainly deals with structural performance predictions of a practical double bottomwhen
grounding over the “shoal” type seabed topology with large contact surfaces. This process is done in
two stages with LS_DYNA numerical simulation software for unstiffened double bottom and stiffeners,
respectively. Following conclusions can be drawn:

(1) When a vessel with double-bottom structure slides over the “shoal” type seabed obstructions,
Hong and Amdahl’s simplified analytical method is capable of predicting the distortion energy for
indentations and slope angles in awide rangewith good accuracy. For the double-bottom structure
that was analyzed, when rolling radius R was properly determined, fairly good coherence was
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obtained for the distortion energy. The horizontal resistance was overestimated substantially
when the friction force was taken into consideration, and this may be due to the neglect of vertical
resistance in contributing to total energy dissipation. The slope angle of indenter plays a significant
role in affecting the accuracy of grounding resistances, while indentation is of less importance.

(2) Hong and Amdahl’s simplified analytical method is based on plastic mechanism analysis of major
bottom components, i.e. longitudinal girders, transverse floors and bottom shell plating. Com-
parisons with numerical analyses demonstrate that this method is valid for the indentations in a
large range. Even up to an indentation of 90% of the double-bottom height, other double-bottom
structural components still contribute little to total distortion energy dissipation, and can thus be
neglected.

(3) It is possible to determine an effective thickness parameter k, such that the distortion energy is still
accurately simulated. Due to the relations with energy dissipated, themean horizontal resistance is
minimized simultaneously. The parameter is empirical and depends on the slope angle of the
indenter and indentations.

(4) The smeared thickness method is verified of great value in helping to predict mean horizontal
resistances and energy dissipations with reasonable accuracy and reduced computation cost.
Nevertheless, it cannot capture all the significant features of an actual double-bottom structure. For
example, the maximum resistances are always underestimated.
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