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a b s t r a c t

As an increasing number of ships continue to sail in heavy traffic
lanes, the possibility of collision between ships has become pro-
gressively higher. Therefore, it is of great importance to rapidly and
accurately analyse the response and consequences of a ship's side
structure subjected to large impact loads, such as collisions from
supply vessels or merchant vessels. As the raked bow is a common
design that has a high possibility of impacting a ship side structure,
this study proposes an analytical method based on plastic mech-
anism equations for the rapid prediction of the response of a ship's
side structure subjected to raked bow collisions. The new method
includes deformation mechanisms of the side shell plating and the
stiffeners attached. The deformation mechanisms of deck plating,
longitudinal girders and transverse frames are also analysed. The
resistance and energy dissipation of the side structure are obtained
from individual components and then integrated to assess the
complete crashworthiness of the side structure of the struck ship.
The analytical prediction method is verified by numerical simu-
lation. Three typical collision scenarios are defined in the numer-
ical simulation using the code LS_DYNA, and the results obtained
by the proposed analytical method and those of the numerical
simulation are compared. The results correspond well, suggesting
that the proposed analytical method can improve ship crashwor-
thiness during the design phase.
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1. Introduction
As continuous streams of ships sail in the heavy traffic lanes, collisions still inevitably occur,
although many efforts, such as advanced navigational tools, have been introduced to enhance the
safety level of sailing ships. The structural responses of ships in collision accidents are of great concern
in the maritime industry due to the potential consequences to safety, environment pollution, and
economic investment losses.

The raked bow is a common design. Many ships, including supply vessels, merchant vessels, oil
ships, and warships, have a raked stem, even if they are equipped with a bulbous bow below. Most ship
collision studies concentrate on the damage caused by the bulbous bow. For example, Hong et al. [1]
proposed a direct design procedure for a FPSO side structure that might be subjected to large
impact loads caused by a bulbous bow; Haris and Amdahl [2] proposed an analytical model to
investigate the crashworthiness of a ship's side structure struck by rigid bows of two different shapes.
Gao and Hu [3] proposed a simplified analytical method for rapid predicting a FPSO side structure's
crashworthiness towithstand a collision by a rigid bulbous bow. Although the bulbous bow is generally
stronger than the raked stem, the response of ship side structure to a raked bow collision should not be
neglected. For example, Loïc Buldgen et al. [4,5] proposed a simplified analytical method to analyse the
oblique collision between two ships.

In the preliminary design stage, it is of great importance to predict the structural performance of a
ship's side structure to various potential accident scenarios. Additionally, in the risk evaluation after
accidents occur, it is essential to assess the consequences related to corresponding scenarios rapidly.
For these situations, a rational design procedure and calculation tools with high efficiency are required.
According to Hong [6], the current approaches to analyse ship collisions can be generally grouped into
three categories: experimental methods, non-linear finite element methods (NLFEMs), and simplified
analytical methods. Among the three methods, full-scale or large-scale collision and grounding ex-
periments are seldom executed because they are too expensive and risky; thus, small-scale experi-
ments are typically used to verify analytical methods; however, the costs are still high, and the
experimental results are difficult to interpret at real-scale conditions due to the intricate scaling effects
involved. Because of the explosive development of computer technology, the model test methods are
being gradually replaced by NLFEMs, which are considered “numerical experiments”, and can provide
significant details and satisfactory results on the deformation process of structures subjected to
collision accidents as long as the modelling parameters are properly set. Moreover, NLFEMs have the
advantage of low cost and repeatable analyses compared with the experimental method. Therefore,
NLFEMs are extensively used. For example, Haris and Amdahl [7] used the software LS_DYNA to pro-
duce virtual experimental data for several ship collision scenarios. Yu et al. [8] conducted numerical
simulations to verify a simplified analytical method for shoal grounding. Kitamura [9], Endo et al. [10],
and Yamada and Endo [11] analysed a series of buffer-bow designs with numerical simulations. Alsos
and Amdahl [12] investigated the failure criterions with respect to fracture by numerical analyses.
However, establishing the FE model and calculating different accident scenarios is a lengthy process.

Compared with the above mentioned methods, the simplified analytical method has a comparative
advantage given its reasonable accuracy, cost savings, time efficiency, and, most notably, its superiority
in providing insight into the governing physical processes. Based on these advantages, researchers have
developed theoretical models of nearly all ship structural components involved in ship collision and
grounding.

To analyse the crashworthiness of a struck ship, its side structure is typically divided into three basic
elements: the web girders, such as decks, transverse frames and longitudinal girders; the side panels,
such as outer and inner shell plating; and the stiffeners that are attached to the shell plating. Once the
resistance of each basic element is evaluated, the total response of the entire structure can be obtained
by summing the individual resistances. The crushing resistance of web girders was theoretically and
experimentally studied byWierzbicki and CulbertsoneDriscoll [13], Wang and Ohtsubo [14], Simonsen
[15], Zhang [16] and Hong and Amdahl [17]. Gao and Hu [18] summarised and compared these various
approaches and proposed a new theoretical model. Plate tearing typically occurs after a crushing
indentation of the web girder reaches a certain distance. Wierzbicki and Thomas [19], Ohtsubo and
Wang [20] and Zhang [21] proposed plate tearing models that can be used to calculate the tearing force
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of the web girder. For the side plating, Wang et al. [14,22], Simonsen and Lauridsen [23], Lee at al. [24],
Zhang [16], and Haris and Amdahl [2] investigated the deformationmechanisms in detail and proposed
various analytical formulae to obtain the resistance of the side plating. However, Wang et al. [25] found
that the response of the side plating is strongly dependent on the shape of the striking bow, which was
confirmed in this study, and a new analytical model of the side plating subjected to a raked bow
collision was obtained. The stiffeners attached to the plating are typically accounted for by the
smearing thickness approach proposed by Paik and Lee [26], but this method might underestimate the
role of the stiffeners during a shoal grounding accident [8]. Considering this possible underestimation,
Yu and Hu [27e29] made more predictions on the performance of stiffeners during a shoal grounding
scenario; however, the performance of the stiffeners attached to the side plating and deck in a collision
scenario has yet to be studied in depth.

Different design purposes determine different design strategies, which have been categorised by
the NORSOK Standard N-004 [30] into three types:

(a) Strength design, which implies that the struck ship is sufficiently strong to resist the collision
force with minor deformation, and thus, the striking ship is forced to deform and dissipate the
major part of the collision energy;

(b) Ductility design, which implies that the struck ship undergoes large plastic deformations and
dissipates the major part of the collision energy;

(c) Shared energy design, which implies that both the struck and striking ship contribute signifi-
cantly to the energy dissipation.

When a raked bow strikes a large tanker side structure, the damage to the tanker is the major
concern in the accident; thus, the ductility design is acceptable and assumes that the striking raked
bow remains undamaged, whereas the tanker side structure is ductile and will absorb most of the
striking energy. Therefore, the ductility design concept is used in this study to analyse the crashwor-
thiness of the struck ship's side structure.

In this study, a simplified analytical method is proposed to predict the crashworthiness of ship side
structures to withstand collision by a rigid raked bow. Three typical collision scenarios are defined, and
the non-linear finite element software LS_DYNA is used to simulate the collision process to identify the
deformation mechanism of the side structure. Based on the numerical simulation results, a new
theoretical model of the side plate, subject to a raked bow collision, is proposed, and an analytical
model of the deformed stiffeners attached to the plate is built. Additionally, an integrated analytical
method for predicting the structural response of the entire ship side structure is proposed. The
analytical method is verifiedwith the numerical simulation to assess the crushing forces, deformations,
and energy dissipation. The results of the analytical method and those of the numerical simulation
correspond well. Therefore, the proposed analytical method can be used in the preliminary design
stage to assess the crashworthiness of the ship side structure with the advantages of time saving and
reasonable accuracy.

2. Numerical simulations

To investigate the deformation mechanism of the side structural components of the struck ship,
numerical simulation can be first applied to simulate detailed collision processes.
2.1. Finite element model

A tanker is chosen as the struck ship, and a supply vessel with a raked bow is selected as the striking
ship. The principle dimensions of the tanker and the supply vessel employed in the numerical simu-
lation are given in Tables 1 and 2, respectively.

Because a ship collision is a localised event, only a part of one compartment of the tanker that
extends between two transverse bulkheads and contains all of the side structures is modelled. The
finite element model of the side structure includes major side structural components, such as the side



Table 1
Main particulars of the struck tanker.

Item Value

Length 288.0 m
Breadth 65.0 m
Depth 29.4 m
Design draught 22.0 m
Length of one compartment 35.0 m
Spacing of double side plantings 3.38 m
Spacing between transverse web frames 5.0 m
Spacing between longitudinal girders 7.2 m

Table 2
Main particulars of the striking supply vessel.

Item Value

Length 107.0 m
Breadth 15.0 m
Depth 7.49 m
Design draught 6.4 m
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plating, the deck with stiffeners, the longitudinal girders, and the transverse frames. The material
yielding stress and ultimate stress of the deck and its stiffeners are defined as 355 and 600 MPa,
respectively, whereas the material yielding stress and ultimate stress of the other side structural
components are set to 235 and 300 MPa, respectively. The critical fracture strain is used to define the
failure of the material. According to the NORSOK Standard N-004 [30], the parameter can be defined
as 0.2 and 0.15 for S235 and S355, respectively. The contacts that occur between structural compo-
nents during the simulation are treated as automatic single-surface contact in LS_DYNA, and the
friction coefficient value is set at 0.3. The selected element type of the finite element model in
LS_DYNA is a four-node quadrilateral Belytschko-Tsay shell element. To obtain a practical simulation
time as well as capture the major deformation modes, the reasonable length of the mesh size is set as
200 mm. There are a total of 123,520 elements in the finite element model. The side structure finite
element model is restrained at both longitudinal ends by fixing the six degrees of freedom. Thus, the
motions of the tanker are not considered in the analysis. The detailed structure layout is shown in
Fig. 1.

The striking ship is a 5000 DWT supply vessel with a raked bow. In the simulation, the structures of
the striking ship are defined as rigid properties, and the impact velocity is set at 3 m/s. The contacts
between the striking ship and struck side structure are defined as automatic surface-to-surface contact
in LS_DYNA, and the friction coefficient value is set at 0.3. The finite element model of the supply vessel
is illustrated in Fig. 2.

2.2. Simulation cases

Because the supply vessel, whose draught is normally shallow, is smaller than the large tanker,
whose draught is normally deep, the impact positions in collision accidents are always concentrated on
the upside of the tanker, and the impact indentation is not deep. Thus, the collision process considered
in this study is until contact occurs between the striking ship and inner shell plating, and three typical
collision scenarios are defined, as illustrated in Fig. 3. The three scenarios are:

(a) Scenario 1: The impact position is located on the deck and between two transverse frames of the
tanker. This is a likely position when the tanker in a laden condition;

(b) Scenario 2: The impact position is located between the deck and uppermost longitudinal girder
and between the two transverse frames of the tanker. The forecastle deck of the supply vessel is
the first to contact the tanker side; and



Fig. 1. FE model of a tanker's side structures: (a) the entire FE mode, (b) the model without the outer plating, locally zoomed.

Fig. 2. FE model of a 5000 DWT supply vessel: (a) the entire FE model, (b) the FE model of the raked bow, locally zoomed.
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(c) Scenario 3: The impact point of contact is on the uppermost longitudinal girder and between
two transverse frames of the tanker. The impact may nominally occur with the tanker in the
ballast condition.

For simplicity, only the mean draught of the two vessels are considered in this manuscript. The
results of the numerical simulation will be discussed chapter 5.

3. Analytical plastic method for structural components

A simplified plastic analytical method is appropriate for rapidly estimating the crashworthiness of
the struck ship in the pre-design stage. This method is used to evaluate the energy dissipation and
resistance of the structural components involved in the struck ship. It is assumed that the raked bow of
the striking ship is rigid and that the structural components of the struck ship side behave indepen-
dently (there is no coupling effect among the structural components). During collision accidents, the
structural components will suffer severe plastic deformations; it is possible to analytically estimate the
energy dissipation or resistance associated with these deformations.

The side structure of a struck ship is typically divided into three basic elements: the side shell
plating that suffers large out-of-plane deflections dominated by a membrane stretching behaviour;
the transverse frames, deck plating, and longitudinal girders will undergo an in-plane load during the



Fig. 3. Three typical collision positions: (a) schematic plot, (b) scenario 1, (c) scenario 2, (d) scenario 3.
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collision; and the stiffeners that are attached on the outer plating and deck are loaded by a
perpendicular transverse force. All of the above components will be related to closed-form formulae
to calculate the energy dissipation and resistance during a collision scenario. Finally, the integrated
crashworthiness, namely, the total energy dissipation and resistance of the struck ship's side struc-
ture, is obtained by summing the individual contributions from all of the crushed structural
components.

3.1. Basic theory

To evaluate the energy dissipation and resistance of each basic structural component, it is necessary
to describe the fundamental plastic theory that is the so-called “upper-bound theorem”.

According to the upper-bound theorem, the instantaneous force can be derived by equating the rate
of work for the external load with the rate of internal energy dissipation. The equilibrium can be
expressed as

Fplastic$ _D ¼ _Eint (1)

where Fplastic is the plastic force, which equals the external crushing load, _D is the crushing velocity of
the load, and _Eint is the internal strain energy dissipation rate, which can be divided into bending
energy dissipation rate _Eb and membrane energy dissipation rate _Em:

_Eint ¼ _Eb þ _Em (2)
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It is assumed that the two energy dissipation patterns are uncoupled and that the bending energy
dissipation is concentrated on the plastic hinge lines.

The bending energy dissipation rate _Eb and membrane energy dissipation rate _Em can be expressed
by the following equations:

_Eb ¼
Xn
i¼1

Mp _bili (3)

_Em ¼
Z
S

Np _εavgdS (4)

whereMp is the plastic bending moment, _bi and li are the curvature rate and length of hinge number i,
respectively, Np is the plastic membrane force, and _εavg is the average tensile strain rate.

The material is assumed to be rigid-perfectly plastic, and the effect of elastic strain is neglected. A
flow stress s0, which is the average value of the yield stress sy and ultimate stress su, is used to consider
the hardening effect.

3.2. Deformation mechanism of the side plating

Several researchers have investigated the deformation mechanism of the side plating, and it is
accepted that the response of the side plating is strongly dependent on the shape of the striking bow. A
new theoretical model of the deformed side plating subject to raked bow impact is proposed here.

3.2.1. Analytical model of the side plating
The deformation pattern of the outer side plating in scenario 1 of the numerical simulations is

shown in Fig. 4. Based on this pattern, a new theoretical deformation model is proposed, as shown in
Fig. 5.

The deflection of the plate D is expressed as

D ¼ L1 tan a1 ¼ L2 tan a2 ¼ H1 tan q (5)

where L1 and L2 are the length of the left and right sides of the deformed plate, respectively, which are
typically determined by the adjacent transverse frames whose deformations are not severe, a1 and a2
are the instantaneous rotation angles of the left and right side in the longitudinal direction, respec-
tively, H1 is the height of the deformed plate, which is determined by the adjacent longitudinal girder,
and q is the instantaneous rotation angle of the plate in the vertical direction.
Fig. 4. Deformation pattern of the side plating in a numerical simulation: (a) side view; (b) bottom view.



Fig. 5. Deformation model of the side plating.
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Then, the crushing velocity of the load _D can be expressed as

_D ¼ L1
cos2a1

_a1 ¼ L2
cos2a2

_a2 ¼ H1

cos2 q
_q (6)

where _a1 and _a2 are the angular bending rates of the left and right sides in the longitudinal direction,
respectively, and _q is the angular bending rate of the plate in the vertical direction.

During the crushing process, the strain of the deformed plate on the left side ε1 can be formulated as

ε1 ¼
�

l
cos a1

� l
��

l ¼ 1
cos a1

� 1 (7)

where l is the length of an arbitrary plate strip.
Thus, the strain rate of the plate on the left side _ε1 can be expressed as

_ε1 ¼ sin a1

cos2a1
_a1 (8)

Considering the geometry, the strain and strain rate of the plate on the right side can be expressed
as

ε2 ¼ 1
cos a2

� 1 (9)

_ε2 ¼ sin a2

cos2a2
_a2 (10)

Integrating Equations (8) and (10) into Equation (4), the membrane energy dissipation rate can be
obtained as

_Em ¼ N0 sideplate

�
S1

sin a1

cos2a1
_a1 þ S2

sin a2

cos2a2
_a2

�
(11)

where S1 and S2 are the areas of the left and right sides of the deformed plate, respectively, and
N0_sideplate is the fully plastic membrane stretching force per length of the plate trip and is expressed as

N0 sideplate ¼ s0tsideplate (12)

where tsideplate is the thickness of the outer side plating.
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The proportion of the bending energy dissipation is small. Neglecting this component does not
introduce large errors into the predicted total energy absorption. When the membrane energy dissi-
pation rate is obtained, the instantaneous resistance of the side plating can be derived by integrating
Equations (1), (2), (6) and (11):

Fp ¼
_Em
_D

¼ N0 sideplateS1 sin a1

L1
þ N0 sideplateS2 sin a2

L2
¼ 0:5N0 sideplateH1ðsin a1 þ sin a2Þ (13)

When the collision position is located a certain distance under the deck, such as in scenarios 2 and 3,
the deformation pattern of the side plating is similar to that of scenario 1. The theoretical model is
illustrated in Fig. 6.

Thus, the resistance of the plate is the combination of the upper part and lower parts. The resistance
of each part can be obtained via the analytical method presented above.

After the fracture of the side plating occurs, the crack will spread rapidly in the longitudinal di-
rection. In this circumstance, the deformation of the upside part will not continue, and the deformation
mechanism of the lower part is the same as that mentioned above; the deformation pattern of the side
plating from the numerical simulation is shown in Fig. 7.

3.2.2. Numerical validation of the proposed method
Once the analytical method for predicting the resistance of the deformed outer side plate is ob-

tained, the results can be validated by numerical simulations using LS_DYNA. As shown in Fig. 8, good
agreement is obtained between the numerical and analytical results.
3.3. Deformation mechanism of the stiffeners

The role of the stiffeners attached to the plate is to improve structural strength. Researchers usually
take the function of the stiffeners into account by the approach of smearing thickness, but this method
may underestimate the role of the stiffeners. Thus, a new theoretical model of the deformed stiffener
subjected to raked bow impact is proposed. In the present study, stiffeners and side plating are treated
separately to simplify the prediction method. The feasibility of this approach has been reported by Loïc
Buldgen et al. [4].
Fig. 6. Deformation model of the side plating.



Fig. 7. Deformation model of the side plating after fracture.
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3.3.1. Analytical model of the stiffener
The deformation pattern of a stiffener attached to the side plating in the numerical simulation is

represented in Fig. 9. The proposed analytical model is shown in Fig. 10.
As the stiffeners are welded onto the plate, an assumption is made that the stiffeners deform

simultaneously with the plating and maintain a stable deformation process. The ends of the stiffeners
are regarded as fixed on the adjacent transverse frames whose deformation is not severe.

The deflection of the stiffener D is expressed as

D ¼ l1 tan q1 ¼ l2 tan q2 (14)

where l1 and l2 are the longitudinal distance from the impact point to the left and right undamaged
transverse frames, respectively, and q1 and q2 are the instantaneous rotation angles of the left and right
rollers, respectively.

Then, the crushing velocity of the load _D can be expressed as

_D ¼ l1
cos2q1

_q1 ¼ l2
cos2q2

_q2 (15)

where _q1 and _q2 are the angular bending rates of the left and right rollers, respectively.
The energy dissipated at the side rollers is mainly through plastic bending and can be obtained by

Equation (3) as

_E1 ¼ M0 stiffenerts
�
_q1 þ _q2

�
(16)

At the middle roller, there are two major internal dissipation patterns, namely, plastic bending and
membrane stretching. The friction resistance affects the energy dissipation through membrane
stretching. The bending moment capacity is reduced by the presence of the axial force. The energy
dissipation rate can be obtained by Equations (3) and (4):

_E2 ¼ M1ts _q1 þM2ts _q2 þ N1ts _u1 þ N2ts _u2 (17)

where ts is the thickness of the stiffener, and _u1 and _u2 are the strain rates of the left and right sides of
the stretched stiffener, respectively, expressed as



Fig. 8. Comparison between the numerical and analytical solutions: (a) scenario 1, (b) scenario 2, (c) scenario 3.
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_u1 ¼ sin q1

cos2q1
_q1 (18)

_u2 ¼ sin q2
2

_q2 (19)

cos q2

M and N are the bending moment and normal force in the yield condition, respectively. The
interaction law between the normal force and bending moment is described by the yield locus pre-
sented in Fig. 11 and can be expressed as

M
M0 stiffener

þ
 

N
N0 stiffener

!2

¼ 1 (20)



Fig. 9. Deformation pattern of the stiffener in numerical simulations.

Fig. 10. Analytical model of the stiffener.
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where M0_stiffener and N0_stiffener are the fully plastic bending moment and fully plastic force per
thickness of the stiffener respectively, and can be formulated as

M0 stiffener ¼
s0H2

s
4

(21)

N0 stiffener ¼ s0Hs (22)
where Hs is the height of the stiffener.
Fig. 11. Interaction law between the normal force and bending moment.
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According to the normality criterion

�
_q
_u

�
¼ _l

8>><
>>:

vf
vM
vf
vN

9>>=
>>; (23)

the expression of normal force N can be obtained as

N ¼
N2
0 stiffener

2M0 stiffener
$
_u
_q

(24)

Then, by integrating Equations (16)e(20) and (24), the total energy dissipation rate of the stiffener
can be obtained as

_Es ¼ _E1 þ _E2 ¼ 2M0 stiffenerts
�
_q1 þ _q2

�þ N2
0 stiffener

4M0 stiffener
ts

�
sin2

q1

cos4q1
_q1 þ

sin2
q2

cos4q2
_q2

�
(25)

Finally, the instantaneous resistance of the stiffener can be derived by integrating Equations (1), (15)
and (25):

Fs ¼
_E
_D
¼ 2M0 stiffenerts

�
cos2q1

l1
þ cos2q2

l2

�
þ

N2
0 stiffener

4M0 stiffener
ts

�
sin2

q1

l1 cos2q1
þ sin2

q2

l2 cos2q2

�
(26)

It should be emphasized that N is never equal to or larger than N0_stiffener. If N ¼ N0_stiffener, we have
M ¼ 0, and thus, Equation (26) can be replaced by

Fs ¼ M0 stiffenerts

�
cos2q1

l1
þ cos2q2

l2

�
þ N0 stiffenerts

�
sin q1

l1
þ sin q2

l2

�
(27)

When the stiffeners attached on the deck are considered, the deformation mechanism remains the
same, then the resistance can be calculated by replacing the thickness ts by the heightHs of the stiffener
in Equations (26) and (27).

3.3.2. Numerical validation of the proposed method
Once the analytical method for predicting the resistance of the deformed stiffener was obtained, the

results can be validated by numerical simulations using LS_DYNA. As shown in Fig. 12, good agreement
is obtained between the numerical and analytical results.
3.4. Deformation mechanism of the web girder

Many researchers have studied the deformationmechanism of the web girder subjected to in-plane
concentrated or patch loads using both experiments and NLFEMs. A number of analytical methods for
assessing the crushing resistance of the web girder have been proposed based on the plastic mecha-
nism analysis of theoretical deformation models. Gao and Hu [18] summarised and compared the
existing analytical methods for instantaneous crushing resistance and proposed a more detailed
theoretical deformation model that accounts for some important deformation features of the web
girder based on numerical simulations.

When the crushing indentation reaches a certain distance, the plating tears. The plate tearing
process can be separated into an initiation phase and steady-state phase. In the initiation phase, the
tearing force increases with the crushing indentation. There is a constant resistance in the steady-state



Fig. 12. Comparison between the numerical and analytical solutions: (a) scenario 1, (b) scenario 2, (c) scenario 3.
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phase that typically occurs during grounding accidents but not in collision accidents; therefore, the
steady-state phase will not be discussed in this paper.

In the present study, the simplified analytical methods proposed by Gao and Hu [18] and Zhang [20]
are utilised to predict the resistance force of the deck, longitudinal girders and transverse frames. These
methods are briefly described below.

3.4.1. Crushing model of the web girder
The theoretical deformation model for crushing a web girder is shown in Fig. 13. Many wrinkles are

regularly developed during the crushing process; the characterised depth of the first fold is 8H, and 6H
is the characterised depth of the subsequent folds. H can be calculated as

H ¼ 0:193ðb1b2twÞ1=3 (28)

Then, the instantaneous resistance of the web girder during the first folding process can be
expressed as



Fig. 13. Deformation model of the web girder [18].
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Fw ¼ 0:75M0 girderðb1 þ b2Þ

H

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�

�
1� d

8H

�2
s þ 5:1N0 girderHd

�
1
b1

þ 1
b2

�
(29)

The crushing resistance of the web girder upon then th (n > 1) fold can be obtained as

Fw ¼ 5:1N0 girderHðnd� ðn� 1Þð3n� 2ÞHÞ
�
1
b1

þ 1
b2

�
þ pM0 girderðb1 þ b2Þ

3H
(30)

where d is the crushing indentation of the web girder, and b1 and b2 are the lengths of the left and right
sides of the web girder, respectively. M0_girder and N0_girder are the fully plastic bending moment and
fully plastic force per width of the web girder, respectively, which are expressed as

M0 girder ¼
s0t2w
4

(31)

N0 girder ¼ s0tw (32)

where tw is the thickness of the web girder.

3.4.2. Tearing model of the web girder
As the space between the double shells is not sufficiently deep for plate tearing entering into the

steady-state phase, the instantaneous resistance of the web girder during the initiation tearing phase
Fig. 14. Tearing model of the web girder.
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is considered; the theoretical model is shown in Fig. 14. The instantaneous resistance can be expressed
as

Fw ¼ 1:942s0t
1:5
w D0:5

ε
0:25
u ðtan bÞ0:5

�
1þ m

tan b

�
(33)

where εu is the ultimate strain of the web girder, b is the half apex angle of the indenting wedge, and m

is the friction coefficient.

4. Prediction procedure

There are several key steps to predicting the response of ship side structures to a raked bow
collision; these steps are presented below.
4.1. Definition of the collision scenario

Prior to the analysis of ship collision, it is necessary to define the collision scenario. The head-on
collision is discussed in this paper because it is considered a severe scenario. Then, three impact po-
sitions were selected considering the relative size of the ships in a collision accident (see Fig. 3).
4.2. Identification of the damaged structures in the collision process

To reduce the computational complexity, it is assumed that before the raked bow contacts a
structural component of the ship's side, the deformation of the component will not occur and the
component will not participate in withstanding the impact.

A collision is typically a local event. The failure patterns proposed have clear boundaries that
separate the deformed region from the undeformed region. The deformation region is assumed to
be determined by the nearest undamaged supporting web girders, which limit the deformation of
the structures adjacent to them. These assumptions make this analytical prediction method
feasible.

Once the outlines of the ships involved in the collision accidents are provided and the collision
scenarios are determined, the structural members involved in the collision process can be determined
by the combination of the outlines of the raked bow from the draft of the striking ship and the
structural layout of the side structure from the draft of the struck ship. It is convenient to simulate the
collision process in a plane figure and identify the contact situation of the two ships; then, the
structural components that participate in the resistance calculation during the collision process can be
obtained.

One example of the simulations is illustrated in Fig. 15. The outline of the raked bow and the
structural layout of the side structure (without stiffeners) from the top view are combined to
simulate the collision process. The beginning of the collision is shown in Fig. 15(a), where the
indentation is 0 m. In Fig. 15(b), the outer plating has been crushed by the bow, but contact between
the bow and transverse frames does not occur; thus, the transverse frames act as the boundaries in
this case, and only the outer plating contributes to the resistance of the side structure. In Fig. 15(c),
when the indentation is 0.48 m, the transverse frames begin to contact the raked bow, and they
begin to contribute to the total resistance. In Fig. 15(d), the transverse frames have also been crushed
by the bow, but they are still limiting the deformation of the outer plating. In Fig. 15(d), point A
represents the foremost point of the striking bow, points B and C denote the endpoints of the
transverse frames, points D and E denote the intersections of lines AB and AC, the horizontal straight
line represents the outer side plating, and points D and E represent the boundaries of the deformed
outer side plating.

The longitudinal components involved in the collision can be determined in a similar manner that
combines the outline of the raked bow and the structural layout of the side structures from the side
view.



Fig. 15. Simulation of the collision process (top view).
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4.3. Prediction of the rupture of the outer plating

Many researchers use the maximum strain failure criterion in a tensile tearing failure model to
predict the rupture of the plate subjected to an out-of-plane load. This criterion states that the
structure ruptures when the maximum strain in a structure reaches a critical strain. This criterion was
used in the present analysis.

The tensile ductility of mild steel typically ranges from 0.20 to 0.35. Considering scale effects be-
tween test coupons, large-scale structures and initial material defects, Amdahl [31] recommended that
critical strain values between 0.05 and 0.10 be used for full-scale side collision assessment. In the
preliminary design stage, the critical strain value can be chosen by the designers. The relationship
between the indentation and maximum strain of the outer plating can be obtained by substituting
Equation (7) or (9) into Equation (5):

D ¼ L1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε
2
m þ 2εm

q
¼ L2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε
2
m þ 2εm

q
(34)

where εm is the maximum strain of the outer plating chosen by designers and L1 and L2 are the lengths
of the left and right sides of the deformed plate, respectively.

The outer plating typically only ruptures when the impact point is under the deck, such as in
collision scenarios 2 and 3.
4.4. Introduction of correction factors for predicting the resistance of the outer plating

In an actual collision process, the deformation of the outer plating always deviates somewhat from
the ideal conditions proposed previously.

When the impact point is on the intersection of the deck and the outer plating, such as in collision
scenario 1, or after the rupture of the outer plating (scenarios 2 and 3), some differences between the
predicted parameters and actual parameters are detected in numerical simulations, as shown in Fig. 16.
The ideal indentation is the crushing distance of the raked bow, which is equal toD, whereas the actual
indentation is the real crushing distance of the side plating, which is smaller than the ideal indentation
and expressed as D0. Similarly, the actual deformation height of the side plating, which is expressed as



Fig. 16. Deformation of the outer side plating: (a) scenario 1, (b) scenario 2.
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H0
1, is smaller than the ideal deformation height and is equal to H1. Thus, some modifications of the

parameters are proposed to improve the applicability of the formulae in the practical prediction
method. The correction factor for indentation was set as l1 ¼ 0.95, and the correction factor for height
variationwas set as l2 ¼ 0.9. The actual crushing indentation and actual deformation height of the side
plating can be expressed as

D0 ¼ l1$D (35)

H0
1 ¼ l2$H1 (36)
The accuracy of the proposed correction factors is verified in section 3.2.2.

4.5. Prediction of the rupture of the web girder

During a collision, a web girder undergoes crushing before a rupture occurs. Once a rupture takes
place, tearing dominates the behaviour. It is important to predict the occurrence of a rupture, which
defines when to switch from a crushing model to a tearing model.
Fig. 17. Flowchart of a ship collision analysis.
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Various numerical simulations have shown that the maximum strain failure criterion cannot
accurately predict rupturing. As an alternative, an assumption was adopted to simplify the calculation
using a simplified analytical model. Specifically, the crushing model is used until the indentation
reaches a distance equal to four folding lengths, beyond which plate tearing will replace the crushing
model. The folding length can be characterised by 26H, and H can be obtained by Eq. (28).

The plate tearing model will be sustained during the remainder of the collision process after a
rupture occurs.

4.6. Calculation of resistance

The structural components are assumed to work independently. Therefore, as soon as these pa-
rameters have been defined, the crushing resistance of the struck ship can be evaluated simply by
following the flowchart presented in Fig. 17.
Fig. 18. Comparison between the numerical and analytical solutions for scenario 1: (a) energy dissipation and (b) resistance force.
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5. Verification of the analytical prediction method

Numerical simulation using the code LS_DYNA was performed to verify the proposed analytical
method. In the simulation, three typical collision scenarios are defined, in which a tanker's side
structure is struck by a ship with a rigid raked bow. Detailed information of the numerical simulation is
provided in chapter 2.

Comparisons weremade between the numerical simulations and analytical predictions. Figs. 18e20
show the comparison of energy dissipation and resistance of the selected collision scenarios.

In scenario 1, several major components, including the deck plating, outer side plating and stiffeners
attached to the side plating, participate in withstanding the impact at the initial stage, and the
transverse frames and stiffeners attached to the deck are considered with the gradual advancement of
the collision process. When the indentation reaches approximately 2.5 m, the deck ruptures, and the
resistance of the side structure decreases (these are considered in the analytical method, see Fig. 18
(b)).
Fig. 19. Comparison between the numerical and analytical solutions for scenario 2: (a) energy dissipation and (b) resistance force.



B. Sun et al. / Marine Structures 41 (2015) 288e311308
In scenario 2, only the outer side plating and the stiffeners attached to it participate inwithstanding
the impact at the initial stage, and the transverse frames are considered when the crushing indentation
reaches approximately 0.3 m. In the advancement of the collision process, the rupture of the outer side
plating occurs at approximately 1.2 m, and the longitudinal girder begins to take part in the resistance
when the crushing indentation reaches approximately 2.4 m. All of these features were considered in
the model, as shown in Fig. 19(b).

For scenarios 1 and 2, the resistance variation tendency of the prediction results is similar to the
results of the numerical simulation. Only a few discrepancies are found between the analytical method
and numerical simulation; therefore, the comparison results are satisfactory.

In scenario 3, several major components, including the longitudinal girder, outer side plating and
stiffeners attached to the side plating, participate in withstanding the impact at the initial stage, and
the transverse frames are considered when the crushing indentation reaches approximately 0.3 m. The
side plating and longitudinal girder rupture when the crushing indentation reaches approximately 1.2
Fig. 20. Comparison between the numerical and analytical solutions for scenario 3: (a) energy dissipation and (b) resistance force.
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and 2.3 m, respectively. The features are shown in Fig. 20 (b). Some discrepancies were found after
rupture occurred in the outer side plating, and the characteristics of resistance variation are not suf-
ficiently simple to capture in detail, as shown in the plot. The discrepancies may be because the in-
teractions among the different components were neglected, which result in the deformation of the
components not entirely conforming to the proposed theoretical models; however, the prediction
results for scenario 3 are still acceptable.

In summary, the comparisons between the results of the numerical simulation and the analytical
prediction method are satisfactory. This demonstrates the strength of the proposed analytical method,
making it a potential tool for use in preliminary design.

6. Conclusions

An analytical prediction method for predicting responses of ship side structures subjected to raked
bow collisions was proposed. New simplified analytical models were developed for the side shell and
attached stiffeners based on observations of numerical simulations and the theory of structural
crashworthiness. Crushing and tearing models were integrated to predict the responses of web girders.
All of the structures were assumed to perform independently, and the proposed analytical models for
each structural component were verified by a series of numerical simulations. To describe the entire
collision process and application of the proposed analytical method in every stage clearly, several key
steps for predicting the response of side structures were presented. Additionally, several assumptions
and correction factors were employed for simplicity.

Three typical collision scenarios were defined and calculated using the proposed analytical pre-
diction method, and the accuracy was validated by numerical simulations. The results show that the
proposed method is promising for use in the design phase to assess the crashworthiness of a ship with
a double shell subjected to a raked bow collision.
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Nomenclature

b1 length of the left side of the web girder
b2 length of the right side of the web girder
_Eint internal strain energy dissipation rate
_Eb bending energy dissipation rate
_Em membrane energy dissipation rate
_E1 energy dissipated at the side roller
Fplastic plastic force
FP instantaneous resistance of the side plating
Fs instantaneous resistance of the stiffener
Fw instantaneous resistance of the web girder
H characterized depth
H1 height of the deformed plate
H0

1 actual height of the deformed plate
Hs height of the stiffener
L1 length of left side of the deformed plate
L2 length of right side of the deformed plate
l length of arbitrary plate strip
li length of hinge numberi
l1 longitudinal distance from the impact point to left undamaged transverse frame
l2 longitudinal distance from the impact point to right undamaged transverse frame
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M bending moment in yield condition
Mp plastic bending moment
M0_stiffener fully plastic bending moment per thickness of stiffener
M0_girder fully plastic bending moment per width of web girder
N normal force in yield condition
Np plastic membrane force
N0_sideplate fully plastic membrane force per length of plate trip
N0_stiffener fully plastic force per thickness of stiffener
N0_girder fully plastic force per width of web girder
S1 area of left side of the deformed plate
S2 area of right side of the deformed plate
tsideplate thickness of the outer side plating
ts thickness of the stiffener
tw thickness of the web girder
_u1 strain rate of the left side of stretched stiffener
_u2 strain rate of the right side of stretched stiffener
D crushing indentation
D0 actual crushing indentation of side plating
_D crushing velocity of the load
a1 rotation angle of left side in longitudinal direction
a2 rotation angle of right side in longitudinal direction
_a1 angular bending rate of left side in longitudinal direction
_a2 angular bending rate of right side in longitudinal direction
_bi curvature rate of hinge numberi
b half apex angle of the indenting wedge
_εavg average tensile strain rate
s0 flow stress
sy yield stress
su ultimate stress
q instantaneous rotation angle of the plate in the vertical direction
_q angular bending rate of the plate in the vertical direction
q1 instantaneous rotation angle of left roller
q2 instantaneous rotation angle of right roller
_q1 angular bending rate of left roller
_q2 angular bending rate of right roller
ε1 strain of deformed plate on the left side
_ε1 strain rate of the plate on the left side
ε2 strain of the plate on the right side
_ε2 strain rate of the plate on the right side
εm maximum strain of outer plating
εu ultimate strain of the web girder
d crushing indentation of the web girder
m friction coefficient
l1 correction factor for indentation variation
l2 correction factor for altitude variation
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