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A theoretical model is introduced in this paper for structural per-
formance of stiffeners on double-bottom longitudinal girders in a
shoal grounding accident. Major emphasis is placed on establish-
ing the characteristic deformation mechanism of stiffeners and
identifying major energy dissipation patterns. Numerical simula-
tions using the LS-DYNA nonlinear finite-element program were
carried out to examine thoroughly the progressive deformation
process during sliding deformation. Stiffener deformations were
observed to fall into two categories: stiffeners fully contacted with
the indenter, and stiffeners subjected to indirect deformation due
to energy transfer from attached girders. Grounding performance
of stiffeners is substantially influenced by that of the attached
plating, and therefore a review of the existing deformation models
of longitudinal girders (i.e. Simonsen 1997, Midtun 2006 and Hong
2008) was included. Hong's model of bottom girders was found
not capable of representing the effects of stiffeners, and a new
model of girders was thus developed. Based on observation of the
numerical deformation process and the new analytical girder
model, a kinematically admissible model of stiffeners on bottom
longitudinal girders was built. Using the methods of plastic
mechanism analysis, simplified analytical expressions for energy
dissipation by girder-attached stiffeners, both fully contacted and
.
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Nomenclature

D indentation (grounding dept
j slope angle of the indenter
q half the radius angle of the a
a angle of inclination in the tr
m frictional coefficient
Hs height of girder stiffener
Hb height of the double bottom
2H0 critical vertical cycle length
2H vertical cycle length
t thickness of stiffener plate
s0 flow stress
M0,b fully plastic bending momen
M0,c fully plastic tripping or verti
N0 fully plastic membrane force
V velocity of the moving inden
k curvature of the curve
r rolling radius during crushin
R radius of the arc AB
h maximum transverse extens
h0 maximum transverse extens
y transverse extension of stiffe
Lc cycle length of stiffeners
L half the cycle length of stiffe
l floor spacing
di vertical distance between in
ds vertical distance between in
Eib idealized bending energy for
Etr tripping energy of stiffeners
Ec vertical crushing energy for
Em membrane stretching energy
EL total energy for fully deform
Eib0 idealized bending energy for
Em0 membrane stretching energy
EL0 total energy for indirectly de
FH mean horizontal resistance
Fv mean vertical resistance
FH,plasticity mean horizontal resistance
noncontacted, were formulated, and equations for grounding
resistance were subsequently obtained. The theoretical expres-
sions agree favorably with results from nonlinear finite-element
simulations and capture two significant characteristics of the
problem: that energy varies little with indentation for stiffeners
that fully contacting the indenter, and that energy is independent
of slope angle for indirectly deformed stiffeners. The proposed
theoretical model helps to predict analytically shoal grounding
performance of stiffeners on longitudinal girders with reasonable
accuracy.

© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

The purpose of this paper is to shed light on the deformation behavior of stiffeners attached to a
bottom longitudinal girder and to analyze the corresponding energy dissipation by means of plastic
analytical methods when a ship runs aground over a “shoal”-type seabed obstruction. By analyzing the
deformation mode and energy dissipation as internal mechanics, the proposed method deepens the
understanding of deformation mechanics of bottom girders and attached stiffeners in “shoal”
grounding accidents.

Ship grounding over seabed obstacles has been identified as a major hazard to ship safety. Table 1
presents accidents involving Greek-flag ships over 100 GRT occurring from 1993 to 2002 [1]. It can be
seen that groundings conspicuously accounted for almost 43% of total accidents. Potential conse-
quences of such accidents vary from minor structural damage to major threats to structural integrity,
great economic loss, and severe oil pollution. In extreme cases, the vessel may sink and deprive
numerous people of their lives [2]. Examples are seen in connection with the grounding of the Exxon
Valdez, which poured approximately 40,000 tons of crude oil into a pristine wilderness area and
caused a great ecological disaster. A number of such grounding accidents with severe consequences
have aroused a great public outcry. Tremendous efforts have been made in two major directions:
reducing the probability of occurrence of grounding, and understanding deformation mechanisms to
optimize crashworthiness design. The research described in this paper belongs to the second category
and may contribute to the design and construction of ships.

The prevalent approaches to estimate the grounding performance of structures can be divided into
four categories: model-scale tests, empirical methods, plastic analytical methods, and nonlinear finite-
element methods (NLFEM). It is advantageous to use plastic analytical methods because they provide
significant insights into the governing physical process and predict energy dissipationwith reasonable
accuracy while require limited computation. Many simplified analytical formulas have been developed
based on the construction of realistic deformation mechanisms identified from actual ship accidents or
model tests. Wang [3] predicted the strength of a ship hull in the event of grounding by considering
four primary failure modes. Ohtsubo and Wang [4], Simonsen and Wierzbicki [5], Zhang [6], and
Amdahl [7] have all contributed substantially to the identification and development of simplified
analytical models for ship structures subjected to accidental loads.

Structural responses when subjected to grounding actions depend mainly on the scantlings, the
nature of the loads, and the boundary conditions [8]. The shape and size of the striking objects, which
affect greatly the nature of the loads, were proved to be of crucial significancewith respect to structural
damage by Alsos and Amdahl [9]. They defined three types of seabed indenters, “rocks”, “reefs”, and
“shoals” through a series of finite-element analyses, as shown in Fig. 1. Among these, shoal groundings
(involving large contact surfaces), which are investigated in this paper, have not attracted the same
attention from researchers as rock-type groundings. However, shoal grounding can significantly
threaten the overall hull-bending capacity and eventually trigger collapse of the hull girder, with
hazardous consequences [10]. Therefore, shoal grounding accidents call for more profound under-
standing of the governing structural collapse mechanisms.
Table 1
Accidents involving Greek ships over 100 GRT from 1993 to 2002.

Capsizing 4 0.9%
Explosion 10 2.3%
Steering failure 2 0.5%
large heel angles 4 0.9%
Mechanical failure 107 24.3%
Failure of propeller 12 2.7%
Grounding 189 42.9%
Fire 46 10.4%
Collision 24 5.4%
Water ingress 42 9.5%
Excessive loading 1 0.2%
Total 441 100.0%



Fig. 1. Seabed topology with reference to bottom-object sizes: (a) rock; (b) reef; (c) shoal.
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Stiffeners are indispensable structural components of vessels which support plating structures
against overall loads and lateral pressures and also provide considerable stiffness to resist grounding
action. A widely used method for predicting the performance of stiffened structures is to “smear” the
stiffeners onto their attached plating, a method called the smeared thickness method by Paik [11] as
shown in Eq. (1). teq is the equivalent thickness, t0 is the original plate thickness, As is the sectional area
of the stiffeners and b is the span between two adjacent stiffeners. It should be noted that k is the
“effectiveness-ratio” for the stiffeners, which is an empirical constant accounting for the influence
induced by the type of stiffeners or grounding scenario. The parameter k is often taken as 1.0 due to
simple calculation.

teq ¼ t0 þ k
As

b
(1)

This approach greatly simplifies the calculation process. However, Hu and Amdahl [12] found that
the role of stiffeners during shoal grounding accidents has been underestimated when k ¼ 1 and the
collapse pattern of the stiffeners cannot be captured using the smeared thickness method. More
recently, Liu et al. [13] performed numerical simulations using the LS_DYNA program to ascertain the
proper values of the effective parameters k. But it still needs further validationwhether the determined
effective parameter k is transferable to a different ship or not.

Therefore, the present work is undertaken in response to the need for accurate predictions of
stiffener performance during a shoal grounding accident. NLFEM (nonlinear finite element method)
has exhibited outstanding abilities to simulate certain grounding actions with the explosive increase in
available computational capacity. Numerical analysis using the LS_DYNA programwas thus carried out
in this paper. The numerical simulation results can help understand grounding performances of
structures, help discuss the existing simplified models of longitudinal girders, and finally validate the
proposed theoretical model. Using plastic analytical methods, the corresponding deformations were
analyzed analytically. To provide comprehensive verification, numerical simulation cases covered a
wide range of indenter slope angles and indentations, and the results were encouraging.

2. Problem description

Hong and Amdahl [2] discussed the structural behavior of a typical double-bottom tanker when
running aground over blunt seabed obstructions with large contact surfaces. Three major bottom
components are considered, namely, longitudinal girders, transverse floors, and the bottom plate.
However, they did not include stiffeners, although a double-bottom structure is always equipped with
stiffeners in reality. Stiffeners play an indispensable role in enhancing the strength and stiffness of
structures. The performance of stiffeners on the outer bottom plating and the transverse floor plating
in such grounding accidents was studied by Yu et al. [14,15]. This paper continues to investigate
deformation mechanism of stiffeners on longitudinal girders under shoal grounding conditions. The
grounding scenario is presented in Fig. 2, where the shoal-type obstacle is represented by an intruding



Fig. 2. Typical double-bottom structure with stiffeners.
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indenter with trapezoidal cross section. Only major components of the double-bottom model are
shown for clarity.

The stiffeners on the longitudinal web girders are of major interest, and their arrangement is
presented in Fig. 3. Three stiffeners are uniformly distributed in the vertical direction and are
numbered respectively as 1, 2, and 3 from bottom to top. The deformation patterns of three stiffeners
on one girder after sliding can be seen in Fig. 4, where an indentation of 0.7Hb (Hb being the height of
the double bottom) is used as an illustration. According to Fig. 4, stiffeners undergo a steady defor-
mation process during sliding grounding, exhibiting an arc-shaped deformation curve. Numerical
simulation results show that stiffeners can be divided into two categories based on contact extent:
stiffeners which fully contact the indenter, and stiffeners which do not touch the indenter and deform
in response to the deformation of girders. For an indentation of 0.7Hb, stiffener No.1 and No. 2 are fully
contacted with the indenter, while stiffener No. 3 is indirectly deformed. It can be seen that the curves
oscillate with apparent periodicity. Periodicities are generally the same for stiffeners in different ver-
tical positions, but deformation wave phases are different. For fully contacted stiffeners (i.e. stiffener
No. 1 and No. 2), the observed vibration amplitudes are almost the same. But it is smaller for the
indirectly deformed stiffener (i.e. stiffener No. 3).

A snapshot of stiffeners during sliding deformation is shown in Fig. 5, where an angle of inclination
can be observed between the deformed and undeformed parts of the stiffener plating and serves as a
transitional region. During sliding grounding, the undeformed stiffener is gradually crushed down to
the vicinity of the grounding indentations and ultimately forms the arch-shaped oscillating defor-
mation curves. Because of the oblique transitional region, the maximum transverse extents of the
arches formed are almost the same for fully contacted stiffeners in different vertical positions, as
shown in Fig. 4.

Hong and Amdahl's simplified analytical method in Ref. [10] are deduced for only longitudinal
girders where interactions with the transverse floors and other components are not considered. In a
Fig. 3. Arrangement of longitudinal girder-attached stiffeners.



Fig. 4. Deformation patterns of 3 stiffeners on one girder.
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subsequent paper, Hong and Amdahl assembled directly three major double-bottom components to
make quick predictions of the performance of a double bottom during a shoal grounding accident, as
described in Ref. [2]. This rapid assessment model, however, leaves out the effects of interactions
between bottom components, which may affect predictive accuracy. This paper focuses on stiffeners in
a practical double bottom with all bottom structures involved, and therefore interactions among
bottom components must be considered. The cruciform structure formed by transverse floors and
longitudinal girders enhances substantially the strength and rigidity of the bottom structure and in-
fluences greatly the deformation periodicity. Table 2 gives the corresponding average cycle lengths
calculated using the LS_DYNA program and measurements, with the interval between floors held
constant at l ¼ 4 m.

In Table 2, the simulation cases are defined as follows: case “20_5” denotes a slope angle of 20� for
the indenter and a ratio of 0.5 for indentation versus bottom height. The other cases follow the same
definition rule all through the paper. Table 2 indicates that although the variations of periodicity with
slope angle and indentation agree with certain rules stated by Hong and Amdahl [10] and Midtun and
Fig. 5. Arch-shaped deformation of longitudinal girder stiffeners (edge mode).



Table 2
Cycle length of longitudinal girders by numerical simulation.

Case Slope angle/� Ratio of indentation
to bottom height/(%)

Periodicity/(m)

20_3 20 30 4.08
20_5 20 50 4.10
20_8 20 80 4.13
26.5_4 26.5 40 3.99
26.5_6 26.5 60 3.96
26.5_9 26.5 90 4.06
45_3 45 30 3.56
45_6 45 60 3.81
45_8 45 80 3.92
60_3 60 30 3.42
60_5 60 50 3.63
60_8 60 80 3.83
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Amdahl [16] for numerical simulations of a simple girder, the joint cruciform structure formed by
transverse floors and longitudinal girders weakens this effect substantially, and the deformation cycle
length approaches the approximate interval between adjacent transverse floors (4 m) under different
slope angle and indentation conditions. Therefore, it is assumed in this paper that the cycle length is
constant regardless of slope angle and indentation:

Lc ¼ 2L ¼ l (2)
3. Existing analytical models for bottom girders during grounding

3.1. Review of existing girder models

The deformation patterns of stiffeners are to a large extent influenced by the attached plating, so
existing simplified models of longitudinal girders are briefly reviewed and discussed before consid-
ering stiffener models.

Amdahl [7] presented two deformation modes (symmetrical and asymmetrical) for a girder sub-
jected to axial loads. Simonsen [8] proposed a theoretical model of a moving deformation zone for
longitudinal members during ship grounding over a conical rock with a rounded tip. As for shoal
groundings, Midtun [16] made a first attempt to establish a simplified model and gave analytical
formulations. More recently, Hong [10] proposed a relatively comprehensive simplifiedmodel based on
paper folding and provided validations by numerical simulation. Because the research described in this
paper is focused on shoal grounding accidents, the simplified models of Midtun and Hong are of major
interest, while that of Simonsen is only briefly discussed.

3.1.1. Simonsen [8] (1997)
Simonsen discussed ship groundings over a conical rock. The web girders are attached to the inner

and outer plating and are used as a basis for the overall deformation mode, which is a moving
deformation zone. The deformation of the web girder is assumed to correspond to the overall mode, as
shown in Fig. 6. Onlymembrane deformation of theweb girder is considered to have a significant effect
on energy dissipation. Longitudinal fiber stretching is assumed to be absent, and membrane defor-
mation is by shear deformation only.

3.1.2. Midtun [16] (2006)
Midtun proposed a simplified model of a web girder during shoal grounding actions. The web

girder, contrary to Simonsen's simplified model, was assumed to be fixed at the inner plating against
both deformations and rotations. This assumption was supported by experiments performed by Wang
et al. [17]. The simplified model is illustrated using folded paper in Fig. 7. A geometrical description of
the deformed zone is shown in Fig. 8.



Fig. 7. Undeformed (right) and deformed (left) stage of a longitudinal girder.

Fig. 6. Grounding model of web girders over a conical rock.
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The original rectangular area marked in red (in the web version) in Fig. 7 was transformed into a
parallelogram during crushing, which accounts for energy dissipation through shearing and stretching.
Bending about the plastic hinge lines is also a major contributor. There are two versions of the model
for dealing with membrane energy: in version A, membrane energy is considered to be the result of
shear and compression, while in version B, membrane energy is considered to be the result of shear
only. The vertical extent of the deformed web girder is assumed to be equal to the indentation depth,
and only one fold is considered in the vertical direction. The repetitive pattern is captured in this
model.

A major drawback is that the parameters a and b are not analytically given and do not reveal any
obvious geometrical relationship.
Fig. 8. Geometrical description of the deformed zone for one half-wave.
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3.1.3. Hong [10] (2008)
Hong used an assumption identical to that of Midtun on the boundary conditions for a new

simplified model, which is presented in Fig. 9 using folded paper. The upper and lower lines of the web
girder (Fig. 9a) were assumed to remain straight before and after longitudinal crushing.

Web girder deformation has been observed to consist of a combination of bending, stretching,
folding, and shearing. Bending about the plastic hinge lines and membrane stretching due to the
stretched plate field, which is assumed to be located in the shaded area in Fig. 9(b, c), are the twomajor
energy dissipation patterns.

This model presents an alternating pattern and captures a distinctive feature of groundings of this
type that the top edge of the girder moves horizontally for a certain distance. The cross section thus
transforms into a “Z” shape in its ultimate state. However, the height of the deformed region (2H) and
the crushing wave angle cannot be given analytically using upper bound theory, but are determined
empirically.

3.2. Discussions

Hong and Amdahl's simplified analytical model assumed that the lower edge of the web girder
remained straight before and after the crushing process. However, the lower edge is in fact crooked
Fig. 9. Deformation of a web girder illustrated using folded paper.



Fig. 10. Hong and Amdahl's stiffened longitudinal girder deformation model illustrated with folded paper.
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after crushing, according to numerical simulation results. This conclusion can be drawn from Table 8,
which shows that stiffeners subjected to indirect deformation, contrary to predictions from Hong's
theory, still absorb considerable energy. This portion of energy is not included in Hong's analytical
formulas.

A major drawback was encountered when considering the grounding responses of stiffeners. Fig. 10
(left) shows an undeformed web girder represented by folded paper, with a straight line drawn on the
paper representing a girder-attached stiffener. Hong's simplified model of a web girder after sliding
grounding is presented in Fig. 10 (right). The shaded area is the place where the membrane energy is
concentrated. It is evident that the line does not oscillate, but remains straight after sliding grounding.
In other words, stiffeners on web girders consume little energy during grounding. However, the nu-
merical simulation results shown in Fig. 4 indicate that the girder and the attached stiffeners
deform simultaneously, exhibiting an oscillating state, and that the cycle length and the transverse
extent are almost identical. Moreover, the energy dissipated by the stiffeners (as shown in Table 8) is
considerable.

The transverse extent of a longitudinal web girder subjected to a shoal grounding accident exhibits
an ascending trendwith increasing indentations, as shown in Table 3. This agrees with the observations
of Midtun [16] and Hong [10]. Midtun also proved that transverse extensions of web girders affected by
the confinement effects of transverse members have a preventative effect only in the vicinity of the
members and become regular both before and after the confined area. Therefore, it is relevant to verify
the transverse extents predicted by Hong and Amdahl's method using the practical double-bottom
Table 3
Comparison of transverse extensions.

Case Numerical simulation/(m) Hong's model/(m)

26.5_3 0.33 0.21
26.5_4 0.34 0.34
26.5_5 0.36 0.49
26.5_6 0.38 0.66
26.5_7 0.42 0.84
26.5_8 0.44 1.03
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models proposed. The transverse extents of web girders in Table 3 were obtained frommeasurements
of a group of wave peaks using the LS-PREPOST preprocessing software and then averaging. Table 3
compares the transverse extents calculated by numerical simulations and by Hong's simplified
method. The results are not very satisfactory. According to the numerical simulation results, each
additional indentation increase of 0.1Hb ¼ 0.268 m is accompanied by only 0.02 m growth of the girder
transverse extension. This clearly illustrates that vertical deformation initiates from one cycle, but is
not restricted to one. An increase in indentations may result in more cycles. This conclusion can also be
clearly deduced from our numerical simulations in Fig. 11, which presents the folding behaviors of
girder cross sections under different indentations after sliding grounding.

In summary, Hong's girder model is not applicable in the current situation for further investigation
of the deformation mechanics of stiffeners for the following reasons:

1) Hong's model cannot explain the effects of stiffeners, refer to Fig. 10.
2) Hong's model did not consider the effects of transverse floors, but our numerical simulation has

involved transverse floors. Because of this, the cycle length has changed.
3) Hong's model uses mainly straight lines to represent deformation of girders. However, stiffeners

have apparent arc deformations and straight lines may not accurately describe the arc
deformations.

4) Hong's model considers only one period in the vertical direction. This is not true according to our
numerical simulations.

Hong's model has acceptable precision for rough prediction of the girder deformation. However,
stiffeners are very slim and lanky structures, and they are like straight lines on the girder plate. For a
good understanding of deformation mechanics of stiffeners, it is necessary to accurately predict the
deformation of these lines. Therefore, a refined girder model is needed.

4. Analytical models for bottom girders and attached stiffeners

4.1. A new analytical model for bottom girders

Based on the discussions above, a new simplified model for longitudinal girders is proposed and
presented in Fig. 12. In this model, the longitudinal girder deforms into two parts with the same
Fig. 11. Folding behavior of cross sections of girders in different cases after grounding.



Fig. 12. A new model for longitudinal girders during the shoal grounding scenario.
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deformation patterns, separated by the hinge line ef. The oblique plastic hinge lines ae and cf are in
reality two arcs and are bent to both sides of the middle of the girder plane. This agrees favorably with
the deformed cross sections observed in the numerical simulation results shown in Fig. 11. Hong also
gave the folding process of girder cross sections, as shown in Fig. 13 (Hong 2008 [10]). A comparison of
Figs. 11 and 13 reveals that when there is only one cycle vertically, our numerical results agree well
with Hong's observation on folding process of girder cross sections. See for example the result of case
45_4 in Fig. 11. Therefore, Fig. 13 by Hong is still used for further discussion in one vertical cycle.

Node E in Fig. 13 corresponds with the hinge line ef in Fig. 12, which is in fact also an oscillating
curve in this new model and oscillates to the equilibrium position. This means that line ef has a phase
difference of p/2 with lines ae and cf. According to the new model, the maximum transverse extent of
longitudinal girders can be derived as:

h ¼ H
2

(3)

The maximum transverse extensions of the new model have been compared with the numerical
simulation results shown in Table 4. It is apparent that this newmodel has provided, roughly speaking,
acceptable accuracy if only one cycle is assumed vertically. However, when the indentation grows to a
certain value, set as 2H0, the maximum transverse extension will increase slowly or even stop
increasing, and a new cycle initiated instead.
Fig. 13. Folding process of a typical cross section of girder (Hong 2008).



Table 4
Transverse extent validation of the new model by numerical simulation.

Case Numerical simulations/(m) The new model/(m)

26.5_3 0.33 0.201
26.5_4 0.34 0.268
26.5_5 0.36 0.335
26.5_6 0.38 0.402
26.5_7 0.42 0.469
26.5_8 0.44 0.536
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In this model, indentations and slope angles are can be obtained as:

D ¼ 2H (4)

j ¼ 2a (5)

where D is the indentation and j is the slope angle of the indenter.
4.2. Analytical models for stiffeners on longitudinal girders

The deformation patterns of stiffeners on longitudinal girders during a shoal grounding accident
were given in Fig. 3. Two types of stiffener deformations were observed, namely, stiffeners fully con-
tacted with the indenter and stiffeners which do not contact the indenter but deform with attached
girders.

For fully contacting stiffeners, energy is dissipated mainly through three patterns of deformation:

1. Bending and local tripping.
2. Membrane stretching due to arc deformation.
3. Vertical crushing.

For stiffeners that do not contact the indenter, two major energy dissipation patterns are observed:

1. Bending and local tripping.
2. Membrane stretching due to arc deformation.

Following the theory of structural crashworthiness, bending energy Eb, and membrane stretching
energy Em can be expressed by the following equations:

_Eb ¼
Z

M0 _kds (6)

_Em ¼
Z
V

s0 _εeqdV ¼ N0 _udt (7)

where s0 is the flow stress, _εeq is the equivalent strain rate, _u is the principal strain rate, _k is the cur-
vature rate,M0 and N0 are respectively fully plastic bending moment and fully plastic membrane force.

For stiffened girders, the fully plastic neutral axis is supposed to be within the thickness of the
girder plate. In addition, the girder thickness is negligible when compared with the height of stiffeners.
Therefore, it is reasonable to assume that the plastic neutral axis is at the bottom of the stiffener plate
when considering bending of stiffeners. Then, fully plastic bending moment of stiffeners M0,b can be
expressed as:
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M0;b ¼ s0H2
s

2
(8)

Fully plastic crushing or tripping moment M0,c is expressed as:

M0;c ¼
s0t2

4
(9)

Fully plastic membrane force is expressed as:

N0 ¼ s0Hst (10)

The material is assumed rigid-perfectly plastic. For simplicity, interaction among bending, tripping,
tension and vertical crushing of girder stiffeners are not considered, i.e. fully plastic values are directly
used.

4.2.1. Mechanism analysis of fully contacting stiffeners
On the basis of numerical simulations and the new model for longitudinal girders, a theoretical

model of fully contacted stiffeners over half a cycle was developed and is presented in Fig. 14. The outer
contour of the stiffener plating is restricted by a fictitious cylinder so that the maximum transverse
extensions of the stiffener at different indentation levels are the same. The stiffener ascends spirally
with an angle of inclination a.

According to Fig. 14, stiffener AB has an original length L, and the height of the arch is h. Then:

R ¼ L2

8h
þ h
2

(11)

q ¼ :AOB
�

2 ¼ arcsin
�

L
2R

�
(12)
Fig. 14. Theoretical model of a deformed stiffener.
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The oblique deformation of the stiffener in Fig. 14 is in fact elliptical. However, for simplicity in
calculating the bending energy, an arc approximation is used with radius angle :AOB. (Because
membrane stretching is the dominant mode of energy dissipation, this approximation has a minor
impact on overall energy prediction and is therefore deemed negligible). Then the bending energy of
the arc can be obtained as:

Eib ¼
Z

M0;bkds ¼ M0;b$:AOB ¼ 2M0;bq (13)

However, stiffeners may not deform exactly as the idealized model in Fig. 14 in reality because
stiffeners have far larger height than thickness and it is easy for such lanky structures to trip over its
bottom line, known as the tripping effect. The tripping effects can be easily observed in Fig. 4. In the
extreme conditions, stiffeners will bend 90� over the bottom line. It is quite difficult to determine to
what extent the stiffeners bend or trip. In this paper, bending energy is set as an average of the bending
energy due to the idealized arc deformation and the tripping energy in extreme conditions. The
tripping energy in half a cycle Etr is expressed as:

Etr ¼ M0;cL$
p

2
(14)

Then, bending energy with a combination of idealized bending and tripping in half a cycle is ob-
tained as:

Eb ¼ 1
2

�
Eib þ Etr

�
(15)

The tripping effect influence little on the membrane energy absorption of stiffeners. Based on the
geometrical relationship of stiffener model, the stretched length is obtained as:

DL ¼ AB
cos a

� L ¼ 2Rq
cos a

� L (16)

Then, the membrane energy dissipated in half a cycle can be derived as:

Em ¼ N0$DL (17)

During sliding grounding, the stiffener plating is crushed vertically over the distance of indentation
and thus forms an oblique transition region. Observation of this region shows that the stiffener is
locally adhered to the front surface of the indenter, and therefore the bending angle in the vertical
direction is j. The expression for vertical crushing energy is:

_Ec ¼ 2M0;cHs$
v

r
; (18)

where r is the rolling radius and the value of r is as referred in Yu et al. [14]: r ¼ 1=j. Then for half a
cycle:

Ec ¼ 2M0;cHsLj: (19)

Finally, total energy for fully contacted stiffeners over half a cycle can be obtained as:

EL ¼ Eb þ Ec þ Em (20)
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4.2.2. Mechanism analysis of indirect stiffener deformation
The second stiffener deformation model is for stiffeners which do not contact the indenter and

deform together with attached girders. Unlike a fully contacting stiffener, stiffeners under such indirect
deformation conditions do not experience an oblique transient region. On the contrary, they remain in
the same horizontal plane all through the deformation, and no vertical crushing is observed. The
deformation pattern is arc A

0
B

0
as presented in Fig. 14. Major energy dissipation patterns are bending

and stretching of the arc A
0
B

0
. Note that the height of the arch is less than that of the maximum

transverse extension for fully contacting stiffeners and is difficult to determine. The proposed solution
is to assume that the longitudinal girder conforms to the theory of cylindrical bending and can be
treated as a strip beam. Through numerical simulation, it was also observed that the strip beam is
perfectly and rigidly fixed at the bottom end. The strip-beam model is illustrated in Fig. 15, where the
top end of the beam model is assumed to be loaded with a moment of force M. Based on these as-
sumptions, the height of arches for indirectly deformed stiffeners can be calculated using beam theory.

According to the beam theory, the displacement of the beam under the effect of M is:

y ¼ Mx2

2EI
(21)

Then the maximum transverse extension is h ¼ M0;bd
2
i =2EI, and the local extension when x ¼ ds is

h
0 ¼ M0;bd

2
s =2EI. Therefore, the local transverse extension can be derived as:

h
0 ¼ d2s

d2i

$h: (22)

where di ¼ Hb � D.
For bending energy, the transverse extension h is replaced by h0 and substituted into Eqs. (11)e(13).

The energy of idealized bending can be obtained for indirectly contacting stiffeners as:

E
0
ib ¼

Z

A0B0

M0;bkds ¼ 2M0;bq
0
: (23)
Fig. 15. Strip beam model.
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Considering the tripping effect, the bending energy Eb0 in half a cycle is obtained as:

E
0
b ¼ 1

2

�
E

0
ib þ Etr

�
(24)

For membrane stretching energy, the stretched length is defined as:

DL
0 ¼ A

0
B

0 � L ¼ 2R
0
q
0 � L: (25)

The membrane energy can therefore be obtained as:

E0m ¼ N0$DL
0
: (26)

Then the total energy dissipated by indirectly deformed stiffeners over half a cycle is obtained as:

E0L ¼ E0b þ E0m: (27)

4.2.3. Grounding resistances
A shoal grounding accident involving an unstiffened double-bottom tanker was investigated by

Hong and Amdahl [2]. The analytical expressions used for grounding resistances are applicable in this
research because the grounding conditions in the two papers are identical. Therefore, these expres-
sions for resistances are used in this paper and are briefly introduced here.

It is postulated that the external work equals the total internal work due to plasticity, friction, and
fracture if applicable. All the contact pressure is assumed to act on the front plane surface of the
indenter. The irregularities of the sharp edges of the indenter are omitted due to their minor effect
(Fig. 16). Then the total energy dissipated is:

FH$V ¼ FH;plasticity$V þ mNV
.
cos j (28)

where N is the normal force on the contact surface. Based on equilibrium in the horizontal direction,
the total horizontal resistance FH in terms of FH,plasticity is given as [2]:

FH ¼ g
�
m;j

�
$FH;plasticity (29)

g
�
m;j

� ¼
�
1� 1

ðsin jþ m cos jÞcos j
��1

(30)

where m is the friction coefficient, j is the inclination angle of the flat indenter relative to the bottom
plate, and g(m,j) is the friction factor for horizontal resistance.
Fig. 16. Relative motion of bottom plate and indenter for friction-factor calculation (Hong 2011).



Table 5
Principal dimensions of the double-bottom tanker.

Item Value

Total length 265.0 m
Scantling breadth 42.5 m
Scantling height 22.0 m
Scanting drought 16.5 m
Length of one hold 32.0 m
Displacement 14,000 m3
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Subsequently, vertical equilibrium gives the following expression for vertical resistance:

FV ¼ kðm;jÞ$FH (31)

k
�
m;j

� ¼ 1� m tan j

tan jþ m
(32)

where k(m,j) is the friction factor for vertical resistance.
An interesting relationship is found between g(m,j) and k(m,j):

kðm;jÞ,gðm;jÞ ¼ 1=tan j (33)

This indicates that vertical resistance will not be affected by the friction effect [2].

5. Numerical simulations

5.1. Model description

A double-bottom shuttle tanker was chosen for study with the principal dimensions listed in
Table 5. A side view of the tanker is presented in Fig. 17 [18]. One hold of the tanker was modeled using
PATRAN 2008 r2, including major components of the bottom plate, longitudinal girders, and transverse
floors, all of which are equipped with stiffeners. The LS-DYNA commercial software, version 971, was
used to calculate structural performance during ship grounding.
5.2. Finite-element models

To avoid interference with boundaries and to provide sufficient space for the structures to deform,
the tanker hold extended longitudinally between two transverse bulkheads and transversely to both
side shells. This yields a rather big structural system, which limits mesh fineness. Meshes composed of
finite elements are by their very nature a discrete representation of the true structure. A decent mesh is
Fig. 17. General arrangement of the tanker.
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therefore needed to obtain convergence towards the true response, especially in the course of defor-
mation fracture, when high strain gradients occur between grids. However, this paper investigates
grounding over blunt “shoal”-type obstacles, on which tearing and fracture rarely occur according to
Alsos and Amdahl [9]. The strains change steadily, meaning that the mesh requirements are less
demanding. In this research, zones subjected to large deformations, including longitudinal girders,
transverse floors, the bottom plate, and the corresponding attached stiffeners, were meshed with
refined grids. The inner bottom, the brackets, and the central long girder above the inner bottom plate,
where deformations are generally small and tend to grow larger with increasing indentation size, were
also meshed with reasonably fine meshes because the boundary conditions that they act as influence
prediction accuracy in the large-deformation regions. The outer shell was coarsely meshed because its
influence is minor (Fig. 18). This saves simulation time while maintaining accuracy. The element of
choice is a four-node BelytschkoeTsay quadrilateral (ELFORM2) [19]. The length of one side of the
refined square element was set to 0.12 m and of the coarse mesh element to 1.00 m. The mesh sizes
change gradually from the reasonably finely meshed regions to the coarsely meshed ones so that no
abrupt changes occur in strain gradients and accuracy is preserved.

The shoal-type obstruction was represented by an indenter with large surfaces and trapezoidal
cross sections, as presented in the grounding scenario shown in Fig. 19. The indenter model is slightly
wider than the span of the middle three longitudinal girders, which ensures that at least three girders
will be involved in the deformation. The indenter was defined as rigid and slid along the double-
bottom structure at a velocity of 5 m/s. The model was restrained at the ends of the coarse-mesh
Fig. 18. FEM model of the tanker hold.



Fig. 19. Indenter model and grounding scenario.
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part with all six degrees of freedom fixed. This means that ship motions were not considered. The self-
contact and mastereslave contact functions of LS_DYNAwere used during the simulation, with a static
friction coefficient of 0.3. Key dimensions used in this paper are introduced in Table 6.

5.3. Case studies

Simulation cases were defined considering the blunt “shoal”-type seabed obstacle and also the
comprehensiveness needed for verificationwork. The slope angles of the indenter were set to 20, 26.5,
45, and 60�. For a given angle, the grounding depth varied within a range of 30%e90% of the double-
bottom height. Altogether, 22 cases were defined as shown in Table 7, with the given combinations of
indentations and slope angles.

6. Numerical validation and discussion

6.1. Simulation results

Numerical results were used to validate the proposed theoretical model for stiffeners on longitu-
dinal girders during a shoal grounding accident. Table 8 lists the simulation results for three vertically
leveled stiffeners on one girder plate.

The numbers in bold in Table 8 represent distortion energy for fully contacting stiffeners, while the
numbers in plain text denote the energy of indirectly deformed stiffeners. As indicated, the cases of
stiffener No. 1 are all full-contact cases, and most cases of stiffeners No. 2 and 3 are indirect defor-
mation cases. According to the results for stiffener No. 1, the distortion energy tends to be stable with
Table 6
Key dimensions.

Parameter Value

Stiffener height (Hs) 300 mm
Stiffener thickness (t) 10 mm
Double bottom height (Hb) 2.68 m
Floor spacing (L) 4 m
Girder thickness 20 mm
Girder height 2.68 m
Crushing length 25 m



Table 7
Definitions of simulation cases.

Case Slope angle Indentation/(m) Proportion of bottom
height (%)

20_3 20 0.804 30
20_4 20 1.072 40
20_5 20 1.34 50
20_8 20 2.144 80
26.5_3 26.5 0.804 30
26.5_4 26.5 1.072 40
26.5_5 26.5 1.34 50
26.5_6 26.5 1.608 60
26.5_7 26.5 1.876 70
26.5_8 26.5 2.144 80
26.5_9 26.5 2.412 90
45_3 45 0.804 30
45_4 45 1.072 40
45_5 45 1.34 50
45_6 45 1.608 60
45_7 45 1.876 70
45_8 45 2.144 80
45_9 45 2.412 90
60_3 60 0.804 30
60_4 60 1.072 40
60_5 60 1.34 50
60_8 60 2.144 80
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indentations for fully contacting stiffeners, but increases markedly with slope angle. When stiffeners
do not contact the indenter, the energy will continue increasing with indentation growth, as indicated
by the results of the indirect simulation cases. When the indentations are fairly large and the three
leveled stiffeners are fully contacted (e.g., 0.8Hb, 0.9Hb) (as indicated by the bold energy numbers for
the three stiffeners subjected to the same slope angles), the energy of stiffener No. 3 is smaller than of
Table 8
Numerical energy dissipation of three stiffeners on a girder.

Case Energy dissipation (numerical)/(J)

No. 1 No. 2 No. 3

20_3 7.7Eþ06 1.5Eþ06 2.0Eþ05
20_4 8.3Eþ06 4.2Eþ06 5.1Eþ05
20_5 8.6Eþ06 6.0Eþ06 1.3Eþ06
20_8 8.3Eþ06 8.6Eþ06 5.4Eþ06
26.5_3 8.9Eþ06 2.1Eþ06 2.9Eþ05
26.5_4 1.0Eþ07 5.1Eþ06 4.8Eþ05
26.5_5 1.1Eþ07 8.7Eþ06 1.1Eþ06
26.5_6 1.1Eþ07 1.1Eþ07 3.3Eþ06
26.5_7 1.1Eþ07 1.0Eþ07 5.7Eþ06
26.5_8 9.8Eþ06 9.8Eþ06 6.4Eþ06
26.5_9 9.6Eþ06 1.0Eþ07 7.3Eþ06
45_3 1.5Eþ07 2.0Eþ06 2.1Eþ05
45_4 1.7Eþ07 6.3Eþ06 3.4Eþ05
45_5 1.7Eþ07 1.3Eþ07 1.2Eþ06
45_6 1.7Eþ07 1.6Eþ07 4.2Eþ06
45_7 1.8Eþ07 1.6Eþ07 9.9Eþ06
45_8 1.9Eþ07 1.6Eþ07 1.1Eþ07
45_9 1.8Eþ07 1.7Eþ07 1.4Eþ07
60_3 2.1Eþ07 1.8Eþ06 2.2Eþ05
60_4 2.3Eþ07 6.2Eþ06 4.4Eþ05
60_5 2.2Eþ07 1.5Eþ07 1.4Eþ06
60_8 2.4Eþ07 2.3Eþ07 1.8Eþ07
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the other two. This is probably because stiffener No. 3 is located in a newly developing vertical cycle
and the transverse extension has not reached its maximum.

Fig. 20 presents variations of energy dissipation of three leveled stiffeners with crushing length in
case 45_5. It is apparent that for both fully contacting and indirectly deformed stiffeners, dissipated
energy increases linearly.
6.2. Validation of the analytical model of stiffeners

6.2.1. Fully contacting stiffener
The new model illustrated in Fig. 12 exhibits vertically symmetrical deformation patterns. As in-

dentations grow, more vertical deformation cycles occur, and H0 is a determining parameter for when
and where a new cycle initiates. A closed-form solution for H0 is temporarily unavailable because it is
supposed to be mainly governed by deformation of girders. However, according to numerical results in
Fig. 11, it can be deduced that 2H0 is supposed to be within the range of 0.4Hb and 0.6Hb. Considering
also the analytical model of stiffeners, an empirical expression of H0 is given as:

2H0 ¼ 0:5Hb (34)

When D� 2H0, D can be directly substituted into the formulas to make predictions. However, when
D > 2H0, D should be first converted to an effective value within the range of 0e2H0 and then be
substituted into the equations. The conversion method is as follows: set Hv as the vertical position of
the stiffener relative to the bottom end of the girder plate. When D � Hv < H0, then 2H ¼ H0 þ D � Hv;
when D� Hv � H0, this means that the stiffener spans at least two different vertical deformation cycles
and its transverse extension has reached its maximum. Therefore, the deformation energy does not
change any further, inwhich case 2H¼ 2H0. According to themethod above, a comparison can bemade
between energy results obtained by theoretical and numerical methods, as shown in Table 9.

Errors in Table 9 are defined as:

error ¼
�
Eanalytical � Enumerical

�.
Enumerical$100% (35)

It can be seen from Table 9 that the energy predicted by the new simplified model agrees well with
results from numerical simulation. Errors in most cases are within ±20%. The energy dissipation curves
of the numerical simulation and theoretical prediction with increasing crushing length are presented
Fig. 20. Energy dissipation versus crushing length curves for three vertically different stiffeners for case 45_5.



Table 9
Analytical energy dissipation of fully contacting stiffeners.

Case Stiffener number Numerical simulation/(J) Analytical prediction/(J) Error

20_3 1 7.70Eþ06 6.44Eþ06 �16.4%
20_4 1 8.30Eþ06 8.86Eþ06 6.7%
20_5 1 8.60Eþ06 1.17Eþ07 36.0%
20_8 1 8.30Eþ06 1.17Eþ07 41.0%
26.5_3 1 8.90Eþ06 7.46Eþ06 �16.2%
26.5_4 1 1.00Eþ07 9.90Eþ06 �1.0%
26.5_5 1 1.10Eþ07 1.13Eþ07 2.7%
26.5_6 1 1.10Eþ07 1.13Eþ07 2.7%
26.5_7 1 1.10Eþ07 1.13Eþ07 2.7%
26.5_8 1 9.80Eþ06 1.13Eþ07 15.3%
26.5_9 1 9.60Eþ06 1.13Eþ07 17.7%
45_3 1 1.50Eþ07 1.21Eþ07 �19.3%
45_4 1 1.70Eþ07 1.46Eþ07 �14.1%
45_5 1 1.70Eþ07 1.76Eþ07 3.5%
45_6 1 1.70Eþ07 1.76Eþ07 3.5%
45_7 1 1.80Eþ07 1.76Eþ07 �2.2%
45_8 1 1.90Eþ07 1.76Eþ07 �7.4%
45_9 1 1.90Eþ07 1.76Eþ07 �7.4%
60_3 1 2.10Eþ07 1.81Eþ07 �13.8%
60_4 1 2.20Eþ07 2.08Eþ07 �5.5%
60_5 1 2.20Eþ07 2.39Eþ07 8.6%
60_8 1 2.40Eþ07 2.39Eþ07 �0.4%
20_8 2 8.60Eþ06 1.17Eþ07 36.0%
26.5_6 2 1.10Eþ07 8.63Eþ06 �21.5%
26.5_7 2 1.00Eþ07 1.13Eþ07 13.0%
26.5_8 2 9.80Eþ06 1.13Eþ07 15.3%
26.5_9 2 1.00Eþ07 1.13Eþ07 13.0%
45_6 2 1.60Eþ07 1.33Eþ07 �16.9%
45_7 2 1.60Eþ07 1.61Eþ07 0.6%
45_8 2 1.60Eþ07 1.76Eþ07 10.0%
45_9 2 1.70Eþ07 1.76Eþ07 3.5%
60_8 2 2.30Eþ07 2.39Eþ07 3.9%
20_8 3 5.40Eþ06 6.40Eþ06 18.5%
26.5_8 3 6.40Eþ06 7.46Eþ06 16.6%
26.5_9 3 7.30Eþ06 1.12Eþ07 53.4%
45_8 3 1.10Eþ07 1.21Eþ07 10.0%
45_9 3 1.40Eþ07 1.61Eþ07 15.0%
60_8 3 1.80Eþ07 1.81Eþ07 0.6%
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in Fig. 21 for fully contacting stiffener No. 1, case 45_5. Theoretical energy curve is obtained by pre-
dicting the energy point in stages (usually in one-half cycle i.e. crushing length of L) and assuming
energy in the stage dissipates linearly. It is evident that in such a way energy dissipation trends and
values are well captured.

6.2.2. Indirectly deformed stiffeners
For stiffeners which do not contact the indenter and deform due to their attachment to a longi-

tudinal girder, analytical expressions have been formulated. It was interesting to find that the equa-
tions for energy dissipation of such stiffeners are independent of the slope angle of the indenter. The
numerical simulation results for stiffener No. 3, which in most cases was subjected to indirect defor-
mation, were taken as typical examples to validate the proposed method. The comparative results can
be seen in Table 10.

It is apparent from Table 10 that the prediction accuracy for the distortion energy of indirectly
deformed stiffeners is rough. This method can only provide the right order of magnitude for energy
dissipation. But this method can well explain the observed results from numerical simulations: for
most cases distortion energy values vary little with slope angles. Further studies are needed on im-
provements to prediction accuracy.



Fig. 21. Comparison of numerical and theoretical energy versus crushing length for stiffener no. 1, case 45_5.
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7. Concluding remarks

This paper investigates the plastic deformation mechanism of bottom girders and attached stiff-
eners when a typical double bottom grounds over the “shoal”-type seabed obstruction. Existing
analytical models for longitudinal girders were reviewed, inwhich drawbacks of an earlier model were
identified and eliminated by development of a new girder model. It was found that the repetitive
deformation extended in both the length and depth directions. On the basis of discussion of the
reviewed models and observation of numerical simulation results, a simplified model for stiffeners on
longitudinal girders was proposed, which captured major observed characteristics of deformation
modes.

During sliding grounding, stiffeners on the longitudinal girders deform steadily. Stiffeners are
divided into two categories according to their deformation modes: stiffeners which fully contact the
indenter, and stiffeners which do not contact the indenter and deform due to the energy transferred
from an attached girder. Three energy dissipation patterns have been identified in numerical
Table 10
Validation of the theoretical model for indirectly deformed stiffeners.

Case Stiffener number Numerical simulations/(J) Theoretical models/(J)

20_3 3 2.0Eþ05 8.60Eþ05
26.5_3 3 2.9Eþ05
45_3 3 2.1Eþ05
60_3 3 2.2Eþ05
20_4 3 5.1Eþ05 1.19Eþ06
26.5_4 3 4.8Eþ05
45_4 3 3.4Eþ05
60_4 3 4.4Eþ05
20_5 3 1.3Eþ06 1.89Eþ06
26.5_5 3 1.1Eþ06
45_5 3 1.2Eþ06
60_5 3 1.4Eþ06
26.5_6 3 3.3Eþ06 3.69Eþ06
45_6 3 4.2Eþ06
26.5_7 3 5.7Eþ06 3.19Eþ06
45_7 3 9.9Eþ06
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simulations: bending and tripping, membrane stretching due to arc deformation and vertical crushing,
among which membrane stretching is dominant.

The cruciform structure made up of floors and girders enhances substantially the strength and ri-
gidity of the overall structure. As a result, the cycle lengths under different slope angles and in-
dentations are almost the same and equal to the floor spacing. For stiffeners that fully contact the
indenter, a local oblique transient region is formed vertically. This makes the maximum transverse
extensions at different vertical levels approach the same value.

Applying the theory of plasticity and the proposed model, the distortion energy and grounding
resistances have been formulated. Numerical simulations show that for a fully contacting stiffener,
energy dissipation tends to remain stable with variations in indentations, but when a different vertical
position is set, the energy will change. For indirectly deformed stiffeners, energy dissipation is inde-
pendent of the slope angle of the indenter.
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