
1 INTRODUCTION 

Ships may experience various accidents during its 
service period, such as collision, grounding, severe 
hydrodynamic impact, fire and explosion. These ac-
cidental events can lead to structural damages in the 
form of denting, cutout and residual stress, which un-
doubtedly results in a loss of the structural perfor-
mance compared with its intact status. In relation to 
the damage tolerance of a ship hull girder, the residual 
ultimate bending strength is a particularly critical cri-
terion, which assists in a rapid decision-making rele-
vant to the post-accident evacuation as well as 
maintenance.  

In this respect, an efficient assessment methodol-
ogy is desired. As a well-known and established ap-
proach, the simplified progressive collapse method 
(Smith method) has been widely applied in the eval-
uation of the residual strength of a damaged ship hull 
girder. The numerical benchmark study suggested 
that the simplified progressive collapse method is 
fairly well validated for the calculation of residual 
strength of a damaged ship (Guedes Soares et al., 
2008). However, the actual collapse of a hull girder 
can involve multiple loading cycles, such as that en-
countered in a series of storm waves. Therefore, it 
might be crucial to predict the cyclic bending re-
sponse of a ship hull girder. In this connection, Li et 

al. (2019a) proposed a cyclic progressive collapse 
method and the feasibility of the proposed method has 
been validated through a case study on intact cross 
sections. 

In this paper, the cyclic progressive collapse 
method is applied to predict the bending response of 
an asymmetrically damaged ship hull girder. The in-
fluence of instantaneous neutral axis rotation is con-
sidered. Various damage extents and locations are an-
alysed. In addition, nonlinear finite element analysis 
is conducted as a validation. 

2 BACKGROUND 

2.1 Ship hull girder under cyclic bending 
It was indicated by the 14th (2000) and 15th (2003) 
ISSC ultimate strength committees that the structural 
capacity under cyclic loading can be significantly 
lower than the instantaneous collapse strength under 
a single load excursion. The reversal and accumula-
tion of plastic deformation as well as local buckling 
can permanently degrade the structural resistance 
against subsequent loading, which eventually lead to 
an irreversible collapse. 

Whist it is controversial, the cause of MOL Com-
fort wrecking might be relevant in this context. It was 
suggested that its failure was likely a dynamic cyclic 
process (20th ISSC, 2018).  
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Hess et al. (1997) reported the accident of an in-
land waterway oil bunker barge. It was revealed that 
the progressive damage caused by cyclic loading, 
which resulted in an inelastic behaviour, led to the fi-
nal collapse of the barge.  

A few experimental programmes were performed 
to investigate the collapse behaviour of a box girder 
under cyclic bending. Masaoka et al. (2006) per-
formed a cyclic four-point bending test on a stiffened 
plated box girder structure. After several load cycles, 
the load-carrying capacity of the box girder dropped 
rapidly and a crack was initiated at the location where 
the plastic deformation concentrated. Four-point 
bending tests were also carried out by Cui and Yang 
(2018) on several box girders. It was reported that the 
box girder failed by an incremental collapse where 
the permanent deformation accumulated at each cy-
cle. The initiation of crack, which was classified as 
the low-cycle fatigue crack due to large magnitude re-
versed straining, was also reported as one of the fail-
ure characteristics. 

In terms of the structural response under cyclic 
loading, it is worth mentioning the shakedown limit 
state. This consideration was originally proposed by 
Jones (1975), in which a set of inequalities was intro-
duced to calculate the shakedown limit of a ship hull 
under alternating sagging and hogging. A re-evalua-
tion of the ship hull girder shakedown limit state was 
recently performed by Li and Benson (2019b) where 
the influence of buckling was accounted for. It was 
suggested that the safety margin based on a shake-
down limit state may be significantly lower than that 
based on the orthodox ultimate limit state.  

2.2 Simplified progressive collapse method 
A comprehensive description of the simplified pro-
gressive collapse method can be found in Smith 
(1977) and Dow et al. (1981).  
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Figure 1. Subdivision of the cross section 
 
 
 

In general, the bending moment/curvature rela-
tionship is predicted through an efficient procedure. 
The cross section is subdivided into structural ele-
ments (Figure 1) assuming that the interaction be-
tween elements does not exist. A load-shortening 
curve (LSC) characterising the response under in-
plane load is assigned to each element (Figure 2). It is 
assumed that all elements fail in an interframe mode. 
The curvature is applied incrementally with corre-
sponding incremental strain being calculated on the 
assumption that cross section remains plane about the 
instantaneous neutral axis. Elemental tangent stiff-
ness is derived from the load-shortening curve (LSC), 
by which the bending stiffness of the cross section can 
be evaluated. The position of the instantaneous neu-
tral axis is recalculated and the bending moment in-
crement is obtained by the multiplication of the bend-
ing stiffness curvature increment. 
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Figure 2. Schematic illustration of the load-shortening curve of 
structural element under in-plane load 
 
3 METHODOLOGY 

3.1 Cyclic progressive collapse method 
The cyclic progressive collapse method proposed by 
Li et al. (2019a) follows the same framework de-
scribed above. A summary of the methodology is pro-
vided in the following and a flowchart outlining the 
overall algorithm is given in Figure 3. 

The method has an extended capability to re-for-
mulate the LSC of structural element when an unload-
ing or reloading is started. The re-formulation of LSC 
is driven by a loading protocol which allows the di-
rection of each curvature increment to be controlled. 
When the direction of curvature increment is re-
versed, the re-formulation of LSC of each element 
will be activated. This updated LSC will be utilised 
for the subsequent Smith method calculation with 
standard procedure until the next curvature increment 
reversal. 
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Figure 3. Principle algorithm of the cyclic progressive collapse 
method (Li et al., 2019b) 
 

The re-formulation of the element LSC follows the 
analytical method introduced by Li et al. (2019c). The 
analytical method is derived based on the results of 
finite element analysis on a parametric series of un-
stiffened plates. The method is also proved being ap-
plicable for stiffened panels. It is formed of a re-
sponse rule and updating rule. Given a strain 
increment, which can be the resultant of cross section 
curvature, the response rule will be called for predict-
ing the stress increment. When the re-formulation is 
required, the updating rule will be activated to update 
the relevant data processed in the response rule. The 
same set of data will be utilised in the following pre-
diction until the next re-formulation. The analytical 
method requires an input of the monotonic LSC, 
which can be estimated by any established method, 
such as FEM and IACS method etc. For the present 
study, Paik’s empirical formula (Paik and Tha-
yamballi, 1997) is adopted to predict the compressive 
ultimate strength of stiffened panel, while the ulti-
mate strain value is taken as the material yield strain. 
The compressive LSC is assumed as piece-wise linear 
where the post-ultimate stiffness is taken as -25% of 
the initial compressive stiffness. On the other hand, 
the monotonic tensile LSC follows the elastic-per-
fectly plastic material stress-strain curve.   

3.2 The rotation of instantaneous neutral axis 
For an asymmetrically damaged cross section, the 
analysis should be taken as a biaxial bending prob-
lem, which is in contrast to the case of an intact cross 
section where the vertical bending moment induces 
vertical bending exclusively. This is due to the fact 
that the neutral axis will be rotated during the progres-
sive collapse. The rotational angle 𝜃𝜃 can be estimated 
by Equation (1).  
 

𝜃𝜃 =
1
2
𝑡𝑡𝑡𝑡𝑡𝑡−1

𝐷𝐷𝐻𝐻𝐻𝐻 + 𝐷𝐷𝑉𝑉𝑉𝑉
𝐷𝐷𝐻𝐻𝐻𝐻 − 𝐷𝐷𝑉𝑉𝑉𝑉

 (1) 

 
Fujikubo et al. (2012) derived the incremental 

bending moment-curvature equation for an asymmet-
rically damaged cross section under vertical bending. 
Two different cases are introduced, namely the pure 
vertical bending (Equation 2) and the constrained ver-
tical bending (Equation 8). The former case accounts 
for the influence of neutral axis rotation, whereas no 
rotation of the neutral axis takes place in the latter 
case. 
 
Pure vertical bending: 
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Constrained vertical bending: 
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where  

∆𝑀𝑀𝐻𝐻 = 𝐷𝐷𝐻𝐻𝐻𝐻∆𝜒𝜒𝑉𝑉𝑜𝑜 (9) 

∆𝑀𝑀𝑉𝑉 = 𝐷𝐷𝑉𝑉𝑉𝑉∆𝜒𝜒𝑉𝑉𝑜𝑜 (10) 

 
4 CASE STUDY 
 
The case study is performed on a small scale model 
with various damage extents. First of all, a finite ele-
ment validation is carried out. Next, a parametric 
study investigating the strength reduction during the 
cyclic loading is presented.  

4.1 Principal of the case study model 
Figure 4 shows the cross section of the case study 
model, which is intended to represent a double hull 
design. It has a width of 12000mm, a height of 
8000mm and is transversely framed every 1500mm. 



The thicknesses of the outer and the inner plating are 
12mm and 10mm respectively. The material yield 
stress is 315MPa and Young’s modulus is 
207000MPa throughout the whole cross section. An 
elastic-perfectly plastic behaviour is assumed. The 
geometry and material configuration leads to five dif-
ferent combinations of plate slenderness ratio and col-
umn slenderness ratio (Table 1). Hard corners are in-
troduced as the nearest plate element with respect to 
each intersection. 
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Figure 4. Double hull box girder cross section 
 
Table 1. Plate slenderness and column slenderness ra-
tios of the stiffened panel elements 

ID 𝛽𝛽 𝜆𝜆 
D1 1.63 0.31 
D2 1.95 0.30 
D3 1.55 0.29 
D4 1.67 0.29 
D5 1.56 0.29 

1

2

34

1. Moderate side shell damage
2. Severe side shell damage
3. Moderate bottom damage
4. Severe bottom damage

 
Figure 5. Four different damage scenarios 
 

4.2 Damage scenario 
In this paper, various damages are represented by re-
moving the ineffective stiffened panels from the in-
tact cross section. As shown in Figure 5, four different 
damage scenarios are investigated, namely 
 

1. Moderate side shell damage; 
2. Severe side shell damage; 
3. Moderate bottom damage; 
4. Severe bottom damage.  

 

4.3 Finite element validation 
A 1/2+1+1/2 bay finite element model is utilised for 
validation. Due to the asymmetric damage, a full-
width cross section is modelled with a characteristic 
mesh size of 100𝑚𝑚𝑚𝑚 × 100𝑚𝑚𝑚𝑚. Initial deflection in-
cluding local plate deflection 𝑤𝑤𝑝𝑝, column-type deflec-
tion 𝑤𝑤𝑐𝑐 and stiffener sideway deflection 𝑣𝑣𝑠𝑠 is applied 
on the model using a direct node translation tech-
nique. The deflection shape and amplitude are given 
by Equation (10) to (12). An illustration of these ini-
tial deflections is given in Figure 6. No welding-in-
duced residual stress is considered. 
 
𝑤𝑤𝑝𝑝
𝑤𝑤𝑜𝑜𝑜𝑜

= �0.8𝑠𝑠𝑠𝑠𝑠𝑠 �𝜋𝜋𝜋𝜋
𝑎𝑎
� + 0.2𝑠𝑠𝑠𝑠𝑠𝑠 �𝑚𝑚𝑚𝑚𝑚𝑚

𝑎𝑎
�   

𝑤𝑤𝑝𝑝
𝑤𝑤𝑜𝑜𝑜𝑜

= +0.01𝑠𝑠𝑠𝑠𝑠𝑠 �(𝑚𝑚+1)𝜋𝜋𝜋𝜋
𝑎𝑎

�� 𝑠𝑠𝑠𝑠𝑠𝑠 �𝜋𝜋𝜋𝜋
𝑏𝑏
�  (10) 

𝑚𝑚 = 𝑖𝑖𝑖𝑖𝑖𝑖 �𝑎𝑎
𝑏𝑏
� + 1   

𝑤𝑤𝑜𝑜𝑜𝑜 = min (6, 0.1𝛽𝛽2𝑡𝑡)      

𝑣𝑣𝑠𝑠
𝑣𝑣𝑜𝑜𝑜𝑜

= 𝑧𝑧
ℎ𝑤𝑤
�0.8𝑠𝑠𝑠𝑠𝑠𝑠 �𝜋𝜋𝜋𝜋

𝑎𝑎
�+ 0.2𝑠𝑠𝑠𝑠𝑠𝑠 �𝑖𝑖𝑖𝑖𝑖𝑖

𝑎𝑎
��  (11) 

𝑖𝑖 = 𝑖𝑖𝑖𝑖𝑖𝑖 � 𝑎𝑎
ℎ𝑤𝑤
� + 1   

𝑤𝑤𝑐𝑐
𝑤𝑤𝑜𝑜𝑜𝑜

= 𝑠𝑠𝑠𝑠𝑠𝑠 �𝜋𝜋𝜋𝜋
𝑎𝑎
� 𝑠𝑠𝑠𝑠𝑠𝑠 �𝜋𝜋𝜋𝜋

𝐵𝐵
�  (12) 

𝑤𝑤𝑜𝑜𝑜𝑜 = �
0.0008𝑎𝑎, 𝜆𝜆 < 0.2
0.0012𝑎𝑎, 0.2 < 𝜆𝜆 < 0.6
0.0015𝑎𝑎, 𝜆𝜆 ≥ 0.6

   

 
 

Local Plate Imperfection

Stiffener Sideway Imperfection

Column-type Imperfection

 
Figure 6. Illustration of the initial geometric imperfection 

 
 
 



The finite element analysis is conducted using the 
dynamic explicit solver. The incremental curvature is 
applied on a reference point tied to one end of the 
model, while the opposite end is fixed in six degrees 
of freedom. The validation is carried out to predict 
both monotonic and single-cycle responses of the in-
tact and moderate side shell damaged models.  

The bending moment/curvature relationships are 
shown in Figure 7 and 8 and a von-Mises stress dis-
tribution at the sagging ultimate collapse state is 
given in Figure 9. In general, the results show a close 
agreement in terms of the initial loading, unloading 
and reloading paths. A reasonable correlation of the 
ultimate bending moment is obtained. However, the 
initial bending stiffness predicted by the simplified 
method is lower than that predicted by NLFEM. This 
is attributed to the use of bilinear LSC which has a 
lower in-plane stiffness. 

(a) Intact model

(b) Moderate side shell damaged model
Figure 7. Finite element validation (Monotonic analysis) 

(a) Intact model

(b) Damaged model
Figure 8. Finite element validation (Cyclic analysis) 

Figure 9. von-Mises stress contour plot of the damaged cross 
section at ultimate collapse state (sagging) 

4.4 The effect of cyclic loading 
The effect of cyclic loading on the reduction of bend-
ing strength is investigated. For each damage sce-



nario, the cyclic progressive collapse analysis is per-
formed under three different loading ranges in terms 
of the applied curvature, namely 

• Case 1: 0.35 × 10−3 𝑟𝑟𝑟𝑟𝑟𝑟/𝑚𝑚
• Case 2: 0.40 × 10−3 𝑟𝑟𝑟𝑟𝑟𝑟/𝑚𝑚
• Case 3: 0.45 × 10−3 𝑟𝑟𝑟𝑟𝑟𝑟/𝑚𝑚

As shown in Figure 10, the first loading range is 
representative as the initial failure in sagging and the 
third loading range is representative as the ultimate 
collapse state of sagging. The second one serves as an 
intermediate condition. The curvature is applied 
equally in sagging and hogging. Each loading range 
is applied from one cycle to five cycles. 

Figure 10. Three different loading ranges 

Figure 11. Cyclic bending moment-curvature relationship 

A cyclic bending moment/curvature curve is given 
in Figure 11. The variations of the ultimate sagging 
strength during the cyclic loading are summarised in 
Figure 13 to 16 and Table 2 to 5 for four different 
damage scenarios. As a reference, the result of the in-
tact cross section is given in Figure 12 and Table 2. It 
is evident that the reduction rate is significantly in-
creased when the applied curvature range is larger.  

Figure 12. Variation of the ultimate sagging strength during cy-
clic loading (Intact) 

Table 2. Reduction of the ultimate sagging strength 
during cyclic loading (Intact) 

1st 2nd 3rd 4th 5th 
Case 1 0.9% 1.7% 2.9% 4.7% 6.7% 
Case 2 4.5% 10.5% 18.0% 28.4% 42.1% 
Case 3 9.7% 22.4% 39.0% 62.1% 67.8% 

For Case 1 loading, which is representative as the 
initial failure, the sagging strength reduction is 10% 
and 17.9% after five loading cycles when the cross 
section has a moderate and severe side shell damages 
respectively. On the contrary, the reduction is com-
paratively negligible when the cross section has a bot-
tom damage. 

Figure 13. Variation of the ultimate sagging strength during cy-
clic loading (Moderate side shell damage) 

Table 3. Reduction of the ultimate sagging strength 
during cyclic loading (Moderate side shell damage) 

1st 2nd 3rd 4th 5th 
Case 1 1.1% 2.5% 4.3% 6.8% 10.0% 
Case 2 5.4% 12.3% 21.5% 33.8% 50.2% 
Case 3 10.8% 24.9% 43.9% 52.4% 56.6% 



For Case 2 & 3, a considerably large reduction is 
predicted after the first cycle. When the cross section 
is severely damaged on the side shell, there is 55% to 
65% reduction after five loading cycles. However, it 
should be noted that the present LSC prediction meth-
odology does not account for the compressive re-
sponse convergence phenomenon, which means that 
the compressive strength is kept decreasing at each 
cycle. However the LSC tends to converge to a cer-
tain loop,  as suggested by Li et al. (2019c) among 
others. It implies that, whist the bending strength can 
be appreciably reduced, the reduction might not be so 
conservative. 

Figure 14. Variation of the ultimate sagging strength during cy-
clic loading (Severe side shell damage) 

Table 4. Reduction of the ultimate sagging strength 
during cyclic loading (Severe side shell damage) 

1st 2nd 3rd 4th 5th 
Case 1 1.9% 4.4% 7.7% 12.2% 17.9% 
Case 2 7.2% 16.6% 29.0% 45.9% 55.2% 
Case 3 13.4% 31.0% 55.0% 62.5% 65.5% 

Figure 15. Variation of the ultimate sagging strength during cy-
clic loading (Moderate bottom damage) 

Table 5. Reduction of the ultimate sagging strength 
during cyclic loading (Moderate bottom damage) 

1st 2nd 3rd 4th 5th 
Case 1 0.3% 0.8% 1.4% 2.2% 3.3% 
Case 2 3.5% 7.9% 13.7% 21.5% 31.8% 
Case 3 8.3% 19.1% 19.1% 33.7% 58.0% 

Figure 16. Variation of the ultimate sagging strength during cy-
clic loading (Severe bottom damage) 

Table 6. Reduction of the ultimate sagging strength 
during cyclic loading (Severe bottom damage) 

1st 2nd 3rd 4th 5th 
Case 1 0.0% 0.0% 0.1% 0.3% 0.5% 
Case 2 2.1% 5.1% 8.8% 14.0% 20.9% 
Case 3 6.3% 14.7% 26.1% 41.3% 50.6% 

4.5 The effect of neutral axis rotation 
The effect of neutral axis rotation can be clarified by 
comparing the results between pure vertical bending 
and constrained vertical bending introduced in Sec-
tion 3.2, in which the former accounts for the rotation 
and the latter does not. 

Figure 17 compares the monotonic results of the 
severe side shell damage scenario where the effect of 
neutral axis rotation is included and excluded. It 
shows that the neutral axis rotation has an insignifi-
cant effect on the monotonic results. Meanwhile, the 
result excluding the effect of rotation is slightly 
higher than that including the effect of rotation. This 
is in agreement with the investigation by Fujikubo et 
al. (2012), in which it is suggested that the neutral axis 
rotation has a small effect on the residual ultimate 
strength when only the outer shell is damaged. 

Figure 18 illustrates the effect of neutral axis rota-
tion on the ultimate sagging strength during cyclic 
loading. Generally, the rotation of neutral axis also 
has a small effect on the cyclic analysis. However, the 
difference seems to become relatively significant af-
ter five loading cycles. 



Figure 17. The effect of neutral axis rotation on the monotonic 
bending moment-curvature relationship 

Figure 18. The effect of neutral axis rotation on the ultimate sag-
ging strength during cyclic loading 

5 RECOMMENDATION 

The case study has analysed the variation of ultimate 
bending strength of a hull girder due to the cyclic 
loading, in which a large reduction is predicted. How-
ever, the reduction might be overestimated, as the 
convergence of compressive response is not consid-
ered in the LSC prediction of present study. To take 
this into account, Li et al. (2019c) introduced a post-
ultimate stiffness reduction factor in the analytical 
method for cyclic LSC. With this being properly de-
fined, a more reasonable bending strength reduction 
during cyclic loading can be estimated. 

It is shown in this paper that the neutral axis rota-
tion only has a small influence on the cyclic analysis. 
It is worthwhile to investigate whether it still holds 
for a cross section with a larger damage extent where 
the damage zone expands into the inner hull. 

6 CONCLUSION 

This paper applies the cyclic progressive collapse 
method to investigate the bending response and sag-
ging strength variation of an asymmetrically damaged 

ship hull girder under cyclic loading. Equivalent fi-
nite element analysis is performed as a validation. 
The following conclusions can be drawn: 

• The cyclic progressive collapse method can
be applied to predict the bending response of
a damaged ship hull girder;

• During the cyclic loading, there is a consider-
ably large bending strength reduction of the
hull girder

• The reduction rate is associated with the ap-
plied curvature range;

• The neutral axis rotation only has a small ef-
fect on the result of cyclic analysis;
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