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The present paper focuses on the ultimate shear strength analysis of intact and cracked stiffened panels.
Several potential parameters inﬂuencing the ultimate shear strength of intact panels are discussed,
including the patterns and amplitudes of initial deﬂection, the slenderness and aspect ratios of the
plates, and the boundary conditions deﬁned by the torsional stiffness of support members. An empirical
formula for the ultimate shear strength of intact stiffened panels is proposed based on parametric
nonlinear ﬁnite element analyses in ANSYS. Furthermore, the ultimate shear strength characteristics of
cracked stiffened panels are investigated in LS-DYNA with the implicit method. Three types of cracks are
considered, namely vertical crack, horizontal crack and angular crack. A simpliﬁed method is put
forward to calculate the equivalent crack length. And the formula for the ultimate shear strength of
cracked stiffened panels is derived on the basis of the formula for intact stiffened panels.
& 2014 Elsevier Ltd. All rights reserved.
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1. Introduction
Ship and offshore structures now tend to be designed based on
the ultimate strength. Signiﬁcant progress has been made on the
ultimate strength characteristics of various types of structural
components under typical load conditions as axial compression
and edge shear [1]. Comparing to axial compression, less attention
has been given to the shear loading [2,3]. Though several empirical
formulae have been developed and applied in industry, most of
them are based on the elastic buckling strength of the individual
plate [e.g. 1,2]. In order to accurately assess the limit-state-based
capacity of ship structures, systematic study on the ultimate shear
strength of stiffened panels should be carried out further.
Moreover, failure due to shear loads will arise particularly for
damaged structures [2]. Fatigue cracks are among the most typical
damage or defect forms, which would be initiated in the concentration area of the structure. The importance on assessing residual
ultimate strength of cracked ship structures under monotonically
increasing extreme load has been highlighted [4,5]. Some studies
have been paid on buckling characteristics of the cracked plates
under shear [6], while the study on post-buckling or large-deﬂection
regime is still not enough.
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The aim of this paper is therefore to investigate the ultimate
shear strength of intact and cracked stiffened panels. Since the
deﬂection pattern of the plates under edge shear in the postbuckling or large deﬂection regime is quite complex, the analytical
approach may not be straightforward to use [1]. In this case,
nonlinear FEA softwares, ANSYS [7] and LS-DYNA-implicit [8] will
be used for carrying out analyses on intact and cracked stiffened
panels respectively, while cracked panel models used in LS-DYNA
with initial deﬂection are preprocessed by ANSYS. Based on the
computed FEA results, an empirical formula for estimating the
ultimate shear strength of stiffened panels will be derived. And it
will provide the basis for the residual shear strength assessment of
cracked panels. Factors for shear strength reduction due to typical
cracks will be put forward at the same time.

2. Ultimate shear strength of intact stiffened panels
The one-bay SPM (stiffened panels model) shown in Fig. 1 will
be adopted for calculation in the present study. The plate dimension is a  b  t p ; the stiffener web dimension is hw  t w ; and the
stiffer ﬂange dimension is bf  t f . The Young's modulus is E; the
material yield stress is σ Y ; and the Poisson ratio is ν. The shear
modulus can be expressed by G ¼ E=2ð1
pﬃﬃﬃ þ νÞ; and the shear yield
stress can be expressed by τY ¼ σ Y = 3. The plate slenderness ratio
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Fig. 1. One-bay SPM.

representing
the degree of plate thickness is deﬁned as β ¼ ðb=tÞ
p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
σ Y =E.
Uniform shear load will be applied on the edges of the SPM.
The simply supported condition is assumed at the panel edges,
and all edges will remain straight by proper displacement constraint equations during loading. Elastic perfectly plastic material
model is adopted. Strain-hardening effect will not be included in
numerical model. The ultimate shear strength of stiffened panels
may be affected by the patterns and amplitudes of initial deﬂection, the slenderness and aspect ratios of the plates surrounded
by longitudinal and transverse support members, and also the
boundary conditions deﬁned by the tortional stiffness of support
members. Parametric studies will be conducted to investigate the
effects of those potential inﬂuential factors.

2.1. Effect of initial deﬂection pattern
Initial deﬂections have to be considered for ultimate limit state
assessment of stiffened panels. The geometric conﬁguration of
fabrication-related initial deﬂections in stiffened plate structures is
quite complex [1]. For practical design purposes, the measurements of initial deﬂection for plate elements in steel-plated
structures are usually idealized to a multi-wave shape predominant in the long direction and one half wave in the short direction.
And the initial deﬂections into FE models are generally based on
buckling mode under compression. More precisely, the initial
deﬂections of stiffened panels can be divided into the local and
global modes, which include the local buckling modes of plates
and stiffeners, together with the vertical and horizontal components of global buckling mode. For more complicated structures
such as cracked panels, it is more inconvenient to consider the real
initial deﬂection patterns. In view of this, initial deﬂections are
further simpliﬁed to the buckling mode by eigen analysis under
the considered loading conditions. Generally speaking, the buckling mode under compression is more close to the real initial
deﬂection pattern, while it is quite different from the buckling
mode under edge shear. And the buckling mode of stiffened panels
may also be varied if support members are included during eigen
analysis. In this part, the effect of initial deﬂection patterns will be
discussed ﬁrst to provide the basis for further discussion. Four
types of patterns will be considered, namely,

d) Shear-based initial deﬂection pattern from eigen analysis without support members included in the model.
The FE models of SPM are illustrated in Fig. 2 with four types of
initial deﬂection patterns listed above. Initial deﬂection with the
amplitude of wopl ¼ b=200 is assumed for the local mode of pattern
(a) and the same amplitude is considered in other three patterns.
A series of ANSYS ultimate strength analyses were undertaken
with varying the initial deﬂection patterns and plate thickness.
Fig. 3 shows the average shear stress (τav ) versus strain (γ av )
curves of the SPM. It is noted that the initial deﬂection patterns
will slightly change the modeling results. Relatively larger effect is
found when plate thickness is 10mm and 8mm, but it can be
ignored for thick plates and very thin plates. And the shear-based
initial deﬂection patterns will induce relatively lower strength
in FEA.
2.2. Effect of slenderness ratio
Based on the analysis above, the effect of plate slenderness
ratio can be obtained at the same time. Fig. 4 gives the curves of
normalized ultimate shear strength (τu =τY ) of SPM versus plate
slenderness ratio with the four types of initial deﬂection patterns
considered. A signiﬁcant decreasing tendency can be observed
with increasing slenderness ratio. Slight difference due to different
initial deﬂection patterns can be further noticed, but the differences are within 6%.
2.3. Effect of initial deﬂection amplitude
Another potential parameter which may affect the ultimate
shear strength of SPM is the initial deﬂection amplitude. Calculations are performed here on the SPM witht p ¼ 10 mmconsidering
two different initial deﬂection patterns. The initial deﬂection
2
2
amplitude is changed from 0:01β t to 0:3β t. The average shear
stress versus strain curves are shown in Fig. 5 and the strength
changing tendency can be further clariﬁed by Fig. 6. Where, the
2
value of wopl =ðβ tÞ is adopted to represent the level of initial
deﬂection. It can be seen from the results that a proximate extent
of 10% should be considered when the initial deﬂection amplitude
changes from very small level to severe level.
2.4. Effect of aspect ratio

a) Compression-based initial deﬂection pattern considering local
buckling modes of plates and stiffener webs respectively, and
also the global failure modes of the stiffened panel;
b) Compression-based initial deﬂection pattern from eigen analysis;
c) Shear-based initial deﬂection pattern from eigen analysis with
support members included in the model (but the support
members will be removed during ultimate strength analysis
in view of the same boundary conditions for comparison);

It has been pointed out that the ultimate shear strength
depends weakly on the plate aspect ratio, especially for relatively
thick plates [1]. However, for the completeness of the parametric
study on SPM in the present paper, the effect of the aspect ratio
combined with plate slenderness ratio will be further clariﬁed
here by a series of FE analysis results shown in Fig. 7. The aspect
ratio will be changed from 1.0 to 5.0. From the results, it can be
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Fig. 2. SPM with four types of initial deﬂection patterns (Scale factor¼ 20).

observed that the effect of the aspect ratio will be more obvious
with the increase of plate slenderness ratio. And the difference of
the strength between SPM with a=b ¼ 1:0and a=b ¼ 5:0 reaches
10% when β ¼ 3:32.
2.5. Effect of torsional rigidity of support members
2.5.1. Effect of stiffener's rigidity
It is well investigated that the different height of the stiffener
may induce different collapse mode of SPM under axial compression [1]. The effect of the stiffener's rigidity should also be studied
reasonably for the SPM under edge shear, which will be represented according to the rotational restrained parameters of the
longitudinal (x) and transverse (y) support members put forward
in [9], namely,

ζL ¼ C L

GJ L
GJ
; ζ ¼ CS S
bD S
bD

Where, the constants
hwy t 3wy þ bfy t 3fy
hwx t 3wx þ bfx t 3fx
; JS ¼
6
6
nJ
J
C L ¼ J PLL whenJ PLL r1
nJ
J
J
1 when L 4 1; C S ¼ J PSS when J PSL r 1
J PL
JL ¼

ð1Þ

1 when

JL
41
J PS

Where, J PL ¼ bt 3 =3, J PS ¼ at 3 =3
Fig. 8 (1) compares the FEA results of the ultimate shear strength
of SPM when web height is 350 mm and 150 mm respectively. It is
observed that the effect of the web height on shear strength can be
ignored. And Fig. 8 (2) illustrates the effect of the rotational restrained
parameter of stiffener, which shows that the ultimate shear strength
could be increased slightly with more rigid stiffener. However, its
effect is not signiﬁcant.
2.5.2. Effect of tortional rigidity of support members
The adopted one-bay SPM with simply-supported boundary
conditions has not taken into account the rotational constraints by
longitudinal girders and transverse frames. In a continuous ship
structures, the rotation along the SPM edges depends on the torsional
rigidity of the support members. The support members will be
included into the ultimate strength analysis in this part and their
rotational restraint parameters will be changed with thickness. Fig. 9
illustrates the normalized ultimate shear strength of SPM versus
rotational restrained parameter of transverse frame. It can be seen
that whenζ S increases from zero to 1.0, the ultimate shear strength of
SPM will almost reach to a constant value. The strength from simplysupported boundary conditions is approximately 9.5% of the constant
value when the rigidity of support members is large enough.
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Fig. 3. Average shear stress versus strain curves of the SPM obtained by FEA in ANSYS with varying plate thickness and initial deﬂection patterns ((a)–(d) in the ﬁgures
indicate the four initial deﬂection patterns listed in the text).
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2.6. Formula for ultimate shear strength of intact stiffened panels
Based on the analysis above, the following formula for the
ultimate shear strength of intact stiffened panels considering main
inﬂuential parameters,
(
1:0
for β o 1:5
τu
¼
:
ð2Þ
f1
for
β
Z
1:5
τY
ðβ =f 3 Þ
f Ue
þf
4

2

Where

w
f 1 ¼ ττu0Y  13 opl
2
β t

a
b
a
f 3 ¼ 3:05128 þ 0:44105 U
b
a
f 4 ¼ 0:95173  0:11177 U
b

f 2 ¼ 0:00804 þ 0:07582 U

Fig. 4. The effect of the plate slenderness ratio on the ultimate shear strength
of SPM.

Here, τu0 represents the ultimate shear strength of intact stiffened
panel without initial deﬂection.

3. Ultimate shear strength of cracked stiffened panels
Defects of cracks are inherent in structural components; they are
either present during production or developed under service load
[10]. Ultimate strength can be weakened by the cracking defects
signiﬁcantly. The ductile cracks with large-scale yielding zone are
usually regarded as new free surface for residual strength assessment
under monotonic extreme loading. However, cracks may also grow
under some cases of monotonically increasing extreme loads, which
will further decrease the strength of the structure. Therefore, the
possibility of crack propagation should be checked carefully during
ultimate strength analysis. Regardless of the microscopic parameters
governing the ductile fracture behavior, critical plastic strain is
usually adopted as the criterion for ductile crack propagation used

Fig. 6. The effect of initial deﬂection amplitude factor on the ultimate shear
strength of SPM.

Fig. 5. Average shear stress versus strain curves of the SPM (t p ¼ 10 mm) obtained by FEA in ANSYS with varying initial deﬂection amplitudes considering two initial
deﬂection patterns: compression-based initial deﬂection pattern (with global and local modes); Shear-based initial deﬂection pattern (without support members included
during Eigen analysis).
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in FEA. During the calculation on the ultimate strength of cracked
stiffened panels, the increase of maximum plastic strain in the
vicinity of crack tips will be monitored and compared with the
failure plastic strain deﬁned by material fracture strain and mesh
size. The failure plastic strain for uniform shell elements recommended in [11] will be adopted here.
Generally speaking, three types of cracks need to be considered, namely vertical crack, horizontal crack and angular crack.
Fig. 10 shows a schematic of a stiffened panel with the three types
of cracks [5]. The ultimate strength characteristics should be
analyzed carefully with different crack locations and orientations.
Fig. 11 shows the FEA models for the stiffened panel with three
types of cracks under edge shear, of which the edge shear loading
orientation will be considered to induce the angular crack with open
mode. And shear-based initial deﬂection pattern without support
members supported will be adopted. It will be obtain after eigen
analysis for cracked SPM in ANSYS. However, LS-DYNA with implicit
method will be adopted for ultimate strength analysis on the models
inputted from ANSYS. Possible contact within crack edges or between
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crack edges and panel surfaces could be considered more conveniently
in LS-DYNA. In order to make comparison between the ultimate
strength of intact and cracked panels, a brief comparison between the

Fig. 9. The normalized ultimate shear strength of SPM versus rotational restrained
parameter of support members.

Fig. 7. The effect of aspect ratio (a=bÞon the ultimate shear strength of SPM.

Fig. 10. A schematic of a stiffened steel panel with three types of crack orientations
and under axial loads or edge shear [5].

Fig. 8. Effect of stiffener's rigidity: (1) the normalized ultimate shear strength of SPM versus plate slenderness ratio when web height is 350 mm and 150 mm respectively
and (2) the normalized ultimate shear strength of SPM versus rotational restrained parameter of stiffener.
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Fig. 11. FEA models for the stiffened panel with three types of cracks under edge shear: (a) SPM with a vertical crack; (b) SPM with a horizontal crack; (c) SPM with an
angular crack; and (d) Mesh pattern in the vicinity of crack tip.

shear strength of SPM with an angular crack obtained from ANSYS and
LS-DYNA-implicit is performed, as shown in Fig. 12. The results agree
well. And all the notations in Fig. 12 will be used for the same
parameters in the following analysis.

3.1. The ultimate shear strength of a cracked individual plate
element

Fig. 12. Results comparison between the ANSYS and DYNA implicit method.

In a stiffened panel, multiple cracks may be formed in different
plate elements. It is impossible to consider all of the conditions
with different cracks distribution. In order to further simplify the
problem, each cracked plate will be considered individually ﬁrst to
provide the basis for the strength of the stiffened panel.
A series of ﬁnite element analysis will be performed on a
simply-supported plate with an angular center crack by changing
crack length. Fig. 13 gives the average shear stress versus strain
curves. The decrease of shear strength can be observed and it is
noted that the maximum plastic strain in the vicinity of crack tips
at the same load level will increase with crack length. But the
crack will not propagate easily even in post-collapse period.
In order to consider more common cases with random crack
orientation, the crack will be normalized in the following way by
assuming that the angular cracks will be equivalent to vertical
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strength of the cracked panel can be expressed by,

τuc τu
¼ Uf
τY τY crack

ð5Þ

Where
8 n
c
c
>
< ∑ ð1:0049  0:13362 sin βp 0:28721ð sin βp Þ2 Þ
b
b
f crack ¼ i ¼ 1
>
: 1:0049  0:13362 c cos β 0:28721ðc cos β Þ2
a

p

a

p

for tan βp 4 b=a
for tan βp r b=a

3.2. The ultimate shear strength of cracked stiffened panels

Fig. 13. Average shear stress versus strain curves of a simply-supported plate with
an angular center crack obtained by FEA in LS-DYNA with varying crack length; all
plate edges will remain straight during deformation; shear loading orientation for
open mode crack is considered.

The assumption and formula put forward above will be veriﬁed
in this part for cracked stiffened panels. A series of ultimate
strength analysis is undertaken ﬁrst on a stiffened panel with a
horizontal crack under edge shear with varying crack length.
Fig. 15 shows the average shear stress versus strain curves. And
Fig. 16 gives the normalized ultimate shear strength versus
normalized crack length. It can be seen that Eq. (4) can be
successfully used for the ultimate shear strength prediction of
the cracked panel with a horizontal crack.

Fig. 15. Average shear stress versus strain curves of a stiffened panel with a
horizontal crack obtained by FEA in LS-DYNA with varying crack length.

Fig. 14. The normalized ultimate shear strength of the simply-supported plate with
an angular center crack versus normalized crack length.

cracks or horizontal cracks under different conditions,
(
c U sin ðβp Þ=b when tanðβp Þ Z b=a
cF ¼
c U cos ðβp Þ=a when tanðβp Þ o b=a

ð3Þ

Fig. 14 gives the normalized ultimate shear strength of the simplysupported plate with an angular center crack versus normalized crack
length. The following equation can be used for expressing the shear
strength decrease of stiffened panels due to the crack,

τuc
¼ 1:00491  0:13362 U cF 0:28721 Uc2F
τu

ð4Þ

It is assumed here tha2t the strength of the stiffened panel with
the vertical cracks is the average value of cracked plate elements;
the number of plate elements in a stiffened panel is denoted byn.
But the strength of the stiffened panel with the horizontal cracks is
that of a plate element with a longer parallel crack. Then the shear

Fig. 16. The normalized ultimate shear strength of a stiffened panel with a
horizontal crack versus normalized crack length.
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Fig. 17. The FEA results for ultimate shear strength of cracked panels with different crack forms and initial deﬂection amplitudes: (1) SPM with a full crack in one plate
element; (2) SPM with an angular crack (t p ¼ 19 mm); (3) SPM with an angular crack (t p ¼ 10 mm); (4) average shear stress versus strain curves of SPM with an angular crack
with varying initial deﬂection amplitude (t p ¼ 10 mm); (5) average shear stress versus strain curves of SPM with a vertical crack with varying initial deﬂection amplitude
(t p ¼ 19 mm); (6) average shear stress versus strain curves of SPM with a vertical crack with varying initial deﬂection amplitude (t p ¼ 10 mm); (7) the effect of initial
deﬂection amplitude factor on the ultimate shear strength of SPM with a vertical crack; and (8) the effect of initial deﬂection amplitude factor on the ultimate shear strength
of SPM with an angular crack.
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increasing. Based on the parametric analyses, an empirical formula for
the ultimate shear strength of intact stiffened panels is proposed. A
simpliﬁed method is put forward to calculate the equivalent crack
length. And the formula for the ultimate shear strength of cracked
stiffened panels is derived on the basis of the formula for intact
stiffened panels. The formula for the ultimate shear strength of
cracked panels is veriﬁed by FEA results. However, with regard to
the complexity of crack problem, further studies should be made on
the ultimate shear strength of stiffened panels with randomly
distributed cracks.
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Fig. 18. Comparison between the results from FEA and Eq. (5).
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