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Abstract: Reliability assessment of buckling limit state for imperfect stiffened panels made from elastic 
homogenous and isotropic material and subjected to uniform axial compression was performed in this work. The 
stiffened panel was assumed to suffer a single localized geometric imperfection having the form of a rectangular 
depression patch that is situated either on a web or a segment of the panel. A parametric study was performed 
with regards to the buckling strength variations for both perfect and imperfect panels as affected by the defect 
depth and position. Imperfect panels were generated by placing a depression square of fixed size and variable 
depth at various locations of the web and the plate. The obtained results have shown that buckling strength of 
stiffened panels is largely affected by the system geometric parameters and the defect characteristics. For an 
imperfect stiffened panel with a defect present either on a web or a segment, a drastic reduction of the buckling 
stress was obtained. The relative influence of defect position and depth was found to depend on whether the 
defect is located on a web or a segment of the stiffened panel. For a given configuration of the panel, focus was 
done on the effect of uncertainties affecting the plate geometric dimensions, the defect characteristics and the 
applied loading. These parameters were assumed to be random variables. Their means and standard deviations 
were assumed to be known, while no prior information is available about their densities of probabilities. First 
Order Reliability Method was applied to a response surface representation of the buckling limit state which was 
derived through quadratic polynomial regression of finite element results that were collected according to a full 
factorial design of experiment table built on the key intervening factors. The influence of the distributions of 
probabilities chosen to model the problem uncertainties for the perfect and imperfect stiffened panels was 
analyzed. It was found that these modify significantly reliability results.  
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INTRODUCTION 
 
 Reliability is associated to the ability of a system to accomplish some required functions, during a 
considered period of time (AFNOR, Eurocode1; Technical Report XP ENV 1, 1996). Reliability concepts intent 
assuring safety of structures within the context where there is no perfect knowledge about the real data 
intervening in the problem, but where statistics that describe their variations are available (Lemaire, 1997; Der 
Kiureghian and Dakessian, 1998). Reliability analysis is usually performed in order to take into account, for a 
given performance state of a structural system, uncertainties that affect mechanical, geometrical and loading 
parameters. This enables modeling uncertainties propagation between some given basic variables considered as 
the system inputs that vary randomly and the desired system outputs: called performance states.  
 Many structures and engineering components take the form of stiffened panels. In the presence of initial 
geometric imperfections, they could  suffer  important  decrease of buckling  strength in  comparison with the 
situation of perfect structures. There are numerous evidences in the literature which prove that the presence of 
geometric imperfections can reduce drastically the buckling stresses of structures (Faulkner, 1975; Carlsen, 
1980; Smith et al., 1991; Grondin et al., 1998; Grondin et al., 1999). 
 The experimental evaluation of buckling strength is such a costly and tedious task and the results could be 
rather controversial due to the inherent variations that could change the intervening parameters (Ghavami, 1973; 
Hu et al., 1997; Pan et al., 1999; Sheikh et al., 2002; Ghavami and Khedmatib, 2006). Simulating the effect of 
key geometric and loading parameters of the considered stiffened plate may then enable understanding such 
variability in order to assess more effectively reliability of design against buckling risk for these vital structures. 
 Among important research that has been performed in this field, one finds analytical models using Ritz’s 
energy method (Liu and Pavlovic, 2007). Both  single  and  double  Fourier  series  were  used  as deflection  
series  to  compute  the values for buckling coefficients. But  no  theoretical  solutions  could exist  for  more 
complicated  cases  of stiffened  plates. Therefore, numerical solutions are often preferred to analyze 
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complicated configurations. Özakça (1993) investigated prismatic folded plates under buckling load 
consideration. Bedair (1997) presented the influence of stiffener location on the stability of stiffened plates 
under combined compression and bending.  
 He idealized the structure as assembled plate and beam elements that are rigidly connected at junctions. 
Sheikh et al. (2002) investigated stability of stiffened steel plates under uniaxial compression and bending using 
the finite element method. The parameters investigated were: the transverse slenderness of the plate, the 
slenderness of the web and flange of the stiffener, the ratio of torsional slenderness of the stiffener to the 
transverse  slenderness  of  the  plate, and  the  stiffener  to plate  area  ratio.   
  Improved prediction of simultaneous local and overall buckling of stiffened panels was performed by 
Hughes et al. (2004). Todoroki and Sekishiro (2008) proposed a fractal branch and bound method for 
optimizing the stacking sequences to maximize the buckling load of blade-stiffened panels with strength 
constraints.    
 The  literature  survey  shows  that,  shape  and  size optimizations of stiffened plates for  improving  the  
critical buckling  load  were studied  using  various  analyses  and optimization  methods. In these studies, 
effects of one or two parameters on buckling load were investigated.  But, stiffened panels are complex thin-
walled structures and many parameters have to be considered to assure safe, economical, robust and reliable 
solutions for their design.  
 The aim of the present study is to carry out a comprehensive study on stability of stiffened plates from the 
reliability point of view. The proposed results can then be used to improve their design. The stiffened panels are 
assumed to be geometrically imperfect and only the case of initial localized imperfections is considered. A 
single initial imperfection having rectangular shape is assumed to be present either on the base plate or on the 
stiffeners. This initial imperfection is taken to be square and can then be characterized by only tow parameters: 
depth and length of the patch. To these two parameters one should add the imperfection centre location and the 
plate aspect parameters: length over width and length over thickness. Only the case of stiffened plates made of 
homogeneous and isotropic elastic material will be considered.  
 In order to limit the total number of simulations, a design of experiment method using Taguchi approach is 
applied (Peace, 1992). Three levels for each of the intervening factors are selected. 
 To perform reliability analysis, First Order Reliability Method (FORM) is applied to a response surface 
model (RSM) of a given buckling limit state of stiffened plates. RSM is derived through quadratic polynomial 
regression of finite element simulation results that are performed according to a full factorial design of 
experiment table. The aspect plate ratio, the plate thickness, the stiffener thickness and stiffener height as well as 
the design buckling load are assumed to be random variables. Their means and standard deviations are supposed 
to be known while their probabilities distribution functions are unknowns. A parametric study regarding the 
influence of the chosen distributions of probabilities to model uncertainties of the stiffened panel buckling 
problem is performed then as function of the mean value of the buckling design load. 
 
Buckling of Stiffened Plates: 
 Stiffeners provide improvement to load carrying capacity of structures. The benefit of structural stiffening 
lies in achieving lightweight and robust design. For this raison they have widely been used, especially in  critical  
and  sensitive  structures  such  as aircrafts, ship  hulls  and  box  girders  for which  safety  and  accurate design  
are crucial.  
 Buckling is one of the most complex phenomena that are inevitable for heavily axially loaded stiffened 
plate structures. For this purpose, it is necessary to carry out profound investigation about their responses under 
all kind of expected loads.  
 In structural engineering, one of the mean priorities is to save weight of structural elements without any loss 
of strength. Using stiffeners enables to improve structural response while minimizing the total structure weight. 
Achieving in practice optimal design for stiffened plates is not a trivial task. The problem involves many design 
variables and accurate modelling of the response of such structures is required as buckling is known to be very 
sensitive to parameters variations. Therefore, reliability analysis integrating uncertainties that affect buckling of 
stiffened plates may be of great interest in this field.   
 Whatever the manufacturing process used for stiffened plates, the final geometry will never be perfect as it 
will contain a number of initial geometric imperfections. Control of manufacturing process of such structures 
makes it possible to decrease imperfections, but no process can definitely remove them. So it is essential to take 
their effect into account when analyzing the buckling strength of stiffened panels and also their variability.  
 For stiffened plates under uniform axial compression, the buckling strength constitutes often the most 
adverse design solicitation. Calculation of the buckling load as it could be affected by various kinds of initial 
geometric imperfections represents thus an important issue. The pursued objective is to assess reliable design of 
these structures with pertinent and relevant margins of safety. Extensive  works  have  been  dedicated to 
establishing empirical expressions  for  critical  buckling  loads  of  flat  plates  under different  load  conditions 
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(Atua, 1998; Paik et al.,1998; Assakaf et al., 2002 ; Paik et al., 2008). However, these have not used the unified 
and modern concept of reliability analysis of structures which will be considered in the following.  
 
Reliability Analysis of Structures: 
 Structures are subject to uncertainties due to geometric variations, stochastic material properties and applied 
loading. Their responses are thus random and circumstances in which they manifest failure due to buckling are 
not deterministic. Reliability of structures is a relevant tool that makes it possible to quantify the effects of these 
uncertainties and to calculate the probability of failure starting from the densities of probabilities of the random 
variables which are present at the basic level and which define the inputs of the problem (Ditlevsen and Madsen, 
1996; Hasofer and Lind, 1974; Rackwitz and Fiessler, 1979).  
 In some cases, the performance function, called also limit state, is not given explicitly.  Coupling finite 
element software with a reliability code is a method that can be used in this situation in order to perform 
reliability analysis for a given design. However, this is costly in practice and the process may fail to converge 
for strong nonlinear problems.  
 Various methods which enable approximating the performance function can be used, when this last is 
implicit. These methods yield a simplified explicit mathematical representation of the exact limit state and its 
evaluation in terms of the basic random variables of the process is straightforward (Gayton et al., 2003; Roux et 
al., 1998).  
 The analytical model giving explicit representation of the problem is constructed by performing at first 
pertinent trial of points over the investigated domain of the intervening basic variables. This is generally 
performed according to a design of experiment table. The most common approach to select a finite number of 
trial points uses a full factorial table that is generated from a given selection of the discrete levels of the 
intervening factors (Roux et al., 1998).  
 Using the results of simulations obtained for these points, a metamodel can be derived. It gives the state 
function explicitly over the entire domain used for regression; such a model is called a response surface or RSM. 
This takes usually the form of a polynomial function (Gayton et al., 2003). Nevertheless, the obtained failure 
function by means of regression techniques is valid only on the considered domain and its extrapolation outside 
it needs to be justified.  
 In this work, quadratic regression is used to derive the RSM. Once this is achieved, common reliability 
software can be used to calculate the probability of failure associated to the considered limit state. In the 
following Comrel software is employed. 
 
Presentation of the Reliability Software Comrel: 
 Comrel reliability software offers two modules for achieving time invariant and time variant analyses of 
failure modes. It integrates advanced FORM/SORM methodology. Several algorithms to find the most likely 
failure point (  -point) are implemented. Additional computational options which are available in this software 

include mean value first order method, Monte Carlo simulation, adaptive sampling and several importance 
sampling schemes.  
 Comrel can deal with stochastic modelling of randomly dependent structures. A full set of 44 stochastic 
models are available in the Comrel V.7 version used in the actual study, and can be entered either in parameter 
form or in terms of the first two moments with eventually additional parameters. New user defined models can 
also be added.  
 In Comrel several failure criteria can be considered simultaneously. Two versions of this software with 
identical capabilities are available: the professional version requires the state functions to be written in Fortran 
90 with subsequent compilation and linking, and the symbolic version for which state functions can be specified 
in ordinary mathematical notation. Names for variables and parameters can be chosen arbitrary. In Comrel some 
important constants are predefined and there are a lot of built-in and special functions. 
 Several alternatives for numerical integration, differentiation and root finding are available as well as 
comparative operators and test functions. Auxiliary user defined functions and reference functions can be 
introduced and used as subroutines in the professional version. In the following the symbolic open access 
version of Comrel V.7 software is used. 
 
Case Study: 
 In ships a common portion of the structure takes the form of a multi-bay longitudinally stiffened panel 
supported by transverse and longitudinal cross frames. Figure 1 shows an example of geometric configuration of 
a stiffened plate having three cross frames and three longitudinal bays. 
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Fig. 1: Geometric configuration of a three-bay stiffened plate with three cross stiffeners. 
 
 The cross section of a single plate-stiffener combination is shown in figure 2. The notations are: wh height 

of stiffener web; wt thickness of stiffener web, t thickness of plate, b breadth of stiffened panel and a  length of 

stiffened plate. 

 
Fig. 2: Geometry parameters for a single plate-stiffener combination. 
 
 Abaqus finite element program was used to model the stiffened panel and to perform buckling analysis 
according to a nonlinear incremental analysis. The stiffened panel was disretized by means of a large number of 
elements to reach convergence. The mesh generated in this study contained 410 shell elements. Uniaxial 
compressive load was applied on both the left and right hand sides of the model, sides defining the width of the 
stiffened panel as shown in figure 3.  
 In the analysis, the 4-node shell element S4R was used. This element has the ability to take into account 
membrane tension. Each element node has six degrees-of-freedom. S4R element has also the capability of being 
used in elastic and plastic regions with the stiffening strains or softening strains.                                     
  The material properties used are those of steel: Young’s modulus 205.8E GPa  and Poisson’s 

ratio 0.3  . 
 For the description of the boundary conditions used here, let u , v  and w  be respectively the translations 
( xr , yr and zr  the rotations) along (or about) x , y and z -axes as shown in figure 3.  The longitudinal 

(unloaded) edges are simply supported; so 0w   and 0x zr r  . The transverse (loaded) edges are simply 

supported; so 0v   and 0y zr r  . 

   A  parametric  study  was carried  out  in  order  to  investigate the  effect  of stiffeners parameters on  the 
buckling strength. Two situations were considered: perfect stiffened plate and various scenarios of localized 
initial geometric imperfections consisting of a single rectangular patch set on the structure. Figure 3 shows an 
example of defect localization in the middle stiffener. Table 1 presents ranges of variations of the four factors 
considered in the actual parametric study of the perfect stiffened plate. 
 
Table 1: Range of variation of the considered factors. 

Parameter /a b  /a t  / wa t  /wh a  

Lower threshold 1 85.71 112 0.05 
Intermediate value 2 112.5 144 0.07 
Higher threshold 3 163 200 0.09 
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Fig. 3: Localized geometric imperfection having the form of a square patch set on the middle stiffener. 
 

RESULTS AND DISCUSSION 
 
 For 1800a mm  and based on table 1 a full factorial design of experiment table consisting of 43 81  

combinations was formed. Calculations were performed under Abaqus software for each of these combinations. 
The most adverse case was found to be given by the parameters shown in table 2. 
 Considering stiffened plate parameters shown in table 2, various scenarios of localized initial geometric 
imperfections were considered.   
 
Table 2: Parameters associated to the most adverse buckling strength case, absolute dimensions are given in mm . 

a  b  t  
wt  wh  /a b  /a t  / wa t  / wa h  ( )crP kN  

1800 600 11 9 163 3 163 200 11 4 

 
Table 3:  Effect of localized square patch defect on buckling strength as function of the given combination, the defect is placed on the 

transversal edge stiffener. 
Combination 

number dt  x  y  ( )Pcr kN  

Defect on central  stiffener 

( )Pcr kN  

Defect on edge stiffener 
1 1 60 16.3 3.93 3.94 
2 1 60 18.9 3.47 3.47 
3 1 60 81.5 3.13 3.13 
4 1 180 16.3 4.00 4.00 
5 1 180 18.9 3.98 3.99 
6 1 180 81.5 3.8 3.89 
7 1 300 16.3 4.01 4.00 
8 1 300 18.9 3.99 4.00 
9 1 300 81.5 3.88 3.88 
10 2.75 60 16.3 3.94 3.95 
11 2.75 60 18.9 3.52 3.52 
12 2.75 60 81.5 3.25 3.25 
13 2.75 180 16.3 4.00 4.00 
14 2.75 180 18.9 3.99 4.00 
15 2.75 180 81.5 3.91 3.94 
16 2.75 300 16.3 4.01 4.00 
17 2.75 300 18.9 4.00 4.00 
18 2.75 300 81.5 3.90 3.93 
19 4.5 60 16.3 3.94 3.95 
20 4.5 60 18.9 3.58 3.59 
21 4.5 60 81.5 3.42 3.42 
22 4.5 180 16.3 4.00 4.00 
23 4.5 180 18.9 4.00 4.00 
24 4.5 180 81.5 3.96 3.97 
25 4.5 300 16.3 4.01 4.00 
26 4.5 300 18.9 4.00 4.00 
27 4.5 300 81.5 3.92 3.94 

 

xy
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 Table 3 gives the obtained results as function of the location of the square patch initial geometric 
imperfection when this location varies on the edge transversal stiffener. Parameter dt  designates the remaining 

stiffener thickness due to the localized imperfection. 
  When the square depression defect is located on the base plate, no variation of the buckling strength was 
detected as the obtained buckling load remained constant and equal to 4kN . 

 The most adverse case corresponded to combination number 3 for both scenarios: imperfection placed on 
the middle stiffener or on the edge stiffener.   
 The RSM model as obtained by quadratic polynomial regression using results of the perfect shell in terms 
of parameters 1x t , 2 wx t , 3 wx h  and 4 /x a b  writes: 

1 2 3 4 1 2 3 4 1 2

2
1 3 1 4 2 3 2 4 3 4 1

2 2 2
2 3 4

( , , , ) 36.506 0.6223 3.5499 0.09645 15.477 0.26968

0.02253 0.05683 0.01876 0.05494 0.006592 0.01036

0.04736 0.0009417 3.0057

crP x x x x x x x x x x

x x x x x x x x x x x

x x x

      

     

  

            (1) 

 Let us assume that the design load against buckling is taken to be limP . Thus, the performance function for 

the perfect shell writes as 

1 1 2 3 4 lim 1 2 3 4( , , , ) ( , , , )crg x x x x P P x x x x                 (2)                       

 A reliability analysis was conducted by assuming that 1x , 2x , 3x , 4x and limP are random variables. Table 4 

gives the means and standard deviations for these variables. Two kinds of probabilities distribution functions 
were considered: normal and lognormal. The design load was taken with a standard deviation equal to 10%. 
 For the imperfect stiffened plate, the associated RSM models are given as follows, in terms of 
parameters 1 dx t , 2x x   and 3x y  , respectively for the cases where the square depression is placed on 

the middle stiffener or on the edge stiffener: 
                                                                

2 1 2 3 lim 1 2 3 1 2 1 3

2 2 2
2 3 1 2 3

( , , ) 3.7356 1.1338 0.005087 0.01263 0.0001428 0.0006427

0.00003578 0.0003628 0.00001334 0.0000005227

g x x x P x x x x x x x

x x x x x

      

   
        (3)   

 

3 1 2 3 lim 1 2 3 1 2 1 3

2 2 2
2 3 1 2 3

( , , ) 3.7360 1.0481 0.005177 0.01304 0.0001428 0.0006134

0.00003813 0.0001814 0.00001392 0.000002613

g x x x P x x x x x x x

x x x x x

      

   
         (4)                                     

 
Table 4: Means and standard deviations for the prefect shell plate design parameters. 

Random variable Mean Standard deviation
x 16 0.16
x 12.5 1.25
x 125 12.5
x 2 0.2

     
 Figure 4 gives the probability of failure fP  as function of the buckling design load in case of the perfect 

stiffened panel. 

0 10 20 30 40 50 60 70 80 90 100
0

0.2

0.4

0.6

0.8

1

Design Load (kN)

F
a

ilu
re

 P
ro

b
a

b
ili

ty

 

 

Normal
Lognormal

 
 
Fig. 4: Perfect shell, variations of failure probability as function of the buckling design load. 
     
 Reliability analysis was conducted by assuming that 1x , 2x  , 3x  and limP  are random variables. Table 5 

gives the means and standard deviations for these variables. Here also, two probabilities distribution functions 
were considered: normal and lognormal. The design load was chosen with a standard deviation equal to 10%. 
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Table 5: Means and standard deviations for the imperfect shell plate design parameters.  
Random variable Mean Standard deviation 

1  x  
2.75 0.275 

2x  180 18 

3x  48.9 4.89 

 
 Figures 5 and 6 give the probability of failure fP  as function of the chosen buckling design load in case of 

the imperfect stiffened panel where the square patch is placed respectively on the middle and edge transversal 
stiffeners. 
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Fig. 5: Imperfect shells, variations of probability of failure as function of the buckling design load; the defect is 

placed on the middle transversal stiffener. 
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Fig. 6: Imperfect shell, variations of probability of failure as function of the buckling design load; the defect is 

placed on the edge transversal stiffener 
 
 From figure 4, one can notice that both the normal and lognormal distributions of probabilities give almost 
the same results. The design load has to be higher than 60kN  in order to prevent buckling with high confidence.  
 Figures 5 and 6 show that the selected distributions of probabilities have a strong influence on the obtained 
results. Differences existing between them are however not monotonous. These figures show also that geometric 
imperfections placed on the edge transversal stiffener yield more damage than when placed on the middle 
stiffener. To obtain a safer design according to reliability analysis, the design load has to be greater that 9.5kN  
if the square depression defect is placed on central stiffener while a threshold of 5.5kN  is necessary for a square 
patch defect placed on an edge stiffener. 
 
Conclusions: 
 Buckling strength of stiffened panels as affected by various geometric parameters and localized initial 
geometric imperfection characteristics was analyzed in this work. For an imperfect stiffened panel suffering an 
initial geometric imperfection having the form of a square depression that is present either on a web or a 
segment, a drastic reduction of the buckling strength was obtained. This reduction can attain almost half the 
perfect plate buckling resistance. The most adverse situation encountered corresponded to a defect placed on the 
central segment of the panel.  
 The position of the depression as well as its depth were varied, the obtained results have indicated that the 
relative influence of these parameters depends a lot on the defect configuration: defect occurring on a web or a 
segment, defect centered or placed on a wedge.  Correlations giving the buckling load as function of key 
parameters were derived. 
 Reliability analysis has enabled quantifying the effect of uncertainties on the buckling strength. It was 
found that the selected densities of probabilities have a significant effect on the results. Knowing their means 
and variances does not suffice to predict accurately failure probability that is associated to a chosen design load. 
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 It would be interesting considering interaction between multiple localized defects in order to assess their 
global effect on buckling strength reduction.  
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