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SUMMARY 
 
Stiffened panels made out of isotropic or anisotropic materials are being extensively used as structural elements for 
aircraft, maritime, and other structures. In order to maintain stiffness and strength with light weight, new design 
techniques must be employed when utilising these materials. Their stability, ultimate strength and loading capacity are 
the key issues pertaining to these engineering structures which have attracted a number of investigators to undertake in-
depth research, either in an academic or actual engineering context. This paper presents a review of the optimisation 
techniques applied to buckling and post-buckling of stiffened panels. Papers published in the period from 2000 to May 
2015 have been taken into consideration. The topic is addressed by identifying the most significant objectives, targets 
and issues, as well as the optimisation formulations, optimisation algorithms and models available. Finally a critical 
discussion, giving some practical advice and pointing out the most common issues involved in optimisation of buckling 
and post-buckling of stiffened panels, is provided. 
 
1. INTRODUCTION 
 
New, fast, large, light, efficient and safe aerospace, 
marine, offshore and civil engineering structures, among 
others, require the adoption of new structural concepts 
and materials with superior mechanical performance. 
However, it is perhaps in the area of marine structures 
that the number of applications is greatest. Here, 
structures span the spectrum from offshore platforms to 
warships and submarines to ocean liners, tankers, LNG 
and bulk carriers, as well as to yachts, catamarans and 
small pleasure craft. These may variously be built from 
structural steels, aluminium alloys, graphite/epoxy, 
glass/epoxy or even boron/epoxy composites. 
 

 
 
Figure 1: Different buckling modes of axially stiffened 
panel under compression load [1]. Reproduced under 
license from Wiley. 
 
Shells are able to meet the requirements outlined above 
and have been widely used in these engineering fields. 
The use of stiffened panels made by alloy or composite 
materials with blade-, hat-, T-, J- or Z-shaped stiffeners, 
which offer considerable high strength-to-weight and 
stiffness-to-weight ratios, can bring a further substantial 
reduction in structural weight. In addition, the design of 
stiffened panels is able to overcome the buckling load 
and to work in the post-buckling field. More and more 
researchers have begun to understand the importance of 

buckling in the optimisation design of engineering 
structures. Therefore, stiffened panels are a structural 
typology extensively used in many fields mainly for their 
high efficiency, such as in aerospace: aircraft fuselages, 
helicopter tails, plus wing skin and rocket structures are 
but a few examples [2-5]. Stiffened panels exhibit a 
variety of failure modes, some global and some local in 
nature, and stability (buckling) failure is the most 
common failure mode. Global and overall buckling 
modes result in deformation of the shell and stiffeners 
together [1], see Figure 1. Therefore, an important 
consideration in the design of thin-walled stiffened 
structures is the stability (buckling) requirement. 
 
However, owing to a lack of design standards, the 
majority of the existing applications of stiffened shell 
structures in various engineering fields have been 
designed based on experimental research, simulations 
and the designer’s experience. This frequently leads to 
the over-design of final structures in order to ensure 
that these structures are safe and reliable. The 
emergence of various optimisation methods can 
contribute to the rationality of structural design, 
particularly for improving the buckling or post-buckling 
capacity of stiffened shell structures. However, there 
are at least two main difficulties to carry out these kinds 
of optimisations. The first one is related to the high 
computational efforts required to predict the post-
buckling behaviour of each configuration analysed 
throughout the optimisation process. The second 
difficulty is due to the presence of discrete variables 
and continuous variables with various dimensions or 
various orders of magnitude and of nonlinear 
constraints, which significantly increase the total 
number of configurations to be analysed by the 
optimisation algorithm [6, 7]. In this sense, finding an 
optimal design scheme for stiffened panel structures 
under a set of design constraints and one or multiple 
specific targets (objectives) is a complex problem. For 
that reason, this paper aims to present an overview of 
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the optimisation techniques that have been applied to 
buckling and post-buckling performance optimisation 
of stiffened metallic and composite structures. 
 
The key objective of this paper is to present a broad 
perspective of the recent research (2000-2015) done on 
optimisation of the buckling and post-buckling 
behaviours of stiffened shells and panel structures. The 
present paper will concentrate on the optimal design of 
stiffened structures and the various optimisation methods 
that are typically used. 
 
In order to undertake the design optimisation of stiffened 
plates or shells with buckling and post-buckling problems, 
there are several issues to initially consider. At the outset of 
this paper in Section 2, to further understand the progress of 
buckling optimisation problems of stiffened panels, many 
preceding reviews are examined. In Section 3, the buckling 
optimisation problem of stiffened panels is described and 
the optimisation problem definition, the design variables 
and constraints that are used are presented by an 
enumeration of design problems. Next, the most commonly 
used optimisation algorithms employed with stiffened plates 
and shells are described in Section 4, and a detailed 
discussion and argument about the challenges, issues, 
current trends and future developments are presented in 
Section 5. In fact, solving stiffened panel optimisation 
design problems often necessitates combining several 
different methods; therefore, many articles may be cited 
more than once in this paper. 
 
 
2. LITERATURE REVIEW 
 
In 2001, Ronagh [8] described and reviewed restricted 
distortional buckling (RDB), which occurs in places 
where part of a cross-section is restricted from free 
deformation during buckling (owing to the existence of 
external discrete or continuous restraints) while some 
other part(s) of the cross-section are slender and may 
deform in a mode that is dependent on the cross-section 
being flexible. In 2008, Wicks et al. [9] reviewed the 
horizontal cylinder–cylinder buckling under 
compression, torsion and gravitational loads, while in the 
same year Błachut and Magnucki [10] focussed their 
attention on the stability of cylinders under external 
pressure and the stability of end closures, their review 
comprising 287 references and 50 figures. 
 
Sidharth [11] published a literature review concerning 
the effect of localised corrosion on buckling. His main 
attention was given to localised corrosion such as pitting, 
which causes the thickness to vary non-uniformly in the 
structural plate region, and its effect on the ultimate and 
buckling strength of thin plates. Xu et al. [12] described 
common buckling and post-buckling behaviours of 
composite structures and reviewed the capabilities of 
corresponding analysis techniques. Related articles 
concerning main buckling and post-buckling analysis 
methods for composite structures are referenced [13-15]. 

The global–local buckling and optimisation of cold-
formed thin-walled channel beams with open and closed 
flanges have been reviewed [16]. The review includes 
simple analytical descriptions and calculations, 
numerical analysis, and the laboratory testing of selected 
beams. Randjbaran et al. [17] reviewed the nonlinear 
flutter and thermal buckling of a functionally graded 
material (FGM) panel under the combined effect of 
elevated temperature conditions and aerodynamic 
loading, finding that the temperature increase has an 
adverse effect on the FGM panel flutter characteristics 
through decreasing the critical dynamic pressure. 
Decreasing the volume fraction enhances flutter 
characteristics, but this is limited by the structural 
integrity aspect. Ni et al. [18] collated and categorised 
papers on two main research methods, namely: numerical 
analysis and experiment, used to study various buckling 
problems of various stiffened structures under various 
loading conditions. None of the aforementioned literature 
reviews set out to include the related optimisation of 
stiffened shell or panel structures with respect to 
buckling or post-buckling. However, from 2000 to 
present, various researchers have studied in depth the 
optimisation of stiffened panels or shells regarding 
buckling or post-buckling problems. They have proposed 
different objectives, methods of resolution, constraints, 
algorithms, tools and models in their quest to optimise 
the buckling performance of stiffened panel or shell 
structures. There is no doubt that optimisation algorithms 
and optimisation models are still the main research focus. 
Therefore, the purpose of this paper is to review the 
optimisation techniques applied to stiffened shell or 
panel structures. A summary of the research work on the 
buckling and/or post-buckling optimisation of alloy or 
composite stiffened panels or shells is given in Table 1 
according to the different structure types and 
optimisation methods. 
 
Table 1 shows that researchers have examined a variety 
of different stiffened shell or panel structures, including 
stiffened flat panels, laminated composite stiffened 
panels, cylindrical panels, as well as cylindrical shell and 
integrally stiffened panels. Most of the axially or 
orthogonally stiffened panels or grid-stiffened panels are 
made of alloy and/or composite materials. According to 
Table 1, numerous optimisations were carried out to find 
the minimum weight and/or maximum performance 
designs. The objective functions that were explored are 
divided into three main categories: minimisation of the 
structure weight; maximisation of the buckling load; and 
multi-disciplinary optimisations. Almost all optimisation 
strategies had a direct impact on the stiffener shape, the 
dimension of skins (including stacking sequences) and 
the number of layers when laminated composite 
materials were used; therefore, design variables are 
treated as continuous or discrete or mixed discrete–
continuous values in various cases. The optimisation 
process based on the genetic algorithm (GA) has been 
used the most, but there are still many other different 
optimisation algorithms. 
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Table 1: Summary of research work on buckling/post-buckling optimisation of stiffened panels or shells 
 

Structure Type Design Variables 
(Continuous or Discrete) 

Optimisation 
Algorithm Objectives 

Stiffened panels  
[2, 6, 19-27] 

Number of layers of skin and stiffeners; 
Number of stiffeners; 
Side dimension of stiffeners; 
Dimension and stacking sequences 

Based on genetic 
algorithms 

Minimum weight; 
Maximum buckling load 

Stiffened cylindrical 
shells [28-31] 

Shell thickness; 
Numbers of rings and stringers; 
Dimensions of rings and stringers; 
Order of ring spacing distribution 

Composite advanced 
grid-stiffened (AGS) 
cylinder [32] 

Number of stiffeners; 
Stiffener thickness; 
Stiffener height 

Grid-stiffened panel 
[3, 33] 

Axial and transverse stiffener spacing; 
Stiffener height and thickness; 
Skin laminate; 
Stiffening configuration 

Stiffened liquid-filled 
steel conical tanks 
[34] 

Shell thicknesses; 
Geometry of the steel vessel; 
Dimensions and number of stiffeners 

Stiffened model of a 
rectangular plate [4] 

Dimension of plate (width, length and 
thickness) 

Based on parametric 
optimisation 

Maximum critical shear 
stress; 
Minimum weight 

Stiffened cylindrical 
shell [35, 36] 

Shell thickness; 
Skin thickness; 
Skin winding angle; 
Stiffener orientation angle and 
longitudinal modulus 

Maximum critical  load 

Stiffened panel  
[37, 38] Stacking sequences 

Based on fractal 
branch and bound 
method 

Maximum buckling load 

Stiffened cylindrical 
shells [39-41] 

Shell wall thickness; 
Stiffener section width; 
Stiffener section height 

Based on linear 
programming 
optimisation 

Maximum load-bearing 
capacity 

Stiffened rectangular 
plate [42] 

Thickness of rectangular plate; 
Width and height of stiffeners 

Ortho-grid stiffened 
shell [43] 

Height of stringer; 
Number of stringers; 
Number of plies 

Based on surrogate-
based optimisation 

Minimum weight or 
maximum load-carrying 
capability Stiffened cylindrical 

shell [44-47] 

Wall thickness; 
Ring spacing; 
Ring thickness and width; 
Each unique steered ply definition 

Hat-stiffened laminated 
composite panel [48] Dimension Based on response 

surface techniques Minimum weight 

Laminated composite 
stiffened panels (T-
shape) [49] 

Stacking sequence of panel skin; 
Stiffened laminate thickness; 
Height of the stiffeners 

Based on an ant 
colony algorithm 
(ACA) 

Maximum buckling load 
without weight penalty 

Thin cylindrical shell 
with stiffened rings 
[50] 

Number of rings; 
Configuration (inside or outside) 

Chaos optimisation 
algorithm (COA) 

Maximum buckling non-
probabilistic reliability 
index η  

Integrally stiffened 
panels [51-53] Cross-section shape and dimensions 

A hybrid differential 
evolution and particle 
swarm optimisation 
(HDEPSO)  

Maximum buckling 
carrying load 
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The main contributions of this paper include the following: 
 
x The analysis of buckling and post-buckling 

optimisation of stiffened shells and panels, plus the 
establishment  of optimisation models with  different 
design variables and under various constraints, 
including global and local constraint conditions. 

x The description and comparison of several 
optimisation algorithms for stiffened shells or panels 
subjected to arbitrary boundary conditions. 

x The application of optimisation tools to different 
stiffened shell or panel structures. 

 
3. BUCKLING OPTIMISATION PROBLEM 
 
3.1 OPTIMISATION PROBLEM DEFINITION 
 
Structural optimisation problems are characterised by 
various objective and constraint functions that are 
generally nonlinear functions of the design variables. 
These functions are usually implicit, discontinuous and 
nonconvex. The mathematical formulation of structural 
optimisation problems with respect to the design 
variables, the objective, and the constraint functions 
depend on the type of the application [54]. 
 
For the buckling optimisation problem, once the structure is 
identified, it will have a variety of buckling modes and it 
will also have a number of corresponding critical forces. 
However, the critical force of the first order buckling mode 
is of most concern to designers. The buckling eigenvalue 
equation can be described as in Eq. (1) below: 
 
(𝐾 + 𝜆𝑗𝐺)𝑢𝑗 = 0                (𝑗 = 1, … , 𝐽)          (1) 
 
where 𝐾 is the elastic stiffness matrix of the structure; 𝐺 
is the geometric stiffness matrix of the structure; 𝜆𝑗 
represents the eigenvalues for the equation, that is the 
buckling critical force of the structure; 𝑢𝑗 is the vector of 
nodal displacements; 𝑗 is the mode order number. 
 
The relationship between the critical force and the 
external force can be expressed as in Eq. (2) below: 
 
𝜆𝑗 = 𝜉𝑗 × 𝑃       (2) 
 
𝜆𝑗  is the critical force of buckling; 𝜉𝑗  is the factor of 
buckling; 𝑃 is the external force. 
 
If the minimum structure weight is the optimisation objective, 
the optimal model under multiple orders of buckling critical 
force can be described as in Eq. (3) which follows: 
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where X represents the design variables, 𝑋𝑖
𝐿 and 𝑋𝑖

𝑈 are the 
lower and upper bounds for the design variables, 
respectively; 𝑊  is the weight of the structure; 𝜆𝑗𝑙  is the 
upper limit of the jth critical force;  𝐽 is the total number of 
buckling modes; 𝑁 is the total number of elements; 𝐿 is the 
number of work conditions. 
 
Eq. (3) only describes the optimal mathematical model 
for the minimum mass under the buckling constraints. 
For complicated buckling optimisation design involving 
stiffened shell or panel structures, it is necessary to 
modify the optimisation objective, to determine different 
design variables and constraint functions (displacement, 
stress-strain limit, etc.). 
 
3.2 DESIGN VARIABLES 
 
Stiffened shells or panels are complex thin-walled 
structures. In their design, many parameters and 
interactions between parameters must be considered in 
order to obtain safe, economical, robust and reliable 
solutions [55]. Generally, the choice of design variables 
is determined based on the material and geometric form 
of the structure plus the complexity of optimisation. 
 
For example, for integrally stiffened panels (ISP) [51] (see 
Figure 2), the design variables are the shape and the 
dimension of the cross-section. For a ring stiffened 
cylindrical shell (see Figure 3), if the ring stiffeners are 
constructed from different materials from one another and 
also from the parent shell material, then the shell thickness, 
the width and height of stiffeners, the number of stiffeners, 
the stiffeners eccentricity distribution order, and the 
stiffeners spacing distribution order are considered as design 
variables [29]. In that case, the design variables take on 
mixed discrete-continuous values. Similarly, the 
optimisation of an advanced grid-stiffened (AGS) 
composite conical shell (see Figure 4) has mixed discrete-
continuous design parameters [32, 33].  
 

 

Figure 2:  Integrally stiffened panel (left) and built-up panel 
(right) [51]. Reproduced under license from Elsevier. 

Figure 3: Ring stiffened cylindrical shell with a non-
uniform stiffener distribution [29]. Reproduced under 
license from Elsevier. 
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Figure 4: Typical AGS carbon-fibre conical shell [33]. 
Reproduced under license from Elsevier. 

For stiffened laminated panels [19, 49], the design 
variables are the number of plies, the ply angle in each 
ply, as well as the size and the location of the stiffeners. 
For grid-stiffened panels (see Figure 5), design variables 
are the axial and transverse stiffener spacing, stiffener 
height and thickness, skin laminate, and stiffening 
configuration. The stiffening configuration indicates the 
combination of axial, transverse and diagonal stiffeners 
in a stiffened panel. In addition, the stacking sequences 
of the skin panel and stiffeners affect the buckling load 
of the stiffened panel; therefore the stacking sequence is 
considered as a design variable [22, 37]. Furthermore, for 
more complex structures, such as grid-stiffened 
cylinders, these are cylinders with stiffening structures 
either on the inner, outer or both sides of the shell (see 
Figure 6). Because shell thickness, shell winding angle, 
longitudinal modulus and stiffeners orientation angle 
together affect the buckling load, they are all taken as 
design variables in the optimal design process [36]. 
 

 
 
Figure 5: Unit cell of a grid-stiffened panel and design 
variables {(1) Axial Stiffener; (2) Transverse Stiffener; 
(3) Diagonal Stiffener} [3]. Reproduced under license 
from Elsevier. 

 
 

Figure 6: Unit cell of a grid-stiffened cylinder [36]. 
Reproduced under license from Elsevier. 
 
 
3.3 CONSTRAINTS 
 
Only by taking into account all kinds of constraints of the 
structure, can the structure optimisation be as close as 
possible to engineering practice and improve the 
performance of the structure. According to the 
characteristics of the constraints, these may be divided 
into global and local constraints. Global constraints 
include the displacement constraint, the frequency 
constraint, and the global stability constraint; local 
constraints include the stress constraint, the local stability 
constraint, and so on. Sometimes, the global and local 
constraints are dealt with simultaneously. Ambur and 
Jaunky [3] considered the global and local buckling 
constraints when they performed an optimal design of 
composite grid-stiffened structures with variable 
curvature. Similarly, Rikards et al. [44] developed an 
optimisation procedure for the design of composite 
stiffened shells subjected to buckling and post-buckling 
constraints. El Ansary et al. [34] also took the global and 
local buckling as constraint conditions when they studied 
an optimum design technique for stiffened liquid-filled 
steel conical tanks. 
 
In the practical engineering application of stiffened shells 
or panels, to ensure that the stiffened shell or panel 
structure can work normally and safely, many kinds of 
constraints should be considered together. Bagheri et al. 
[29] carried out an optimisation for ring-stiffened 
cylindrical shells with four constraints, namely the 
fundamental frequency, the structural weight, the axial 
buckling load, and the radial buckling load. When 
Simões et al. [56] carried out an optimal design for a 
welded stringer-stiffened steel cylindrical shell under 
axial compression and bending, the local shell buckling, 
stringer panel buckling and horizontal displacement were 
taken as constraints. Herencia and his coworkers [20, 57-
61] performed initial sizing optimisation of anisotropic 
composite panels with T-shaped stiffeners under 
strength, buckling, and practical design or manufacturing 
constraints. The strength constraints are introduced by 
limiting the laminate in-plane strains longitudinally, 
transversely and in shear, for both tension and 
compression. The practical design constraints are 
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imposed on the skin, stiffener flange and web laminates, 
respectively. Vitali et al. [48] chose buckling and stress 
response surfaces as optimisation constraints to conduct a 
hat-stiffened laminated composite panel optimisation, 
while Xu and his colleagues [62] chose strength and 
buckling response surfaces as constraints, in order to 
complete a similar optimisation for a hat-stiffened 
composite plate. 
 
3.4 SOLVING 
 
During the past 15 years, many methods have been 
developed to meet the demands of structural design 
optimisation for stiffened shells or panels. According to 
the mathematical model of the problem, these methods 
can be classified into two general categories: 
deterministic and probabilistic [54]. 
 
For the deterministic category, such as mathematical 
programming methods (MP), this kind of method is 
mainly used to optimise the design variables or 
parameters as the amount of determined parameters; 
while for the probabilistic category, such as evolutionary 
algorithms (EA), this kind of method is mainly used to 
optimise the design variables or parameters as the 
amount of uncertainty, but the method is one of the most 
studied in recent years. 
 
The selection of an optimisation algorithm was based on 
the experience of the authors as well as that of other 
researchers, regarding the relative superiority of one 
optimisation method over the rest of the methods in some 
specific problems. However, the superiority of these 
methods cannot be generalised. 
 
4. OPTIMISATION ALGORITHMS 
 
The selection of an optimisation algorithm is an 
important task in engineering optimisation which 
depends on the nature of the problem and the 
characteristics of its design space. The choice of the 
optimisation algorithm is central to the optimal design of 
stiffened shell or panel structures, because the final 
results depend on the specific algorithm in terms of 
accuracy and local minima sensitivity. 
 
Most of the time, choosing what kind of algorithm is 
used is based on discrete variable optimisation or 
continuous variable optimisation. For continuous 
variable optimisation problems, the most important and 
popular methods include gradient-based methods, 
stochastic approximation methods, and response surface 
methodology. On the other hand, ranking and selection, 
multiple comparison procedures, ordinal optimisation, 
optimal computing budget allocation, and metaheuristics 
are often used to solve discrete variable optimisation 
problems [63]. Over the years, the algorithms used to 
solve buckling optimisation problems in stiffened shell or 
panel structures have developed and evolved. 
 

The techniques that are most commonly used in this 
review can be categorised into genetic algorithm (GA), 
serial linear programming, surrogate model (SM), 
parametric optimisation, fractal branch-and-bound 
method (FBB), plus various other algorithms and 
optimisation tools. 
 
4.1 GENETIC ALGORITHMS 
 
Genetic algorithms (GA), a family of evolutionary 
algorithms, have been growing in popularity recently and 
represent the most commonly used technique in a wide 
variety of buckling or post-buckling capacity 
determinations for stiffened shell and panel structures. 
The original formulation of GAs is based on the concept 
of natural evolution: the survival of the fittest members, 
i.e., the better adapted members have more possibilities 
to transmit their characteristics to future generations. The 
ability of a GA to learn from the history and exploitation 
of the environment provides the basis for its effectiveness 
in optimisation. Therefore, the minimising of weight, 
optimal shape, stacking sequences, and ply angles has 
been sought for some composite structures by using GAs. 
 
To minimise the weight per unit area of a grid-stiffened 
composite panel or shell (see Figure 5) with variable 
curvature given the design loading condition, Ambur and 
Jaunky [3] used a GA as the optimisation tool for 
evolving the design. For a curved panel with variable 
curvature, the grid-stiffened designs are more than 10% 
lighter than the existing optimised design. Chen [64] 
adopted a GA to optimise the robustness of a composite 
advanced grid-stiffened (AGS) cylinder (see Figure 4) 
under the constraint of buckling load, which is calculated 
based on a parametric smear model analysis. Results 
show that the reliability and robustness of structures are 
greatly improved, while the weight is heavier than the 
results generated by the conventional method. A GA 
using multi-parameter concatenated coding has been 
applied to the layout optimisation of the number and 
height of stiffeners, thickness of stiffeners and panel of 
composite stiffened plates [65]. 
 
Faggiani and Falzon [66, 67] optimised the stacking 
sequence of several areas of a panel and maximised 
damage resistance within the post-buckling regime of 
stiffened panels based on a GA. Iuspa and Ruocco [21] 
performed the optimum topological design of simply 
supported composite stiffened panels via GAs based on a 
specific bit-masking orientation, which handles in 
parallel different genetic operators, expressly conceived 
to process with proper metrics, both discrete and 
continuous design variables. 
 
Another GA is called the micro-genetic algorithm, which 
was used to perform the optimal layer design of a composite 
stiffened panel up to post-buckling based on an analysis 
model. The optimised result showed a higher maximum 
failure load in the post-buckling region [68, 69]. 
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A genetic algorithm is highly suited for use with a 
parallel computing scheme, because multiple design 
points should be evaluated in a single calculation step. To 
find minimum weights of structures for a given strength, 
Kang and Kim [19] used a modified GA with parallel 
computing to perform an optimisation for stiffened 
panels under constrained post-buckling strength. The 
objective function was defined as: 

max
,
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where maxW is the heaviest possible weight and W is the 

weight of the design point; ,fail designP  and failP are the 
design strength and the strength of the design point, 
respectively. The strength was defined as the load at the 
moment of the first fibre failure. The optimisation results 
showed that the optimal designs have better performance 
than conventional designs and that the modification to 
the algorithm was highly effective. 
 
Genetic algorithms in combination with other 
approximation methods, such as neural networks, finite 
element (FE) analysis or an analytical formulation, have 
also been developed and applied in buckling and post-
buckling optimisation of composite stiffened panels [2, 
62, 70-78]. Bisagni and Lanzi [2] proposed a procedure 
based on a global approximation strategy, genetic 
algorithms and multilayer perceptron (MLP) neural 
networks to optimise a composite stiffened panel, where 
the critical buckling load and collapse load were 
approximated. 
 
Zhang et al. [72] developed a new hybrid genetic 
algorithm by the conjunction of the genetic approach 
with a simplex algorithm to obtain the minimum weight 
of an AGS structure under the constraints of global 
buckling and strain. Results show that global buckling 
constraint is the key factor for identifying safety of an 
AGS structure. The optimisation procedure reduces 
considerably the total computational time, and can run 
different optimisations changing either constraints or 
objective function. An optimisation design model of a 
hat-stiffened composite plate was solved by using a GA. 
The optimisation model is based on the neural-network 
response surface as the objective function or the 
constraint conditions, combined with other conventional 
constraints [62, 73]. Under the global buckling constraint 
condition, Liang et al. [74] combined the improved 
parameterised smeared stiffened mathematical model and 
genetic algorithm to optimally design the configuration 
of grid-stiffened composite panels. The combination of 
micro-genetic algorithm and Grisham algorithm was 
used to analyse and optimise the design for the buckling 

of stiffened, thin-walled shear panels. Important 
reductions in weight were obtained within relatively few 
function evaluations [75]. To optimise the lay-up of the 
skin of an I-stiffened composite panel, in order to 
increase its damage resistance in the post-buckling 
regime, Falzon and Faggiani [76] developed an 
optimisation methodology by coupling GA and FE 
analyses. The objective function was chosen to be the 
sum of the damage variables of the interface elements in 
the local model, while the design variables were taken as 
the orientation of the plies in the panel skin. Vescovini 
and Bisagni [77] developed an optimisation approach, 
based on the use of an analytical formulation and genetic 
algorithms, to obtain optimal configurations in terms of 
skin and stiffener lay-ups, stiffener cross-section and 
geometry of composite stiffened panels loaded in 
compression and shear. A fast tool for buckling 
optimisation of stiffened panels based on a GA and an 
analytical formulation was presented [78], which takes 
into account buckling and post-buckling requirements 
with reduced computational times. Zhang et al. [7] 
proposed the updated Kriging approximate model for a 
metallic stiffened panel and obtained the optimal solution 
by GA and the trade-off method. An approximate model 
can effectively replace a finite element calculation. These 
procedures are highly efficient in terms of CPU time and 
are several times faster than an analogous finite element 
based approach. 
 
Submersible pressure hulls with fibre-reinforced 
multilayer-sandwich constructions (see Figure 3) have 
been developed in recent years as substitutes for classical 
metallic ring-stiffened pressure hulls. The design of the 
former was optimised under hydrostatic pressure using 
the hybrid genetic algorithm (HGA) [79]. 
 
A two-step approach [20, 57-61, 80] to optimise 
anisotropic laminated fibre composite panels with T-
shaped stiffeners under strength, buckling, and practical-
design constraints has been provided. In the first step, 
composite optimisation is performed using MP 
(mathematics programming) to get near the optimum 
discrete design. In the second step, the actual skin and 
stiffener lay-ups are obtained using genetic algorithms, 
accounting for manufacturability and design practices. 
 
António [81] proposed a multi-level genetic algorithm 
aimed at the identification of the global optimal solution 
of beam reinforced composite structures. The proposed 
genetic algorithm performs a sequence of optimisation 
stages at two levels, resulting from the decomposition of 
the original optimisation problem. It is an effective 
manner by which to reduce the search cost. 
 
Hao et al. [32] developed an adaptive approximation-
based optimisation (AABO) procedure for the optimum 
design of an AGS cylinder subject to post-buckling, with 
minimum weight as the objective. The multi-island 
genetic algorithm (MIGA) [43] was utilised for the 



Trans RINA, Vol 158, Part A3, Intl J Maritime Eng, Jul-Sep 2016 

A-258                      ©2016: The Royal Institution of Naval Architects 

global optimum search. The advantage of using the 
optimisation procedure is to save on computational cost. 
 
The aforementioned published work all deals with single-
objective optimisation based on GA. However, the 
single-objective formulation may be extended to consider 
multi-objective problems. Moreover, the use of multi-
objective optimisations, capable of accounting for two or 
more objectives, one against the other, results in a 
successful strategy to identify the optimum solution. 
Lanzi and Giavotto [6] developed a multi-objective 
optimisation procedure based on GA and three different 
methods of global optimisation (neural networks, radial 
basis functions and Kriging approximation) to design 
composite stiffened panels for operating post-buckling. 
The optimisation results underline the significance of 
non-dominated solutions as the best panel configurations 
inside the domain of interest. In reference [82], a fast 
multi-objective optimisation procedure is based on neural 
networks and genetic algorithms for the geometric design 
of stiffened panels under mechanical and hygrothermal 
loads, which minimises the mass, the stresses between 
elements and the strain due to hygrothermal effects. The 
multi-objective genetic algorithm (MOGA) and Kriging 
approximation were also used to optimise a stiffened 
panel configuration to reduce the weight under buckling 
load constraint. Moreover, the method produced a 
feasible optimal structure at a low computational cost 
[37, 83]. 
 
The optimum design of a Y-stiffener plate combination 
was conducted by Badran et al. [25] as shown in Figure 
7. Five independent variables (hw，tf，tw，bp and L), 
the others being dependent variables, were selected for 
use in optimising the Y-section. The objective functions 
are the ultimate buckling load and the volume per unit 
area of the Y-stiffener plate combination. The Pareto 
optimal sets were calculated using multi-objective 
optimisation with real-coded GA. 
 

 
 
Figure 7: Single Y-stiffener plate combination with 
variables [25]. Reproduced under license from Elsevier. 

Sadeghifar et al. [28] used GA to perform a multi-
objective optimisation of an orthogonally-stiffened 
cylindrical shell for minimum weight and maximum 
axial buckling load. Bagheri et al. [29] took the 
maximum fundamental frequency and minimum 
structural weight as the objective function, and used the 
GA method to optimise ring-stiffened cylindrical shells 
subjected to four constraints including the fundamental 
frequency, the structural weight, the axial buckling load, 
and the radial buckling load. Based on the adoption of 
genetic algorithms, Corvino et al. [84] have presented a 
multi-objective optimisation procedure for impact 
damage resistant stiffened composite panels with 
minimum weight, as well as minimum cost and buckling 
constraints. Chen et al. [70] also adopted GA to optimise 
a composite AGS cylinder with multi-objectives, these 
being minimisation of the structure weight as well as 
minimisation of the sensitivity coefficient of the structure 
weight to uncertain parameters. The relation between the 
buckling load and the structure coefficient is simulated 
by an artificial neural network, while the neural network 
is trained by particle swarm optimisation (PSO). 
 
4.2 SERIAL LINEAR PROGRAMMING 
 
Aiming at the inflection of a stiffened cylindrical shell 
under uniform axial compression, the critical buckling 
load of the structure is the objective; to achieve this, a 
serial linear programming optimisation procedure is 
executed. The optimised thickness of the shell and the 
size of the stiffeners are obtained accordingly. The 
optimisation model can be described as follows: 
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The total shell volume is not changeable; wall 
thickness 𝑥1, stiffener section width 𝑥2, section height 𝑥3 
are design variables to set up the optimisation model in 
the formula; buckling load 𝑓(𝑥1, 𝑥2, 𝑥3)  is the 
optimisation objective, which is approximately 
linearised. C1，C2，C3 are undetermined coefficients 
that will be determined by data fitting. D is the shell 
diameter, L is the shell height, 𝑛𝑏 is the quantity of ring 
stiffeners, 𝑛ℎ is the quantity of vertical stiffeners, 𝑉0  is 
the shell volume before optimisation; the upper and 
lower limits of 𝑥1, 𝑥2, 𝑥3  are confirmed by engineering 
practice [39-41]. The critical buckling load of the 
structure is obviously increased after optimisation. In 
2014, in order to improve the buckling capacity of a 
stiffened rectangular plate under uniform normal 
compression, Fang and Cai [42] built an optimisation 
model based on APDL and ANSYS commands, and 
adapted the sequential linear programming method to 
optimise the thickness of plate and the sizes of stiffeners. 
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The results reveal that the shell loading capacity in 
axial compression is basically not improved when the 
stiffeners are too sparse or overcrowded. Nevertheless, 
in the condition of reasonable stiffener distribution, it 
can increase by approximately 50%. The feasibility of 
the serial linear programming optimisation procedure 
is validated due to the comparison with both numerical 
and theoretical results. 
 
 
4.3 SURROGATE MODELS 
 
When the optimisation variables and objective function 
do not have explicit relationships and the variables have 
the characters of being multi-parameter, high dimension 
and nonlinear, a surrogate model (SM) can estimate the 
function value of all sample points by finite sampling 
points accurately – so as to obtain the response 
relationship between the design variables and the 
objective function with sufficient accuracy requirements 
[85]. Therefore, SM can be used to overcome the 
problem of excessive calculation in engineering 
optimisation, and to filter out some numerical calculation 
noise from the original analysis model. SM has been 
used successfully in the optimisation of stiffened shell 
structures. The most frequently used surrogate models 
are the response surface model (RSM) [44, 47, 62, 73], 
Kriging model [7, 86] and radial basis function model 
(RBF) [43, 45, 85], and so on. 
 
The response surface methodology (RSM) combined 
with experimental design is a powerful optimum design 
tool in many technical fields. To realise the minimum 
weight design for composite stiffened panels under 
buckling and post-buckling constraints, an SM can be 
built based on experimental design and response surface 
methodology. 
 
The surrogate models used in design optimisation can 
be constructed in the form shown in Eq. (6), 
representing the load-shortening curve of the stiffened 
panel: 
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  (6) 

 
where A is the surrogate model for the first linear part 
(pre-buckling stiffness); B is the surrogate model for the 
second linear part (post-buckling part of the curve); and 
C is the surrogate model for the collapse load. u is a 
parameter (axial displacement); x is the vector of 
optimisation parameters. These models are employed in 
design optimisation of stiffened panels, where design 

parameters are also discrete variables – number of 
stiffeners, discrete thickness of layers [44, 47]. 
 
The radial basis function (RBF) model, a type of 
approximation method, was developed for the 
interpolation of scattered multivariate data. The RBF 
model has proven to be the most dependable method 
in most situations for global optimisation in terms of 
accuracy and robustness, compared to the Kriging 
and polynomial regression methods. Hao et al. [43] 
constructed an RBF model based on sampling data 
and employed a multi-island genetic algorithm 
(MIGA) to perform a surrogate-based optimisation 
(SBO) in the inner optimisation; this was to find the 
maximum performance design subject to weight 
constraint for stiffened shells, where the variables 
involved included the amplitude of hyperbolic 
generatrix shape, skin thickness, stiffener width and 
height, plus the numbers of circumferential and axial 
stiffeners. This method enhances the significance of 
considering imperfection sensitivity in the 
optimisation of realistic stiffened shells. 
 
Salehghaffari et al. [45] established surrogate models 
based on RBF to represent the relationships between 
the individual objective functions (SEA – the ratio of 
total energy absorption to maximum crush force) and 
the design variable vector over the entire design space. 
Both single- and multi-objective optimisation 
problems of external stiffening by multiple identical 
rings were solved, to find an optimal geometric design 
that results in maximum specific energy absorption 
and minimum peak crush force. 
 
Blom et al. [46] optimised the buckling load of a 
fibre-reinforced composite cylinder in pure bending 
by using a multiple-segment constant curvature fibre 
angle variation in the circumferential direction, while 
taking into account manufacturing constraints. The 
optimisation was done using the surrogate model 
optimiser in Design Explorer, in order to minimise 
the number of FE analyses. However, only laminates 
with a constant thickness were optimised for a 
maximum buckling load under pure bending.  
 
Zhao et al. [87] built a surrogate model for structure 
efficiency optimisation using the panel’s macroscopic 
compression and bending stiffness parameters as 
variables. This model can not only avoid the 
appearance of a local optimal point, but also has a 
high efficiency. The following year, the same authors 
[88] constructed a neural network (NN) surrogate 
model to represent the relationship between 
structural stiffness and the buckle resistance of a 
composite skin. Based on that, a two-level layout 
optimisation strategy for large-scale composite wing 
structures was proposed. Compared with polynomial 
response surfaces, the neural network surrogate 
model provides a more accurate approximation for 
fitting this nonlinear relationship. 
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4.4 PARAMETRIC OPTIMISATION METHOD 
 
The parametric optimisation method is also a method to 
achieve design objectives, which belongs to the category 
of direct optimisation methods. Alinia [4] adopted the 
parametric optimisation method to research the 
geometric properties of stiffener cross-section under 
different shear stresses. The results showed that the 
optimum geometric properties of the stiffeners 
correspond to the point when the buckling shape of a 
plate changes from the overall mode to local mode. 
Wodesenbet et al. [36] carried out parametric 
optimisation on an iso-grid stiffened composite cylinder, 
and drew general conclusions regarding optimum 
configurations of the different parameters of the grid-
stiffened cylinder. In addition, the parametric 
optimisation method was used to obtain the optimum 
design for improving the buckling performance of some 
specific stiffened composite panels [89-91] and to 
research the effects of structural parameters upon the 
buckling loads and modes [35, 92]. 
 
4.5 FRACTAL BRANCH-AND-BOUND 

METHOD 

The fractal branch-and-bound method (FBB) is the most 
commonly used algorithm for solving integer 
programming problems. The method was used to 
maximise the buckling load of a blade-stiffened panel 
[37] and hat-stiffened panel [38, 93-95] by optimising the 
multiple stacking sequence. However, in reference [95], 
the FBB combined with particle swarm optimisation 
(PSO) was applied to optimise the stacking sequence and 
stiffener configurations, while in reference [56] a branch-
and-bound strategy coupled with an entropy-based 
algorithm was used to solve the reliability-based 
optimisation for a stiffened shell. 
 
4.6 OTHER OPTIMISATION METHODS 
 
There are several other optimisation methods and 
optimisation tools that have been used in the design of 
stiffened shell structures to obtain good buckling or post-
buckling performance. 
 
The ant colony optimisation (ACO) algorithm is one of 
the meta-heuristic algorithms and has been successfully 
used in the optimisation of laminated panels to maximise 
the critical buckling load. In addition, ACO and other 
meta-heuristic search algorithms are suitable for solving 
problems in which the objective function can be 
discontinuous, non-differentiable, stochastic, or highly 
nonlinear. 
 
The search mechanism of the ACO algorithm is based on 
the ants’ capability of finding the shortest path from a 
food source to their nest. To achieve the objective of 
finding a shortest route corresponding to an optimum 
laminate stacking sequence, the optimisation problem of 
the composite stiffened panel T-shape stringer was 

modelled as an MCLTSP (multi city-layer travelling 
salesman problem). A modified TSP and ACO algorithm 
has been used for optimum buckling design of laminated 
composite skin panels with different numbers of 
stiffeners [47]. The optimisation problem can be 
formulated so as to maximise the critical load 𝐹𝑐𝑟 of the 
stiffened panel, by finding the optimum thickness and 
laminate stacking sequence of the skin panel and 
stiffeners, as well as the blade height: 
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where 𝐹𝑜𝑏𝑗  is the objective function; 𝐹𝑐𝑟  is the critical 
load of the stiffened panel depending upon the design 

variables, which is the critical buckling load; and � �g T  
is the number of contiguous plies of the same orientation. 
𝑇𝑠  is the thickness of the skin panel, 𝑇𝑏  is the stiffener 
blade thickness and 𝑇𝑓 is the stiffener flange thickness. 
The results show that the buckling load increases 
dramatically with the number of stiffeners at first, and 
then has only a small improvement after the number of 
stiffeners reaches a certain value. 
 
Using the panel weight as the objective function, with 
stress and buckling constraints, the response surface 
technique was adopted to optimise hat-stiffened 
structures for considerable weight savings [48, 62, 73]. 
 
The chaos optimisation algorithm (COA) is a new, 
global, optimisation algorithm which has arisen in recent 
years. It is very popular because COA has some 
advantages such as a simple calculating process, high 
efficiency and good global characteristics. COA is used 
to calculate buckling non-probabilistic reliability index 
(BNRI). The results show that BNRI increases with 
increase in number of rings, and their values are higher 
when rings are placed inside of the shell rather than 
outside of the shell [50]. 
 
A novel optimisation procedure algorithm called 
hybrid differential evolution and particle swarm 
optimisation (HDEPS) has been developed [51-53], 
which can be applied to minimise the cross-sectional 
area (and consequently the weight) of an upper wing 
integrally-stiffened panel (ISP) structure, when 
subjected to buckling deformation modes within the 
elasto-plastic range. 
 
A multi-objective evolutionary algorithm (EA), 
combined with global approximation of the objective 
functions to limit the calculation costs, was used to 
optimise composite stiffened panels to improve the 
performance of an existing design, in terms of both its 
first buckling load and ultimate collapse or failure loads, 
by taking the stacking sequence and the stiffener of the 
panel as design variables [96, 97]. 
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To overcome the difficulty of solving the structural 
layout optimisation of composite materials (flexible 
and complex problems) by using a traditional 
mathematical programming method, Wu and Yao [98] 
developed a method of two-level optimisation design 
to reduce the size of the problem and realise the 
optimisation design of size, layout and stacking 
sequence. This method decomposes the layout 
optimisation of a composite stiffened plate structure 
into two sub-problems, which are easy to solve. The 
advantage of this method is to reduce the number of 
design variables, reduce the structural analysis of the 
nonlinearity, and not to limit the flexibility of the 
optimisation design. Similarly, a concurrent subspace 
optimum design method [99, 100] was proposed for 
composite stiffened panels. The optimum design 
process is decomposed into three steps. Firstly, the 
shape, number and size of the ribs are set as variables 
to deal with layout optimisation through constructing 
three sub-optimisation systems in consideration of the 
static strength and stability requirements. Then the 
stacking sequence of the laminates is set as variable, 
to deal with ply stacking sequence optimisation of the 
skin and ribs in consideration of manufacturing and 
process constraints. The equivalent bending stiffness 
is set as an intermediate variable. Finally, to determine 
the optimal composite stiffened panel, two 
optimisation results are collaboratively optimised. The 
optimisation design of a composite stiffened panel 
under compressive and shear loading was conducted to 
demonstrate its effectiveness. 
 
Liu et al. [101] carried out optimisation of composite 
stiffened panels subject to compression and lateral 
pressure using a bi-level approach. In this optimisation, 
the first level (panel level) is to get the geometric cross-
section to minimise weight by calculating an equivalent 
orthotropic laminated plate; the second level (laminate 
level) is to get the stacking sequence under the buckling 
and strain constraints. After that, to aid the process of 
optimising the design of composite structures and layups, 
while ensuring a low mass, an integrated optimisation 
procedure using a bi-level programming scheme is 
carried out for minimisation of the weight of top-hat 
stiffened composite panels with probabilistic deflection 
constraints [5]. 
 
 
4.7 OPTIMISATION TOOLS 
 
In addition to optimising the design of a stiffened shell or 
panel by various optimisation algorithms, there are some 
relevant optimisation tools which can be chosen, such as 
VICONOPT, PANDA2, etc. 
 
Because optimisation ensures that the buckling stability 
of the panel includes an allowance for a post-buckling 
reserve of strength, the optimisation code VICONOPT, 
based on exact strip theory, was used to investigate the 

optimum design of stiffened panels with multiple 
stiffener sizes or sub-stiffeners [102, 103]. 
 
To reveal the interesting buckling and post-buckling 
behaviour of a stiffened panel under combined axial 
compression, in-plane shear, and normal pressure, and to 
demonstrate how a preliminary optimum design of such a 
panel can be obtained in the presence of the extremely 
nonlinear behaviour associated with local buckling and 
post-buckling, the PANDA2 computer program, based 
on a gradient optimisation algorithm, was used to find a 
minimum weight design of a flat panel with T-shaped 
stringers [104]. 
 
 
4.8 SUMMARY OF OPTIMISATION METHODS 
 
The stacking sequence, fibre orientation angle, cross-
section shape, as well as the number and configuration of 
stiffeners, are still the most important optimisation 
problems in the design of stiffened shell structures; 
meanwhile, weight minimisation and buckling 
performance maximisation are the basic optimisation 
objectives. Of course, the challenge of optimisation is to 
balance the largest structural ultimate strength with the 
minimum cost. According to the various optimisation 
methods used for buckling and/or post-buckling of 
stiffened shell structures discussed above, standard GA 
and the modified GA method were used widely. More 
often than not, for stiffened composite shells, coupling of 
GA and FE analysis, neural networks and other methods 
is adopted in order to improve the accuracy and 
efficiency. Moreover, for the multi-objective 
optimisation problem in buckling of stiffened shell 
structures, GAs show the biggest advantage, because 
they can handle integer, zero-one, discrete and 
continuous variables, plus are effective with nonlinear 
functions and nonconvex design spaces. 
 
SM can be used to overcome the problem of excessive 
calculation in engineering optimisation and to filter out 
some numerical calculation noise from the original 
analysis model. However, there is a need to explore more 
effective methods of how to construct a high-precision 
SM based on less sample points. 
 
ACO is suitable to solve problems in which the objective 
function can be discontinuous, non-differentiable, 
stochastic, or highly nonlinear. For example, for the 
sequence optimisation of a discrete laminated panel, 
compared with GA, ACO showed a good improvement 
in the solution quality and computational costs. 
 
The FBB, parametric optimisation method and other 
optimisation algorithms generate considerable benefits 
for the design of stiffened shell structures. 
 
Rapid increases in computer processing power, memory 
and storage space have not eliminated computational cost 
and time constraints on the use of structural optimisation 
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for design. This is due to the constant increase in the 
required fidelity (and hence complexity) of analysis 
models. Venkataraman and Haftka [105] conclude that 
one can solve problems with the highest possible 
complexity in only two of the three components of 
analysis model: analysis procedure and optimisation. 
 
5. CONCLUSIONS 
 
Within the last 15 years, optimisation technology for 
buckling or post-buckling of stiffened shells and panels 
has reached maturity. 
 
In fact, in this review it was apparent that very few 
buckling or post-buckling optimisation problems of 
stiffened shells or panels were solved using a multi-
objective algorithm. From the reviewed papers, a 
growing number were found that tackled their 
performance optimisation problem using heuristic 
optimisation methods, especially genetic algorithms 
(GA) and a few other applied optimisation algorithms. 
GA is a promising approach for stiffened panel or shell 
structures, since it can treat two very important 
optimisation difficulties: one being discrete and 
continuous design variables; the other being non-linear 
and discontinuous domains less sensitive to the initial 
configuration. 
 
In addition, GA can be combined with other optimisation 
technologies to become more efficient and more reliable. 
However, calculating the buckling load of stiffened shell 
structures requires high computational cost to solve the 
optimisation problem; a surrogate-based optimisation 
algorithm and the combination of various other 
optimisation algorithms can effectively improve the 
efficiency and accuracy of optimisation. 
 
Many optimisation technologies, including their 
application and advantages, are discussed, and existing 
research on the topic is reviewed. It is worth mentioning 
that there are also some other useful methods that are not 
covered in this review paper, such as Levenberg–
Marquardt [53], simulated annealing [106], etc. 
 
Nevertheless, there are many issues in the optimisation 
for buckling performance of stiffened shell structures that 
have not yet been satisfactorily resolved: 
 
x The optimisation design of stiffened shell structures 

under dynamic buckling is one such issue. As 
analysed in references [107, 108], dynamic 
buckling nonlinearity seems to be an important 
factor affecting the performance of stiffened shell 
structures. Most of the existing optimisation 
algorithms and optimisation tools search for good 
solutions for static buckling; however, the dynamic 
buckling problems in optimisation design of 
stiffened shell structures have not been involved. In 
addition, the phenomenon where the material of a 
stiffened shell structure is in the elastic-plastic 

stress state or fully plastic state, is also very 
common when buckling occurs. However, at 
present, most optimisation design seldom involves 
this kind of stress state. 

x Generally, for stiffened shell or panel structures, 
when the critical load for local buckling equals that 
for global buckling, the design based on the 
optimisation study governs the best design 
condition. However, initial imperfections exist in an 
actual structure; therefore, the relationship between 
the overall buckling and local buckling needs to be 
clearly defined. It is very important to research the 
relationship between local buckling and global 
buckling in optimisation design if initial 
imperfection is to be considered. 

x In the literature, many techniques and algorithms 
have been proposed. However, there is not enough 
research on the comparisons between them. So it is 
very important to build and maintain a testbed for 
the optimisation problems, including benchmark 
problems, optimisation solution, optimisation 
accuracy and optimisation efficiency to evaluate the 
performances of different techniques, which can 
help researchers to compare their algorithms. 
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