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a b s t r a c t

The present research was undertaken based on the results obtained by the same authors in a sensitivity

study on the buckling and ultimate strength of continuous stiffened aluminium plates. Empirical

expressions are developed for predicting ultimate compressive strength of welded stiffened aluminium

plates used in marine applications under combined in-plane axial compression and different levels of

lateral pressure. Existing data of the ultimate compressive strength for stiffened aluminium plates

numerically obtained by the authors through the previously performed sensitivity analysis are used for

deriving formulations that are expressed as functions of two parameters, namely the plate slenderness

ratio and the column (stiffener) slenderness ratio. Regression analysis is used in order to derive the

empirical formulations. The formulae implicitly include effects of the weld on initial imperfections, and

the heat-affected zone.

& 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Stiffened plates are basic building elements in many civil as
well as marine structural applications and, as such, accurate
strength assessment of individual stiffened plate components is
one of the key parameters to perform general strength analysis.
These structural components typically consist of a plate with
equally spaced stiffeners (bulb, flat bar or T- and L-sections
welded on one side) and often with intermediate transverse
stiffeners, frames or bulkheads.

Stiffened plates in high-strength aluminium alloys have been
used in a variety of marine structures, with applications such as
hull and decks in high-speed boats and catamarans and super-
structure for ships. Other applications are bridge box girders, and
walls and floors of offshore modules and containers. These
elements are primarily required to resist axial compressive forces
(induced by hull bending moment) as well as lateral loads arising
from different sources like hydrostatic/hydrodynamic pressures or
cargo weight. Also, other loads such as transverse tension/

compression, longitudinal tension, in-plane bending moments
and shearing forces may act on these structural elements.

The ultimate strength design formulae available for steel plates
cannot be directly applied to aluminium plates even if the
corresponding material properties are properly accounted for.
This is partly due to the fact that the constitutive stress–strain
relationship of aluminium alloys is different from that of
structural steel. In the elastic–plastic range after the proportional
limit as compared with structural steel, strain hardening has a
significant influence in the ultimate load behaviour of aluminium
structures whereas in steel structures, the elastic–perfectly plastic
material model is well adopted. Besides, softening in the heat-
affected zone (HAZ) significantly affects the ultimate strength
behaviour of aluminium structures, whereas its effect in steel
structures is of very little importance.

The ultimate strength of stiffened steel plate panels has been
the subject of many investigations, both experimentally [1–5] and
numerically [6–10], with the most significant contributions in the
field of ship structures and bridges. The literature on stiffened
aluminium panels is more limited. Clarke and Narayanan [11]
report on buckling tests on an aluminium AA5083 plate with
welded T-bar and flat-bar stiffeners. His experimental programme
comprised eight compression tests on panels with different plate
and stiffener sizes, with buckling over two spans as the failure
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mode. The ultimate strength of stiffened aluminium AA6082-T6
plates under axial compression was investigated by Aalberg et al.
[12,13] using numerical and experimental methods. Kristensen
and Moan [14] demonstrated numerically the effect of HAZ and
residual stresses on the ultimate strength of rectangular alumi-
nium plates (AA5083 and AA6082) under bi-axial loading of
plates. Some initial experimental and numerical simulations on
torsional buckling of flat bars in aluminium panels have been also
presented by Zha et al. [15,16] and Zha and Moan [17]. Hopperstad
et al. [18] carried out a study with the objective of assessing the
reliability of non-linear finite element analyses in predictions on
ultimate strength of aluminium plates subjected to in-plane
compression. Rigo et al. [19] made a numerical investigation to
present reliable finite element models to study the behaviour of
axially compressed stiffened aluminium panels (including ex-
truded profiles).

Among most recent works, reference can be made to the work
of Paik et al. [20] on the subject of ultimate limit state design of
multi-hull ships made in aluminium. The impact of initial
imperfections due to the fusion welding on ultimate strength of
stiffened aluminium plates was studied by Paik et al. [21] and
Collette [22]. Paik et al. [21] defined fabrication related initial
imperfections of fusion welded stiffened aluminium plate struc-
tures at three levels. Also Paik [23] derived empirical formulations
for predicting the ultimate strength of stiffened aluminium plates
under axial compression. Future trends and research needs in
aluminium structures were outlined by Sielski [24]. Mechanical
collapse tests on stiffened aluminium structures for marine
applications were performed by Paik et al. [25,26]. Recently, Paik
[27] studied buckling collapse testing of friction stir welded
aluminium stiffened plate structures. Most recently, Khedmati
et al. [28] made an extensive sensitivity analysis on buckling and

ultimate strength of continuous stiffened aluminium plates under
combined in-plane compression and different levels of lateral
pressure.

Following the study made by Khedmati et al. [28] on post-
buckling behaviour and ultimate strength characteristics of
stiffened aluminium plates under combined axial compressive
and lateral pressure loads, a set of empirical formulations or
equations are derived in this paper to estimate the ultimate
strength of such stiffened plates under above-mentioned load
combinations. The ultimate compressive strength data numeri-
cally obtained by the authors through their sensitivity analysis
[28] are used for deriving the formulations, which are expressed
as functions of two parameters, namely the plate slenderness ratio
and the column (stiffener) slenderness ratio. Regression analysis is
used in order to derive the empirical formulations. The formulae
implicitly include effects of weld induced initial imperfections
and softening in the heat-affected zone.

2. Numerical data used for formulae derivations

2.1. Structural arrangements and geometrical characteristics of

analysed stiffened aluminium plates

In order to derive the ultimate compressive strength formulae
for stiffened aluminium plates, a database of the ultimate strength
values for a number of such structural elements is required. The
database may be gathered either based on expensive experi-
mental tests or on results of a set of numerical analyses. Thus, in
this paper a series of elastic–plastic large deflection analyses is
performed applying the finite element method. A total of 199
prototype stiffened aluminium plates were designed for this

Notation

A cross-sectional area of stiffener with attached plating
AP cross-sectional area of plate
AS cross-sectional area of stiffener
L=a length of local plate panels
b breadth of local plate panels
be effective breadth of local plate panels
c coefficient to define the maximum magnitude of

initial deflection
C1–C5 constant coefficients
I moment of inertia of a stiffener with its attached

plating
r¼ ð

ffiffiffiffiffiffiffi
I=A

p
Þ gyration radius of a stiffener with its attached plating

t(=tp) plate thickness
tw web thickness of longitudinal stiffener
hw web height of longitudinal stiffener
tf flange thickness of longitudinal stiffener
bf flange breadth of longitudinal stiffener
h water head (pressure) in meters
ei residuals
Pult ultimate load
R2 parameter for accuracy control of regression model
x and xi independent variables
xmax and xmin maximum and minimum values, respectively, of x

y and yi functional variables
Z0 distance between outer surface of plate and neutral

axis of plate�stiffener combination
n Poisson’s ratio

E Young’s modulus
ZP, ZS constants related, respectively, to the plate and

stiffener
s average stress
sel elastic buckling strength of stiffened plate
sc-plate elastic buckling strength of stiffened plate for plate

buckling mode
sc-lateral elastic buckling strength of stiffened plate for stiffener

tripping buckling mode
sc-torsional elastic buckling strength of stiffened plate for tor-

sional buckling mode
sc-web elastic buckling strength of stiffened plate for stiffener

web buckling mode
sc-flange elastic buckling strength of stiffened plate for stiffener

flange buckling mode
sY yield stress
sYs yield stress for the stiffener
sYp yield stress of the plate
sYseq equivalent yield stress for the stiffened plate
sU(=sult) ultimate strength
e average strain
eY yield strain
b slenderness of the plate
bj exact coefficients in the equation of regression models
_
b j estimated coefficients in the equation of regression

models
l column slenderness of the beam column element

(stiffener and the associated plate)
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purpose. Geometrical characteristics of the analysed stiffened
plates are given in the first 11 columns of Tables 1–6.

As was reported by Paik [23], ultimate compressive strength
characteristics of aluminium plates with flat-bar stiffeners differ
from those with angle- or T-bar stiffeners. Accordingly, analyses in
this paper are done on two different groups of stiffened
aluminium plates: a group with flat-bar stiffeners and another
one with T-bar stiffeners. Geometrical characteristics of stiffened
aluminium plates are chosen so that a wide range of possible
plate–stiffener combinations is produced. Fig. 1 shows the cross-
sectional parameters describing the geometrical characteristics of
stiffened plate models.

2.2. Finite element code and adopted elements

The ultimate strength of stiffened aluminium plates is hereby
assessed using ANSYS [29], in which both material and geometric
nonlinearities are taken into account. Among the libraries of
available elements of the ANSYS FEM program, the eight-node
SHELL181 elements are used for the mesh of stiffened plate

models, considering welding residual stresses. In each case, 300
elements are used to model each local plate panel (the panel
surrounded by successive longitudinal or transverse stiffeners),
6–7 and 5–6 elements are also considered, respectively, along web
height and flange width of the stiffeners. Fig. 2 shows typical
examples of the stiffener mesh models.

2.3. Mechanical properties of materials

The material properties were taken from the Aalberg experi-
ments [13]. The Young’s modulus and the Poisson ratio of the
material are 70.475 GPa and 0.3, respectively. Stress–strain
relationship of the aluminium alloy is shown in Fig. 3(a). The
breadth of HAZ is assumed to be 50 mm in the plate and 25 mm in
the stiffener web, at the plate–stiffener junction (Fig. 3(b)).

2.4. Extent of the model, boundary and loading conditions

A double span-single stiffener (DS-SS) or in other words double
span-double bay (DS-DB) model (ABCD in Fig. 4) has been chosen

Table 1
Summary of the ultimate strengths of continuous stiffened aluminium plates obtained by FEA and developed empirical formulations (stiffener type: T-bar, lateral pressure:

H=0 m).

Stiffener type ID a (mm) b (mm) tp (mm) hw (mm) tw (mm) bf (mm) tf (mm) b l sult

sYseq

� �
FEM

sult

sYseq

� �
formula

1 2 3 4 5 6 7 8 9 10 11 12 13

T 1 1200 160 4 30 3 10 3 2.430 1.318 0.6239 0.5801

T 2 1200 160 4 35 4 20 4 2.430 0.877 0.6958 0.6764

T 3 1200 160 4 45 4 25 4 2.430 0.659 0.7197 0.7152

T 4 1200 160 4 60 6 40 6 2.430 0.431 0.8007 0.7457

T 5 1200 160 4 80 7 50 7 2.430 0.323 0.8284 0.7560

T 6 1200 160 4 100 8 60 8 2.430 0.262 0.8554 0.7606

T 7 1200 160 4 120 10 70 10 2.430 0.223 0.8626 0.7629

T 8 1200 160 6 30 3 10 3 1.620 1.462 0.6621 0.6071

T 9 1200 160 6 35 4 20 4 1.620 0.958 0.7681 0.7629

T 10 1200 160 6 45 4 25 4 1.620 0.715 0.8476 0.8306

T 11 1200 160 6 60 6 40 6 1.620 0.446 0.8928 0.8891

T 12 1200 160 6 80 7 50 7 1.620 0.325 0.9112 0.9077

T 13 1200 160 6 100 8 60 8 1.620 0.259 0.9247 0.9156

T 14 1200 160 6 120 10 70 10 1.620 0.218 0.9395 0.9197

T 15 1200 300 8 30 3 10 3 2.278 1.976 0.4004 0.4373

T 16 1200 300 8 35 4 20 4 2.278 1.292 0.5865 0.6002

T 17 1200 300 8 45 4 25 4 2.278 0.957 0.6736 0.6792

T 18 1200 300 8 60 6 40 6 2.278 0.547 0.7843 0.7560

T 19 1200 300 8 80 7 50 7 2.278 0.376 0.7854 0.7775

T 20 1200 300 8 100 8 60 8 2.278 0.284 0.8182 0.7859

T 21 1200 300 8 120 10 70 10 2.278 0.224 0.8495 0.7902

T 22 1200 160 8 30 3 10 3 1.215 1.550 0.6648 0.6040

T 23 1200 160 8 35 4 20 4 1.215 1.020 0.8122 0.7904

T 24 1200 160 8 45 4 25 4 1.215 0.762 0.8250 0.8780

T 25 1200 160 8 60 6 40 6 1.215 0.463 0.8867 0.9606

T 26 1200 160 8 80 7 50 7 1.215 0.332 0.9220 0.9863

T 27 1200 160 8 100 8 60 8 1.215 0.260 0.9310 0.9971

T 28 1200 160 8 120 10 70 10 1.215 0.215 0.9475 1.0026

T 29 1200 300 10 30 3 10 3 1.822 1.999 0.4472 0.4501

T 30 1200 300 10 35 4 20 4 1.822 1.349 0.6335 0.6253

T 31 1200 300 10 45 4 25 4 1.822 1.012 0.7509 0.7222

T 32 1200 300 10 60 6 40 6 1.822 0.578 0.8782 0.8280

T 33 1200 300 10 80 7 50 7 1.822 0.394 0.9039 0.8590

T 34 1200 300 10 100 8 60 8 1.822 0.294 0.9172 0.8713

T 35 1200 300 10 120 10 70 10 1.822 0.229 0.9364 0.8775

T 36 900 300 5 30 4 20 4 3.644 1.988 0.3776 0.3760

T 37 900 300 5 40 4 25 4 3.644 1.413 0.4611 0.4648

T 38 900 300 5 45 5 30 5 3.644 1.105 0.5086 0.5090

T 39 900 300 5 50 6 40 6 3.644 0.876 0.5378 0.5372

T 40 900 300 5 80 7 50 7 3.644 0.520 0.6087 0.5701

T 41 900 300 5 100 8 60 8 3.644 0.402 0.6255 0.5775

T 42 900 300 6 40 4 20 4 3.037 1.580 0.4797 0.4781

T 43 900 300 6 60 5 30 5 3.037 0.873 0.5597 0.6023

T 44 900 300 6 80 8 40 8 3.037 0.542 0.6584 0.6431
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for analysis of the ultimate strength of stiffened aluminium plates
with symmetrical stiffeners of either flat-bar or T-bar cross-
sections [30]. Boundary conditions of the analysed stiffened
plates, as explained in Khedmati et al. [28], are as follows:

� symmetry conditions are imposed along longitudinal edges;
� symmetry conditions are imposed along transverse edges;
� although transverse frames are not modelled, the out-of-plane

deformation of plate is restrained along its junction line with
the transverse frame;
� to consider the plate continuity, in-plane movement of plate

edges in their perpendicular directions is assumed to be
uniform.
After producing initial deflections in the stiffened plate, lateral
pressure is applied first. Then, longitudinal compression is
applied on the stiffened plate.

2.5. Initial imperfections

In order to simulate the complex pattern of initial deflection
[19], lateral pressure was applied first on the stiffened plate model
and a linear elastic finite element analysis was carried out. Such
an analysis was repeated in a trial and error sequence of
calculations until the deflection of plate reached the following
average value:

W0 max ¼ cb2t ð1Þ

When this condition is satisfied, data informations,
i.e. coordinates of nodal points, element coordinates and bound-
ary conditions, were extracted and transferred to a new finite
element mesh. The considered model is a non-linear FEM analysis
of the stiffened plate subjected to in-plane compression with
variable lateral loads. The procedure generating initial deflection
is shown in Fig. 5. After this step, lateral pressure is applied until

Table 2
Summary of the ultimate strengths of continuous stiffened aluminium plates obtained by FEA and developed empirical formulations (stiffener type: T-bar, lateral pressure:

H=5 m).

Stiffener type ID a (mm) b (mm) tp (mm) hw (mm) tw (mm) bf (mm) tf (mm) b l sult
sYseq

� �
FEM

sult
sYseq

� �
formula

1 2 3 4 5 6 7 8 9 10 11 12 13

T 2 1200 160 4 35 4 20 4 2.43 0.88 0.6368 0.6164

T 3 1200 160 4 45 4 25 4 2.43 0.66 0.6131 0.6931

T 4 1200 160 4 60 6 40 6 2.43 0.43 0.7519 0.7668

T 12 1200 160 6 80 7 50 7 1.62 0.33 0.8996 0.8751

T 13 1200 160 6 100 8 60 8 1.62 0.26 0.9149 0.8856

T 14 1200 160 6 120 10 70 10 1.62 0.22 0.9302 0.8910

T 17 1200 300 8 45 4 25 4 2.28 0.96 0.6061 0.6078

T 18 1200 300 8 60 6 40 6 2.28 0.55 0.7736 0.7486

T 19 1200 300 8 80 7 50 7 2.28 0.38 0.7629 0.7983

T 26 1200 160 8 80 7 50 7 1.21 0.33 0.9122 0.9086

T 27 1200 160 8 100 8 60 8 1.21 0.26 0.9226 0.9176

T 28 1200 160 8 120 10 70 10 1.21 0.22 0.9403 0.9222

T 29 1200 300 10 30 3 10 3 1.82 2 0.3625 0.3609

T 30 1200 300 10 35 4 20 4 1.82 1.35 0.5596 0.5353

T 31 1200 300 10 45 4 25 4 1.82 1.01 0.6567 0.6486

T 36 900 300 5 30 4 20 4 3.64 1.99 0.2492 0.2486

T 37 900 300 5 40 4 25 4 3.64 1.41 0.3475 0.3444

T 38 900 300 5 45 5 30 5 3.64 1.1 0.4370 0.4180

T 42 900 300 6 40 4 20 4 3.04 1.58 0.3395 0.3542

T 43 900 300 6 60 5 30 5 3.04 0.87 0.5304 0.5469

Table 3
Summary of the ultimate strengths of continuous stiffened aluminium plates obtained by FEA and developed empirical formulations (stiffener type: T-bar, lateral pressure:

H=10 m).

Stiffener type ID a (mm) b (mm) tp (mm) hw (mm) tw (mm) bf (mm) tf (mm) b l sult
sYseq

� �
FEM

sult
sYseq

� �
formula

1 2 3 4 5 6 7 8 9 10 11 12 13

T 2 1200 160 4 35 4 20 4 2.43 0.88 0.5762 0.5773

T 4 1200 160 4 60 6 40 6 2.43 0.43 0.7046 0.8108

T 12 1200 160 6 80 7 50 7 1.62 0.33 0.8820 0.9102

T 13 1200 160 6 100 8 60 8 1.62 0.26 0.8963 0.8965

T 14 1200 160 6 120 10 70 10 1.62 0.22 0.9124 0.8889

T 17 1200 300 8 45 4 25 4 2.28 0.96 0.5441 0.5607

T 18 1200 300 8 60 6 40 6 2.28 0.55 0.7490 0.7966

T 19 1200 300 8 80 7 50 7 2.28 0.38 0.7470 0.8450

T 26 1200 160 8 80 7 50 7 1.21 0.33 0.8966 0.9426

T 27 1200 160 8 100 8 60 8 1.21 0.26 0.9091 0.9147

T 28 1200 160 8 120 10 70 10 1.21 0.22 0.9297 0.9005

T 30 1200 300 10 35 4 20 4 1.82 1.35 0.4905 0.4048

T 31 1200 300 10 45 4 25 4 1.82 1.01 0.5998 0.6387

T 36 900 300 5 30 4 20 4 3.64 1.99 0.1397 0.1390

T 37 900 300 5 40 4 25 4 3.64 1.41 0.2343 0.2274

T 38 900 300 5 45 5 30 5 3.64 1.1 0.3801 0.3085

T 42 900 300 6 40 4 20 4 3.04 1.58 0.2079 0.2232

T 43 900 300 6 60 5 30 5 3.04 0.87 0.4987 0.4706

T 44 900 300 6 80 8 40 8 3.04 0.54 0.6399 0.6606

M.R. Khedmati et al. / Thin-Walled Structures 48 (2010) 274–289 277



Author's personal copy
ARTICLE IN PRESS

the assumed levels, before the application of in-plane longitudinal
compression load [31,32].

The average value of initial deflection is assumed to be as
follows, based on the investigations made by Varghese [33]:

W0 max ¼ 0:05b2t ð2Þ

In addition to initial deflections in both plate and stiffener,
material softening in the so-called heat-affected zone (HAZ) and
also residual welding stresses are taken into account.

2.6. Verification of code and approach

Two of the models tested by Zha and Moan [17] were selected
for verification purpose. Details of simulation activities and also
obtained results are given in Khedmati et al. [28]. It was shown
there that both the code and also adopted modelling scheme lead
to accurate results in comparison with the test results obtained by
Zha and Moan.

3. Ultimate strength formulations

3.1. General form of the formulations

Paik [23] derived closed-form empirical ultimate strength
formulae for stiffened aluminium plate structures under axial com-
pressive loads by regression analysis of experimental and numerical
databases. The derived formulations by Paik [23] were as follows.

For the case of aluminium plate with T-bar stiffeners

sult

sYseq

¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1:318þ0:185b2
þ2:759l2

� 0:177l2b2
þ1:003l4

q r
1

l2

ð3Þ

For the case of aluminium plate with flat-bar stiffeners

sult

sYseq

¼min

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2:500þ0:084b2

� 0:588l2
þ0:069l2b2

þ1:217l4
q r

1

l2
;

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�16:297þ17:716bþ18:776l� 22:507lb

p

8>>>>><
>>>>>:

ð4Þ

Table 4
Summary of the ultimate strengths of continuous stiffened aluminium plates obtained by FEA and developed empirical formulations (stiffener type: F-bar, lateral pressure:

H=0 m).

Stiffener type ID a (mm) b (mm) tp (mm) hw (mm) tw (mm) bf (mm) tf (mm) b l sult
sYseq

� �
FEM

sult
sYseq

� �
formula

1 2 3 4 5 6 7 8 9 10 11 12 13

F 1 1200 160 10 40 4 0 0 0.9718 1.3734 0.7336 0.8164

F 2 1200 160 10 65 5 0 0 0.9718 0.7144 0.8291 0.7873

F 3 1200 160 10 80 5 0 0 0.9718 0.5547 0.8450 0.7994

F 4 1200 160 10 95 6 0 0 0.9718 0.4277 0.8036 0.8093

F 5 1200 300 10 40 4 0 0 1.8222 1.7350 0.5014 0.5309

F 6 1200 300 10 50 4 0 0 1.8222 1.3525 0.5892 0.5529

F 7 1200 300 10 90 6 0 0 1.8222 0.5574 0.7929 0.6931

F 8 1200 300 10 110 6 0 0 1.8222 0.4321 0.7515 0.7174

F 9 1200 300 10 130 8 0 0 1.8222 0.3211 0.7537 0.7360

F 10 1200 300 8 40 4 0 0 2.2777 1.6906 0.4502 0.4234

F 11 1200 300 8 80 5 0 0 2.2777 0.6507 0.6285 0.6109

F 12 1200 300 8 95 6 0 0 2.2777 0.4902 0.6286 0.6504

F 13 1200 300 8 110 6 0 0 2.2777 0.4075 0.6150 0.6693

F 14 1200 300 8 130 8 0 0 2.2777 0.3064 0.6295 0.6897

F 15 1200 300 6 65 5 0 0 3.0370 0.7827 0.5185 0.4831

F 16 1200 300 6 80 5 0 0 3.0370 0.5995 0.5178 0.5335

F 17 1200 300 6 95 6 0 0 3.0370 0.4554 0.5278 0.5736

F 18 1200 300 6 110 6 0 0 3.0370 0.3798 0.5238 0.5935

F 19 1200 300 6 130 8 0 0 3.0370 0.2909 0.5442 0.6145

F 20 1200 160 8 40 4 0 0 1.2148 1.3268 0.7248 0.7214

F 21 1200 160 8 65 5 0 0 1.2148 0.6804 0.8249 0.7567

F 22 1200 160 8 80 5 0 0 1.2148 0.5283 0.7851 0.7747

F 23 1200 160 8 95 6 0 0 1.2148 0.4099 0.7912 0.7878

F 24 1200 160 6 80 5 0 0 1.6197 0.4979 0.7515 0.7301

F 25 1200 160 6 95 6 0 0 1.6197 0.3915 0.7168 0.7473

F 26 900 300 5 40 4 0 0 3.6444 1.1344 0.3283 0.3441

F 27 900 300 5 50 4 0 0 3.6444 0.8497 0.4314 0.4062

F 28 900 300 5 65 5 0 0 3.6444 0.5573 0.5310 0.4855

F 29 900 300 5 80 5 0 0 3.6444 0.4275 0.5412 0.5224

F 30 900 300 5 95 6 0 0 3.6444 0.3271 0.5661 0.5490

F 31 900 300 5 110 6 0 0 3.6444 0.2736 0.5624 0.5616

F 32 900 300 5 130 8 0 0 3.6444 0.2123 0.5890 0.5742

F 33 900 300 7 80 5 0 0 2.6031 0.4697 0.6279 0.6172

F 34 900 300 7 95 6 0 0 2.6031 0.3550 0.6510 0.6449

F 35 900 300 7 110 6 0 0 2.6031 0.2955 0.6448 0.6575

F 36 900 300 7 130 8 0 0 2.6031 0.2240 0.6583 0.6704

F 37 900 300 8 50 4 0 0 2.2777 0.9677 0.4691 0.5352

F 38 900 300 8 65 5 0 0 2.2777 0.6369 0.6877 0.6144

F 39 900 300 8 80 5 0 0 2.2777 0.4880 0.6825 0.6509

F 40 900 300 8 95 6 0 0 2.2777 0.3677 0.7053 0.6778

F 41 900 300 8 110 6 0 0 2.2777 0.3056 0.6935 0.6899

F 42 900 300 8 130 8 0 0 2.2777 0.2298 0.7030 0.7024
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where

b¼
b

t

ffiffiffiffiffiffiffiffi
sYp

E

r
ð5Þ

l¼
a

pr

ffiffiffiffiffiffiffiffiffiffiffi
sYseq

E

r
ð6Þ

r¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I

btþhwtwþbf tf

s
ð7Þ

I¼
bt3

12
þbt z0 �

t

2

� �2

þ
h3

wtw

12
þhwtw z0 � t �

hw

2

� �2

þ
bf t3

f

12
þbf tf tþhwtwþ

tf

2
þz0

� �2

ð8Þ

z0 ¼
0:5bt2þhwtwðtþ0:5hwÞþbf tf ðtþhwþ0:5tf Þ

btþhwtwþbf tf
ð9Þ

sYseq ¼
sYpbtþsYsðhwtwþbf tf Þ

btþhwtwþbf tf
ð10Þ

In this paper, the same form of ultimate strength formulation
as described by Eq. (3) is used. Different coefficients are derived
based on the developed numerical database in order to estimate

the ultimate strength of stiffened aluminium plates with various
types of stiffener cross-sections under in-plane compression alone
or in combination with lateral load.

3.2. Aluminium plates stiffened with T-bar stiffeners under in-plane

axial compression

The geometrical characteristics of the analyzed stiffened plates
are given in the first 11 columns of Table 1. The models are
subjected to pure in-plane compression. Complete paths of
averaged stress vs. averaged strain relationships are obtained
using FEM. Fig. 6 shows the averaged stress vs. averaged strain
curves for stiffened aluminium plates under pure in-plane
compression. The curves are grouped based on values of
slenderness parameter of the plate part in the stiffened plate
models. Different trends are observed before reaching the
ultimate strength level and thereafter. This issue is not
addressed in this paper, but the reader is referred to Khedmati
et al. [28]. The ultimate strengths of all models are extracted out
of the averaged stress vs. averaged strain curves and inserted in
column 12 of Table 1.

Regression analysis (see the Appendix) is applied to the
obtained numerical data in Table 1. For this purpose, the algorithm
explained in the Appendix is programmed in MATLAB environ-
ment [34]. The same form of ultimate strength formulation as

Table 5
Summary of the ultimate strengths of continuous stiffened aluminium plates obtained by FEA and developed empirical formulations (stiffener type: F-bar, lateral pressure:

H=5 m).

Stiffener type ID a (mm) b (mm) tp (mm) hw (mm) tw (mm) bf (mm) tf (mm) b l sult
sYseq

� �
FEM

sult
sYseq

� �
formula

1 2 3 4 5 6 7 8 9 10 11 12 13

F 1 1200 160 10 40 4 0 0 0.97183 1.37337 0.6558 0.7108

F 2 1200 160 10 65 5 0 0 0.97183 0.71437 0.8229 0.8096

F 3 1200 160 10 80 5 0 0 0.97183 0.55472 0.7857 0.8207

F 4 1200 160 10 95 6 0 0 0.97183 0.427717 0.7920 0.8269

F 5 1200 300 10 40 4 0 0 1.82217 1.73501 0.4181 0.4173

F 6 1200 300 10 50 4 0 0 1.82217 1.35251 0.5400 0.4975

F 7 1200 300 10 90 6 0 0 1.82217 0.55736 0.7704 0.6773

F 8 1200 300 10 110 6 0 0 1.82217 0.432099 0.7471 0.6994

F 9 1200 300 10 130 8 0 0 1.82217 0.321078 0.7520 0.7153

F 10 1200 300 8 40 4 0 0 2.27772 1.69063 0.3537 0.3560

F 11 1200 300 8 80 5 0 0 2.27772 0.650714 0.6123 0.5840

F 12 1200 300 8 95 6 0 0 2.27772 0.490228 0.6235 0.6204

F 13 1200 300 8 110 6 0 0 2.27772 0.40747 0.6120 0.6371

F 14 1200 300 8 130 8 0 0 2.27772 0.30637 0.6305 0.6545

F 15 1200 300 6 65 5 0 0 3.03696 0.782732 0.4840 0.4503

F 16 1200 300 6 80 5 0 0 3.03696 0.59947 0.4966 0.4957

F 17 1200 300 6 95 6 0 0 3.03696 0.455368 0.5147 0.5302

F 18 1200 300 6 110 6 0 0 3.03696 0.379765 0.5128 0.5467

F 19 1200 300 6 130 8 0 0 3.03696 0.29085 0.5420 0.5638

F 20 1200 160 8 40 4 0 0 1.21478 1.32681 0.6368 0.6486

F 21 1200 160 8 65 5 0 0 1.21478 0.680404 0.8116 0.7665

F 22 1200 160 8 80 5 0 0 1.21478 0.52826 0.7726 0.7837

F 23 1200 160 8 95 6 0 0 1.21478 0.40994 0.7805 0.7940

F 24 1200 160 6 80 5 0 0 1.61971 0.497898 0.7204 0.7209

F 25 1200 160 6 95 6 0 0 1.61971 0.391458 0.7170 0.7359

F 26 900 300 5 65 5 0 0 3.644352 0.55732 0.4101 0.4432

F 27 900 300 5 80 5 0 0 3.644352 0.427538 0.4637 0.4735

F 28 900 300 5 95 6 0 0 3.644352 0.327112 0.5138 0.4946

F 29 900 300 5 110 6 0 0 3.644352 0.27362 0.5189 0.5044

F 30 900 300 5 130 8 0 0 3.644352 0.212297 0.5658 0.5140

F 31 900 300 7 80 5 0 0 2.6031 0.46973 0.5601 0.5801

F 32 900 300 7 95 6 0 0 2.6031 0.355049 0.6175 0.6038

F 33 900 300 7 110 6 0 0 2.6031 0.295502 0.6204 0.6143

F 34 900 300 7 130 8 0 0 2.6031 0.224007 0.6488 0.6248

F 35 900 300 8 65 5 0 0 2.27772 0.636873 0.5057 0.5873

F 36 900 300 8 80 5 0 0 2.27772 0.488035 0.5953 0.6209

F 37 900 300 8 95 6 0 0 2.27772 0.367671 0.6734 0.6444

F 38 900 300 8 110 6 0 0 2.27772 0.305604 0.6728 0.6546

F 39 900 300 8 130 8 0 0 2.27772 0.22978 0.6970 0.6650
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given by Eq. (3) is kept throughout the regression analysis. The
coefficients are so updated to give suitable estimates of the
ultimate strength for the case under consideration. The following
equation is obtained as a result

sult

sYseq

¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0:7318þ0:1622b2
þ0:4833l2

þ0:0148l2b2
þ0:0963l4

q r
1

l2

ð11Þ

Eq. (11) is used to predict the ultimate strengths of all models
in Table 1. These values are placed in column 13 of Table 1. In order
to compare the results, non-dimensionalized ultimate strength
values for aluminium plates stiffened by T-bar stiffeners

Table 6
Summary of the ultimate strengths of continuous stiffened aluminium plates obtained by FEA and developed empirical formulations (stiffener type: F-bar, lateral pressure:

H=10 m).

Stiffener type ID a (mm) b (mm) tp (mm) hw (mm) tw (mm) bf (mm) tf (mm) b l sult
sYseq

� �
FEM

sult
sYseq

� �
formula

1 2 3 4 5 6 7 8 9 10 11 12 13

F 1 1200 160 10 65 5 0 0 0.97183 0.71437 0.8017 0.8978

F 2 1200 160 10 80 5 0 0 0.97183 0.55472 0.7783 0.9030

F 3 1200 160 10 95 6 0 0 0.97183 0.427717 0.8622 0.9057

F 4 1200 300 10 40 4 0 0 1.82217 1.73501 0.3368 0.3022

F 5 1200 300 10 50 4 0 0 1.82217 1.35251 0.4325 0.3725

F 6 1200 300 10 90 6 0 0 1.82217 0.55736 0.7505 0.6248

F 7 1200 300 10 110 6 0 0 1.82217 0.432099 0.7387 0.6755

F 8 1200 300 10 130 8 0 0 1.82217 0.321078 0.7480 0.7176

F 9 1200 300 8 40 4 0 0 2.27772 1.69063 0.2250 0.2399

F 10 1200 300 8 80 5 0 0 2.27772 0.650714 0.5944 0.4874

F 11 1200 300 8 95 6 0 0 2.27772 0.490228 0.6144 0.5556

F 12 1200 300 8 110 6 0 0 2.27772 0.40747 0.6065 0.5927

F 13 1200 300 8 130 8 0 0 2.27772 0.30637 0.6308 0.6370

F 14 1200 300 6 80 5 0 0 3.03696 0.59947 0.4718 0.3959

F 15 1200 300 6 95 6 0 0 3.03696 0.455368 0.4983 0.4555

F 16 1200 300 6 110 6 0 0 3.03696 0.379765 0.4994 0.4897

F 17 1200 300 6 130 8 0 0 3.03696 0.29085 0.5361 0.5301

F 18 1200 160 8 40 4 0 0 1.21478 1.32681 0.5521 0.6140

F 19 1200 160 8 65 5 0 0 1.21478 0.680404 0.7864 0.7819

F 20 1200 160 8 80 5 0 0 1.21478 0.52826 0.7608 0.8158

F 21 1200 160 8 95 6 0 0 1.21478 0.40994 0.7642 0.8382

F 22 1200 160 6 80 5 0 0 1.61971 0.497898 0.7051 0.7007

F 23 1200 160 6 95 6 0 0 1.61971 0.391458 0.7012 0.7382

F 24 900 300 5 80 5 0 0 3.644352 0.427538 0.3878 0.4014

F 25 900 300 5 95 6 0 0 3.644352 0.327112 0.4627 0.4450

F 26 900 300 5 110 6 0 0 3.644352 0.27362 0.4772 0.4684

F 27 900 300 5 130 8 0 0 3.644352 0.212297 0.5362 0.4937

F 28 900 300 7 80 5 0 0 2.6031 0.46973 0.4652 0.5095

F 29 900 300 7 95 6 0 0 2.6031 0.355049 0.5799 0.5620

F 30 900 300 7 110 6 0 0 2.6031 0.295502 0.5918 0.5887

F 31 900 300 7 130 8 0 0 2.6031 0.224007 0.6334 0.6183

F 32 900 300 8 80 5 0 0 2.27772 0.488035 0.4883 0.5566

F 33 900 300 8 95 6 0 0 2.27772 0.367671 0.6412 0.6105

F 34 900 300 8 110 6 0 0 2.27772 0.305604 0.6503 0.6373

F 35 900 300 8 130 8 0 0 2.27772 0.22978 0.6871 0.6670

b
b

Z0

Z0

A.
A.

N.
N.

hw
hw

tw

tw

t
t

tf

bf

Fig. 1. Cross-sectional geometries of stiffened aluminium plates [23].

Flat bar stiffened plate 

Tee bar stiffened plate 

Fig. 2. Typical examples of the mesh models.
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(as indicated in Table 1) under pure in-plane axial compression
are shown vs. their column slenderness parameters in Fig. 7. As
observed, a good agreement is seen between FEM-based values of

ultimate strengths and those predicted by Eq. (11). The favourable
agreement is confirmed in Fig. 8, where a comparison of the non-
dimensionalised ultimate strength values for aluminium plates
stiffened by T-bar stiffeners (as indicated in Table 1) under pure
in-plane axial compression is shown.

3.3. Aluminium plates stiffened with T-bar stiffeners under combined

in-plane axial compression and lateral pressure

In order to expand the range of empirical formulations for
estimation of the ultimate strength of stiffened aluminium plates,
some models are also analysed under combined in-plane
compression and lateral pressure. Geometrical characteristics of
the analysed stiffened plates are given in the first 11 columns of
Tables 2 and 3. Two levels of water head (h) are assumed: 5 and
10 m. As was explained earlier in Section 2.4, after producing
initial deflection in the stiffened plate, lateral pressure is applied
first on it until assumed levels. Then, longitudinal compression is
applied on the stiffened plate. Column number 12 in Tables 2 and
3 presents values of the ultimate strength of analysed stiffened
aluminium plates under combined in-plane compression and
lateral pressure, obtained by FEM.

A regression analysis, as explained in Section 3.2, is applied to
the database of Tables 2 and 3. As a result, the following empirical
equations (Eq. (12)) are derived in order to estimate the ultimate
strength of stiffened aluminium plates under combined in-plane
compression and lateral pressure.

For the case of aluminium plate with T-bar stiffeners under
water head=h=5 m

sult

sYseq

¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1:0579þ0:063b2
þ0:2298l2

þ0:2028l2b2
þ0:1753l4

q r
1

l2

ð12Þ

For the case of aluminium plate with T-bar stiffeners under water

head=h=10 m

sult

sYseq

¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1:3197þ0:0011b2l2
� 2:8853l2

þ0:6063l2b2
þ1:9248l4

q r
1

l2

ð13Þ

Predicted ultimate strengths using Eqs. (12) and (13) for the
stiffened aluminium plates are given in column 13 of Tables 2 and
3. Also, FEM results and predictions of the ultimate strengths are
compared with each other in Fig. 9. Good agreements are also
observed in these cases.

3.4. Aluminium plates stiffened with flat-bar stiffeners under

combined in-plane axial compression and lateral pressure

Studies made by Paik [23] showed that collapse characteristics
of the aluminium plates with flat-bar stiffeners differ from those
of the aluminium plates with T- or angle-bar stiffeners. Thus
different ultimate strength formulations are needed to be
developed for the case of the aluminium plates with flat-bar
stiffeners. Accordingly, a set of stiffened aluminium plates having
flat-bar stiffeners is designed and then analysed using FEM.
Geometrical characteristics of the analysed stiffened plates are
given in the first 11 columns of Tables 4–6. Values of ultimate
strength for the models are given in column number 12 of those
tables.

The same regression procedure is applied to the database of
Tables 4–6. As a result, the following empirical equations (Eqs.
(14)–(16)) are derived to estimate the ultimate strength of
stiffened aluminium plates under combined in-plane compression
and lateral pressure.

0.0

50.0

100.0

150.0

200.0

250.0

300.0

350.0

Strain [%]

St
re

ss
 [N

/m
m

2]

Standard Material

Heat Affected Zone (HAZ) 

Material stress-strain behaviour

Extent of the heat affected zone (HAZ) in both plate and stiffener
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Fig. 3. Stress–strain behaviour of the material and extent of the HAZ.

Fig. 4. Extent of the continuous stiffened plate models for analysis.

Fig. 5. Procedure to generate initial deflection.
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Fig. 6. Average stress–average strain curves for the aluminium plates stiffened with T-bar stiffeners (as indicated in Table 1) under pure in-plane axial compression.
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Fig. 7. Non-dimensionalised ultimate strength values for aluminium plates stiffened with T-bar stiffeners (as indicated in Table 1) under pure in-plane axial compression

vs. their column slenderness parameters.
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For the case of aluminium plate with flat-bar stiffeners under
water head=h=0 m

sult

sYseq
¼

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:3551þ0:1107b2

þ0:0814l2
þ0:3423b2l2

� 0:2031l4
q r

1

l2

ð14Þ

For the case of aluminium plate with flat-bar stiffeners under
water head=h=5 m

sult

sYseq
¼

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:2719þ0:1726b2

� 0:227l2
þ0:3854b2l2

þ0:0804l4
q r

1

l2

ð15Þ

Fig. 8. Comparison of the non-dimensionalised ultimate strength values for

aluminium plates stiffened with T-bar stiffeners (as indicated in Table 1) under

pure in-plane axial compression.

Fig. 9. Comparison of the non-dimensionalised ultimate strength values for

aluminium plates stiffened with T-bar stiffeners (as indicated in Tables 2 and 3)

under combined in-plane axial compression and lateral pressure.

Fig. 10. Comparison of the non-dimensionalised ultimate strength values for

aluminium plates stiffened with flat-bar stiffeners (as indicated in Table 4) under

pure in-plane axial compression.

Fig. 11. Comparison of the non-dimensionalised ultimate strength values for

aluminium plates stiffened with flat-bar stiffeners (as indicated in Table 5) under

combined in-plane axial compression and lateral pressure.

Fig. 12. Comparison of the non-dimensionalised ultimate strength values for

aluminium plates stiffened with flat-bar stiffeners (as indicated in Table 6) under

combined in-plane axial compression and lateral pressure.
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For the case of aluminium plate with flat-bar stiffeners under
water head=h=10 m

sult

sYseq
¼

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:0421þ0:1787b2

� 1:1282l2
þ1:2343b2l2

þ0:0409l4
q r

1

l2

ð16Þ

Accuracy of Eqs. (14)–(16) has been shown, respectively, in
Figs. 10–12. A remarkable agreement is observed between two
sets of ultimate strength values: calculated by FEM and predicted
using the empirical equations.

3.5. Summarised ultimate strength formulations

For the convenience of designers and researchers who use the
proposed empirical formulations, the coefficients are described as
functions of lateral pressure h. The resulting formulations are as
follows:

sult

sYseq

¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c1þc2b
2
þc3l

2
þc4l

2b2
þc5l

4
q r

1

l2
ð17Þ

where for the case of aluminium plate with T-bar stiffeners

c1 ¼ � 0:001h2þ0:071hþ0:731

c2 ¼ � 0:023hþ0:162

c3 ¼ � 0:057h2þ0:235hþ0:483

c4 ¼ 0:004h2þ0:016hþ0:014

c5 ¼ 0:033h2 � 0:151hþ0:096

8>>>>>><
>>>>>>:

ð18Þ

where for the case of aluminium plate with flat-bar stiffeners

c1 ¼ � 0:002h2 � 0:002hþ1:355

c2 ¼ � 0:001h2þ0:018hþ0:110

c3 ¼ 0:008h2 � 0:102hþ0:081

c4 ¼ 0:016h2 � 0:072hþ0:342

c5 ¼ � 0:006h2þ0:089h� 0:203

8>>>>>><
>>>>>>:

ð19Þ

Applying Eqs. (17)–(19), it is possible to estimate the ultimate
compressive strength of stiffened aluminium plates under any
value of water head h in meters.

Table 7
Comparison of the ultimate strength predictions for continuous stiffened aluminium plates using developed empirical formulations and other formulations (stiffener type:

T-bar, lateral pressure: H=0 m).

Stiffener type ID b l sult

sYseq

� �
FEM

sult

sYseq

� �
present formula

sult

sYseq

� �
DNV

sult

sYseq

� �
Paik and Duran

sult

sYseq

� �
Paik

1 2 3 4 5 6 7 8 9

T 1 2.4296 1.3183 0.6239 0.5801 0.5900 0.3488 0.3447

T 2 2.4296 0.8773 0.6958 0.6764 0.6132 0.5452 0.4809

T 3 2.4296 0.6587 0.7197 0.7152 0.6192 0.6449 0.5470

T 4 2.4296 0.4308 0.8007 0.7457 0.6529 0.7191 0.6016

T 5 2.4296 0.3226 0.8284 0.7560 0.6662 0.7406 0.6203

T 6 2.4296 0.2617 0.8554 0.7606 0.6741 0.7491 0.6284

T 7 2.4296 0.2234 0.8626 0.7629 0.6990 0.7533 0.6327

T 8 1.6197 1.4620 0.6621 0.6071 0.8011 0.2992 0.2976

T 9 1.6197 0.9584 0.7681 0.7629 0.8279 0.5163 0.4585

T 10 1.6197 0.7152 0.8476 0.8306 0.8488 0.6502 0.5556

T 11 1.6197 0.4458 0.8928 0.8891 0.8366 0.7733 0.6595

T 12 1.6197 0.3254 0.9112 0.9077 0.8256 0.8088 0.6971

T 13 1.6197 0.2591 0.9247 0.9156 0.8115 0.8227 0.7139

T 14 1.6197 0.2175 0.9395 0.9197 0.7978 0.8296 0.7228

T 15 2.2777 1.9764 0.4004 0.4373 0.5914 0.1814 0.2009

T 16 2.2777 1.2918 0.5865 0.6002 0.6052 0.3589 0.3504

T 17 2.2777 0.9574 0.6736 0.6792 0.6135 0.5085 0.4561

T 18 2.2777 0.5473 0.7843 0.7560 0.6301 0.6956 0.5853

T 19 2.2777 0.3758 0.7854 0.7775 0.6408 0.7438 0.6253

T 20 2.2777 0.2836 0.8182 0.7859 0.6492 0.7603 0.6412

T 21 2.2777 0.2240 0.8495 0.7902 0.6655 0.7679 0.6492

T 22 1.2148 1.5502 0.6648 0.6040 0.7675 0.2724 0.2733

T 23 1.2148 1.0199 0.8122 0.7904 0.8179 0.4866 0.4354

T 24 1.2148 0.7622 0.8250 0.8780 0.8691 0.6340 0.5439

T 25 1.2148 0.4625 0.8867 0.9606 0.9270 0.7903 0.6787

T 26 1.2148 0.3318 0.9220 0.9863 0.9849 0.8359 0.7297

T 27 1.2148 0.2604 0.9310 0.9971 0.9804 0.8537 0.7527

T 28 1.2148 0.2153 0.9475 1.0026 0.9760 0.8625 0.7650

T 29 1.8222 1.9991 0.4472 0.4501 0.7166 0.1772 0.1938

T 30 1.8222 1.3486 0.6335 0.6253 0.7410 0.3379 0.3297

T 31 1.8222 1.0124 0.7509 0.7222 0.7623 0.4860 0.4380

T 32 1.8222 0.5776 0.8782 0.8280 0.7689 0.7095 0.6010

T 33 1.8222 0.3938 0.9039 0.8590 0.7736 0.7755 0.6604

T 34 1.8222 0.2943 0.9172 0.8713 0.7741 0.7990 0.6855

T 35 1.8222 0.2293 0.9364 0.8775 0.7668 0.8100 0.6986

T 36 3.6444 1.9875 0.3776 0.3760 0.4404 0.1822 0.2180

T 37 3.6444 1.4133 0.4611 0.4648 0.4421 0.3164 0.3412

T 38 3.6444 1.1048 0.5086 0.5090 0.4646 0.4272 0.4164

T 39 3.6444 0.8763 0.5378 0.5372 0.4818 0.5149 0.4623

T 40 3.6444 0.5201 0.6087 0.5701 0.5167 0.6113 0.5026

T 41 3.6444 0.4023 0.6255 0.5775 0.5402 0.6268 0.5085

T 42 3.0370 1.5798 0.4797 0.4781 0.4834 0.2666 0.2877

T 43 3.0370 0.8734 0.5597 0.6023 0.5054 0.5324 0.4731

T 44 3.0370 0.5421 0.6584 0.6431 0.5653 0.6480 0.5390
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3.6. Comparison of ultimate strength formulations with other

existing formulations

A comparison is made among the existing formulations and
also developed formulations in order to estimate the ultimate
strength of stiffened aluminium plates. The developed formula-
tions (Eqs. (17)–(19)) are capable of estimating the ultimate
compressive strength of stiffened aluminium plates considering
lateral pressure loads. The Paik formulae [23] (Eqs. (3) and (4))
give the ultimate strength of stiffened aluminium plates under
pure in-plane compression. The earlier version of empirical
formulation developed by Paik and Duran [35], written below, is
also examined for estimation of the ultimate strength of
aluminium plates stiffened with T-bar stiffeners under pure in-
plane compression.

sult

sYseq

¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1:148þ0:096b2
þ1:180l2

� 0:052l2b2
þ1:651l4

q r
1

l2

ð20Þ

Also, reference should be made to the DNV formula for
estimation of the ultimate compressive strength of stiffened

aluminium plates. According to the DNV rules for classification of
high speed and light craft [36], the ultimate strength of stiffened
aluminium plates under pure in-plane axial compression is given by

sult ¼ Pult=ðAPþASÞ ð21Þ

where

Pult ¼ 0:1ZPðAPþASÞselþ0:1ðZSsc � ZPselÞ
be

b
APþAS

� �
½kN� ð22Þ

be

b
¼
su � sel

sf � sel
ð23Þ

sU ¼ sel 1þ0:375
sf

sel
� 2

� �� �
ð24Þ

sel ¼minðsc-plate;sc-lateral;sc-torsional;sc-web;sc-flangeÞ ð25Þ

Details for calculation of other parameters that exist in the
above formulae are given in the DNV rules for classification of
high speed and light craft [36]. Elastic buckling strength of
stiffened aluminium plate is to be calculated based on Eq. (25)
considering the minimum value among their buckling strengths
for different modes of buckling failure.

Table 8
Comparison of the ultimate strength predictions for continuous stiffened aluminium plates using developed empirical formulations and other formulations (stiffener type:

F-bar, lateral pressure: H=0 m).

Stiffener type ID b l sult
sYseq

� �
FEM

sult
sYseq

� �
present formula

sult
sYseq

� �
Paik

sult
sYseq

� �
DNV

1 2 3 4 5 6 7 8

F 1 0.9718 1.3734 0.7336 0.8164 0.4109 1.3823

F 2 0.9718 0.7144 0.8291 0.7873 0.6167 1.3910

F 3 0.9718 0.5547 0.8450 0.7994 0.6282 1.4368

F 4 0.9718 0.4277 0.8036 0.8093 0.6294 1.3829

F 5 1.8222 1.7350 0.5014 0.5309 0.2803 0.7162

F 6 1.8222 1.3525 0.5892 0.5529 0.4018 0.7263

F 7 1.8222 0.5574 0.7929 0.6931 0.5277 0.7431

F 8 1.8222 0.4321 0.7515 0.7174 0.3960 0.7570

F 9 1.8222 0.3211 0.7537 0.7360 0.3362 0.7535

F 10 2.2777 1.6906 0.4502 0.4234 0.2861 0.5947

F 11 2.2777 0.6507 0.6285 0.6109 0.5720 0.6176

F 12 2.2777 0.4902 0.6286 0.6504 0.3508 0.6278

F 13 2.2777 0.4075 0.6150 0.6693 0.3041 0.6327

F 14 2.2777 0.3064 0.6295 0.6897 0.2663 0.6506

F 15 3.0370 0.7827 0.5185 0.4831 0.5156 0.5006

F 16 3.0370 0.5995 0.5178 0.5335 0.3584 0.5059

F 17 3.0370 0.4554 0.5278 0.5736 0.2588 0.5271

F 18 3.0370 0.3798 0.5238 0.5935 0.2314 0.5302

F 19 3.0370 0.2909 0.5442 0.6145 0.2081 0.5705

F 20 1.2148 1.3268 0.7248 0.7214 0.4249 1.0551

F 21 1.2148 0.6804 0.8249 0.7567 0.6132 1.0618

F 22 1.2148 0.5283 0.7851 0.7747 0.6222 1.0860

F 23 1.2148 0.4099 0.7912 0.7878 0.6230 1.0575

F 24 1.6197 0.4979 0.7515 0.7301 0.5274 0.8246

F 25 1.6197 0.3915 0.7168 0.7473 0.4273 0.8210

F 26 3.6444 1.1344 0.3283 0.3441 0.4064 0.4417

F 27 3.6444 0.8497 0.4314 0.4062 0.4721 0.4469

F 28 3.6444 0.5573 0.5310 0.4855 0.2772 0.4712

F 29 3.6444 0.4275 0.5412 0.5224 0.2171 0.4775

F 30 3.6444 0.3271 0.5661 0.5490 0.1904 0.5041

F 31 3.6444 0.2736 0.5624 0.5616 0.1797 0.5078

F 32 3.6444 0.2123 0.5890 0.5742 0.1694 0.5568

F 33 2.6031 0.4697 0.6279 0.6172 0.2999 0.5566

F 34 2.6031 0.3550 0.6510 0.6449 0.2525 0.5721

F 35 2.6031 0.2955 0.6448 0.6575 0.2353 0.5755

F 36 2.6031 0.2240 0.6583 0.6704 0.2187 0.6049

F 37 2.2777 0.9677 0.4691 0.5352 0.5138 0.6003

F 38 2.2777 0.6369 0.6877 0.6144 0.5452 0.6106

F 39 2.2777 0.4880 0.6825 0.6509 0.3492 0.6176

F 40 2.2777 0.3677 0.7053 0.6778 0.2874 0.6278

F 41 2.2777 0.3056 0.6935 0.6899 0.2661 0.6327

F 42 2.2777 0.2298 0.7030 0.7024 0.2455 0.6506
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A comparison of the ultimate strength predictions using
developed formulations and also other existing formulations for
the two cases of aluminium plates stiffened with T-bar and

flat-bar stiffeners is given, respectively, in Tables 7 and 8. Also,
Figs. 13 and 14 give a check of the accuracy of available formulae
in comparison with each other. As can be seen, predictions of the
present formulations are in good agreement with those made by
the DNV formula. On the other hand, predictions made using Paik
formulation [23] have some deviations with reference to those
made using the authors’ formulations. The earlier version of Paik
and Duran formulation [35] gives results more or less the same as
those of the formulations developed by the authors. All the
comparisons presented in Tables 7 and 8 and also in Figs. 13 and
14 are just for the case of pure in-plane compression.

The derived formulations are found to be very effective also in
terms of time. Estimation of ultimate strength of continuous
stiffened aluminium plates using presented formulations takes a
few milliseconds. Besides, modelling of a continuous stiffened
aluminium plate with all details, using any commercial finite
element code like ANSYS, for an expert and skilled user takes
about two or three working days, while the CPU time for its
analysis for capturing the value of ultimate strength, including
post-processing jobs, is about 30–40 min.

4. Conclusions

The aim of the present paper has been to develop closed-form
formulations for predicting ultimate compressive strength of
stiffened aluminium plates under combined in-plane compression
and lateral pressure. Extensive numerical results on welded
stiffened aluminium plate structures obtained through a series
of elastic–plastic large deflection FEM analyses were used for the
present purpose.

Fig. 13. Comparison of the ultimate strength predictions for aluminium plates

stiffened with T-bar stiffeners (as indicated in Table 7) under pure in-plane axial

compression.

Fig. 14. Comparison of the ultimate strength predictions for aluminium plates

stiffened with flat-bar stiffeners (as indicated in Table 8) under pure in-plane axial

compression.

M.R. Khedmati et al. / Thin-Walled Structures 48 (2010) 274–289 287



Author's personal copy
ARTICLE IN PRESS

Different forms of ultimate strength expressions were derived
for plates with flat-bar or angle/T-bar stiffeners. The ultimate
strength formulations developed implicitly take into account
effects of weld induced initial imperfections.

The accuracy of derived formulations was checked by a
comparison with numerical results. The empirical formulations
derived in the present study will be useful for ultimate-strength-
based reliability analyses of aluminium high-speed ship struc-
tures. In using the derived empirical formulations for final sizing
or detailed strength check calculations, precautions are required
such as additional safety factors given the potential for non-
conservative strength predictions.

Appendix. Regression method

A.1. Simple linear regression

A simple linear regression model for describing the relation
between an independent input variable x and output function y

can written as

y¼ b1xþb0 ðA:1Þ

Let us assume there are n independent variables xi,
where i=1, 2,y, n. Their corresponding functional values are yi.
Also, maximum and minimum values of xi are, respectively, xmax

and xmin. Estimated values for b0 and b0 are, respectively, assumed
to be b

_

0
and b

_

1
, where they can be found from the following

equations:

y
_
¼ y

_
ðxÞ ¼ b

_

1
xþ b

_

0
; xminrxrxmax ðA:2Þ

b
_

1
¼ Sxy=Sxx ðA:3Þ

b
_

0
¼ y � b

_

1
x ðA:4Þ

where

x ¼
1

n

Xn

i ¼ 1

xi ðA:5Þ

y ¼
1

n

Xn

i ¼ 1

yi ðA:6Þ

Sxx ¼
Xn

i ¼ 1

x2
i � nx2

ðA:7Þ

Sxy ¼
Xn

i ¼ 1

xiyi � nx y ðA:8Þ

One way to control the accuracy of the model is to check the
distribution of the residuals ei, where their values are calculated
from the following equation:

ei ¼ yi � y
_
ðxiÞ; i¼ 1;2; . . . ;n ðA:9Þ

If residuals ei have a normal distribution, then it can be
concluded that the adopted regression model has considerable
accuracy. Another way to check the model is to calculate the
quantity R2 as follows:

R2 ¼ 1�
SSE

Syy
ðA:10Þ

where

SSE ¼ Syy � b
_

1
Sxy ðA:11Þ

Syy ¼
Xn

i ¼ 1

y2
i � ny2

ðA:12Þ

If the value of this quantity in percent, i.e. 100R2, is near 100%, it
will be a proof of the good regression model.

A.2. Multiple linear regression

Now, assume a process with a single output y and k input
variables xj, where j=1, 2,y, k. This process may be modelled
using regression analysis with the following model:

y¼ b0þ
Xk

j ¼ 1

bjxj ðA:13Þ

Let us assume there are n experimental data, where n4k. The
independent variables in such a case are represented by xij, where
i=1, 2,y, n and j=1, 2,y, k. Their corresponding functional values
are yi calculated as follows:

yi ¼ b0þ
Xk

j ¼ 1

bjxij; i¼ 1;2; . . . ;n ðA:14Þ

If b
_

j

and y
_

i
represent, respectively, the estimated values for bi

and yi, then the following equation can be written:

y
_

i

¼ b
_

0
þ
Xk

j ¼ 1

b
_

j

xij; i¼ 1;2; . . . ;n ðA:15Þ

or in matrix notation

Y ¼ Xb
_

ðA:16Þ

where

X ¼

1 x11 x12 � � � x1k

1 x21 x22 � � � x2k

^ ^ ^ ^ ^

1 xn1 xn2 � � � xnk

2
66664

3
77775;Y ¼

y1

y2

^

yn

2
66664

3
77775;b

_

¼

b
_

0

b
_

1

^

b
_

k

2
66666666664

3
77777777775

ðA:17Þ

The vector of estimated values for the constants in Eq. (A.16) is
determined using the following equation:

b
_

¼ ðXT XÞ�1XT Y ðA:18Þ

Both of the afore-mentioned methods are applied to control
the accuracy of the multiple linear regression model Eq. (A.13). For
the second method, the value of quantity R2 is determined based
on the following equation:

R2 ¼ 1� YT Y �

_
b

T
XT Y

YT Y � ny2
ðA:19Þ
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