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Abstract

This work reviews the ultimate compressive strength of aluminium plates and stiffened panels. The effect of boundary condition,
initial imperfection, welding-induced residual stress and heat-affected zone are discussed. As the effect of manufacturing
technology lacks in the literature, this effect is analysed employing the finite element method, considering the technology of
welding and integrated extrusion. The numerical analyses have shown that the ultimate strength of the integrated extruded
stiffened panel is relatively higher than the one of the traditional welded panel.
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1 Introduction

Stiffened panels are the main structural components in ship hull
girders. The buckling failure of deck or bottom stiffened panels
may lead to the overall collapse of ships. Unlike columns which
buckling implies the collapse, plates and stiffened panels can
sustain further loads after the buckling occurs locally in the elas-
tic or even inelastic regime. The design and strength assessment
of plates and stiffened panels are moving towards the ultimate
limit states in recent decades, as is required by the new reliability-
based design formulations (Guedes Soares et al. 1996).
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Nowadays, aluminium alloys are widely used in build-
ing hulls and superstructures of high-speed vessels instead
of steels due to their high strength and lower weight
(Aalberg et al. 2001; Kasten 2016; Liu et al. 2019). In
aluminium stiffened plates, fabricated by fusion welding,
the material softening takes place in the heat-affected zone
(HAZ) along the weld seam. In contrast to the steel stiff-
ened panel, the yield stress in the HAZ of the welded alu-
minium panel is reduced significantly as compared with
the base material. Hence, this leads to the reduction of
the compressive ultimate strength of aluminium panels.
The tensile residual stresses exist in the HAZ, which are
self-equilibrated by the corresponding compressive stress-
es in the adjacent zones. The welding-induced residual
stresses are recognized to decrease the ultimate bearing
capacity of both aluminium and steel panels, but in differ-
ent way. Therefore, despite the existing reviews of the of
the ultimate strength of steel plates and stiffened panels
subjected to axial compressive load (Guedes Soares and
Soreide 1983; Zhang 2015), there is a need of dealing in
a systematic way with the results specific to aluminium-
alloy plates.

The focus here is on the aluminium-alloy plates and stift-
ened panels, reviewing many studies performed by employing
different approaches. Analytical formulations are proposed
based on the first principles and hypotheses of structural me-
chanics. They are of considerable value and very useful for the
ultimate limit state design and reliability assessment.
Empirical formulations are proposed based on a regression
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analysis of experimental test data and numerical results. They
differ from the analytical approaches since they include failure
observations. To clearly understand the complexity of materi-
al and structural behaviour up to collapse, the experimental
tests become an inevitable part of the ultimate strength assess-
ments or at least in developing and validating the analytical,
empirical and numerical methods. Due to the limitation of
testing facilities, scaled models are used instead of full-scale
prototypes. With the rapid development of computational
technology, numerical methods are considered as the most
powerful tools for analysing the nonlinear behaviour of the
structural system. The nonlinear finite element method
(NLFEM) has been widely employed to analyse the behaviour
and ultimate strength of plates and stiffened panels.

This paper reviews the ultimate compressive strength
of aluminium plates and stiffened panels comprehen-
sively performed by different methods. The effects of
the initial deflections, welding-induced residual stresses
and strength deterioration in the HAZ are also summa-
rized. Moreover, the influence of the manufacturing
technology on the ultimate compressive strength of
aluminium-alloy stiffened panels is investigated by
performing a series of finite element analyses. The nu-
merical analyses of the strength of aluminium structures
are compared and discussed, and some future research
works are recommended.

2 Review on Ultimate Strength of Aluminium
Plates

2.1 Buckling Failure Pattern

The deck and bottom structures of ships are subjected period-
ically to compressive and tensile loads resulting from the sag-
ging and hogging vertical bending moments. In this case, the
plating between longitudinal stiffeners and transverse frames
is compressed, and thus in most current practical design ma-
terials, it is assumed to be simply supported or clamped at four
edges subjected to an axial load (Wang et al. 2005; Yao and
Fujikubo 2016; Paik 2018). At the initial regime of loading,
the compressive stress and lateral deflection increase linearly.
When the compressive stress reaches the critical value, the
plate buckles with large lateral deflections and the in-plane
stiffness of the plate reduces significantly. The buckling fail-
ure of the plate may be categorized into elastic, elastic-plastic
and plastic buckling. The first type of buckling occurs typical-
ly in the elastic regime for the thin plates, while the others
often occur in the inelastic regime for thick plates after the
plastic deformation takes place locally or the plate yields over
large regions. The yielding initiates at the longitudinal edges
and spreads to the surrounding areas.

2.2 Experimental Test

It is seen that the experimental data are valuable to verify the
results based on analytical or empirical methods and collected
data will provide a better understanding of the behaviour of
the structures. Unfortunately, experimental results of
aluminium plates under compression are rare and not widely
open. The experimental tests carried by Mofflin (1983) are the
most useful, as described thoroughly by Collette (2005). The
results of this study have provided an excellent database for
many comparative studies of high-speed aluminium vessels
(Collette et al. 2008; Benson et al. 2011).

Conley et al. (1963) studied the buckling and ultimate com-
pressive strength for various types of steel and aluminium
plates. The buckling load was considered to be the load where
the strain curve reverses slope or has the inflexion point. In
comparison with the theoretical results, calculated from the
proposed formulation, the testing results showed a good
agreement in some cases, and some discrepancies were found
due to the difficulty to fulfil all conditions during testing.
Based on the obtained ultimate compressive loads, a new de-
sign curve that shows the relationship between strength factor
and slenderness ratio was recommended.

Mofflin (1983) tested the ultimate compressive strength of
aluminium alloys plates, likely to be encountered in marine
structures, considering the effect of initial deflection and
welding. The longitudinal edges were supported by a special
mechanism to restrain the lateral deflection and freely rotate,
while the transverse edges were clamped partially. The mate-
rial properties were measured by tension and compression
tests. The heat was added to the longitudinal edges and at
the mid-length of the plate to simulate the effect of welding
and initial deflection. Two levels of initial deflections were
analysed. The ultimate strength and stress-strain curves were
obtained to validate other methods.

Seifi and Khoda-yari (2011) investigated buckling loads of
the cracked aluminium plates to evaluate the effect of the
crack. Three boundary configurations, simply supported,
clamped and partially clamped, were employed using suitable
upper and lower fixtures. The plates with clamped edges ex-
hibited a higher compressive capacity and are more stable.

2.3 Analytical and Empirical Methods

For evaluating the ultimate compressive strength of aluminium
plates rapidly, several formulations are developed like one of
Johnson-Ostenfeld, Faulkner (1975), Kristensen (2001), Paik
and Duran (2004), Wang et al. (2005) and Eurocode 9 (2009).

Initially, the critical buckling strength of aluminium plates
may be estimated based on the Johnson-Ostenfeld formulation
which is well summarized in Paik et al. (2005b), Paik (2018)
and Syrigou and Dow (2018). It is given as follows:
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where o is the elastic buckling stress (Eq. (2)), oF is the refer-
ence yield stress: o = oy for the compressive normal stress and
oF =Ty =oy/ /3 for the shear stress, oy is the material yield
stress and « is a constant depending on the material proportion-
al limit, which is usually taken as av= 0.5 or 0.6.
The elastic buckling stress is given as follows:

km’E (t)2 2)

ET(12) \b
where £ is the buckling coefficient specified based on the
corresponding load, £ is Young’s modulus, v is the
Poisson’s ratio, ¢ is the plate thickness and 4 is the stiffener
spacing.

The empirical formulation, as proposed by Faulkner
(1975), predicts the ultimate strength of steel plates under
axial compression, and it is perhaps the most commonly used
in the marine industry. This formulation is also used for alu-

minium plates where the equivalent yield stress is used, con-
sidering the effect of HAZ:

Oux _E_i
OYeq ﬂ 52

(3)

where 3 = (b/t)\/0veq/E is the plate slenderness ratio; b, ¢
and £ are mentioned above; and oy, is the equivalent yield
stress:

2[abhaz + (b_2bhaz)bhaz]UYhaz + (a_thaz)(b_zbhaz)UY
ab '

OYeq =

where a is the plate length, by,,, the width of HAZ and oy,
the yield stress in the HAZ.

Kristensen (2001) proposed a formulation for the welded
plate under axial compression, with 25-mm width of HAZ and
yield stress in the HAZ equal to 50% of the base material yield
stress; it is given as follows:

O (.7495-0.7036exp(-3.3875 1 22) (4)
elpl

where o« is the mean uniaxial ultimate longitudinal stress;

Oelpl = 06’75.(0.002E )f1 is the stress that corresponds to equal

elastic and plastic strain, n = 1n2
In 5'0—’2)
0.1

;and o ; and oy , are the

stress corresponding to a residual strain equal to 0.1% and
0.2%, respectively.

Paik and Duran (2004) proposed a closed-form empirical for-
mulation (Eq. (5)) to estimate the ultimate compressive strength
of aluminium plates simply supported at four edges based on a
regression analysis of numerical results. The average level of the
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initial deflections is considered, while the residual stresses were
ignored. The effect of softening in the HAZ is also taken into
account, where the yield stress in the HAZ was assumed to equal
70% of the base material yield stress.

o 1.0 for (3<0.46
™ — 0 02158+ 1.1 for 046 < (<22 (5)
T¥eg —-0.0833+0.81 for #>22

The modified Faulkner’s formulation (Eq. (3)) was extended
by Wang et al. (2005), where the reduction factor 1) was used to
the definition of 5. The proposed formulation was validated by
comparing with the nonlinear finite element results from 132
plating models covering a range of 3 from 1 to 4. The strength
deterioration in the HAZ and the initial deflections were consid-
ered; however, the residual stresses were ignored.

Tux gtoiforﬁil (6)
ov | 3 Bzf(WB>1

where 3 = % b/ p=1for oypaloy=1-0.15",

= 1.142- 182 (1=0yn /0y for oype /oy < 1-0.13"% and
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Based on Faulkner’s formulation, the European Committee
for Standardization (CEN) proposed an empirical formulation
to calculate the local buckling compressive resistance of alu-
minium plates, considering the material softening in the HAZ
(Eurocode 9 2009). According to Eurocode 9 class 4, the
design value of the compressive force Ngq4 should satisfy:

NEg

DB 7
pc (7)
NRd = min(No,Rd;Nu.Rd) (8)

where Ngq 18 the design resistance; N, rs=Acn0,/Yan for the
overall yielding and local buckling and N, rs=A,.0./Yan for
the local failure; A.q; Ane 1S the effective area of the cross-section
and the area of the least favourable cross-section taking into
account the HAZ softening, respectively; o, o is the yield
strength and ultimate tensile strength; and 1, v 1S the partial
factor for the resistance of members concerning instability, and in
the case of the cross-sections subjected to tensile load to fracture,
respectively, i = 1.1 and = 1.25 are recommended.
Benson et al. (2011) performed a comparative study based
on the relevant data from the experimental investigation of
aluminium plates under uniaxial compression, as presented
in Collette (2005), using Egs. (3), (5), (7) and (8). The authors
realized that the obtained results show a reasonable correlation
with the test data. About 10% difference between three ap-
proaches can be found, and where the Faulkner formulation
shows the upper limit at the lower and moderate slenderness,
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the Eurocode formulation shows the lower limit at the higher
slenderness, and the formulation proposed by Paik and Duran
(2004) provides a lower prediction for stocky plates.

2.4 Numerical Methods

With the rapid development of the informatics technol-
ogy, especially recent two decades, many investigations
have been performed on the nonlinear finite element
models to simulate the buckling and ultimate strength
of aluminium plates under axial compression. It is rec-
ognized that to improve the accuracy in predicting the
behaviour and ultimate capacity of plates, many param-
eters need to be taken into account in the analysis,
including aspect ratio, slenderness, material properties
of alloys, initial imperfections, welding-induced residual
stresses, HAZ and loading.

Collette et al. (2008) performed a series of finite element
simulations of the experimental data of Mofflin (1983). The
material properties, initial imperfections and boundary condi-
tions were considered.

Seifi and Khoda-yari (2011) carried out numerical investiga-
tions on the buckling of thin aluminium-cracked plates and val-
idated against experimental results. The parametric study is per-
formed selecting the plate dimensions (length, breadth and thick-
ness), crack length and its orientation as the variables. Three
types of boundary conditions were used, including clamped-
clamped, simple-clamped and simple-simple conditions. The
maximum discrepancy is 10% between numerical and experi-
mental results.

Benson et al. (2011) examined the ultimate strength
of aluminium plates, considering the effects of almost
related parameters. Both initial imperfections and
welding-induced residual stress were introduced. All
plates were assumed to be simply supported at four
edges. The results show good agreement with
Eurocode’ s formulation. The study was extended by
Benson et al. (2013b). A parametric dataset of load-
shortening curves accounting for the axial compressive
load was derived in assessing the ultimate global
strength of aluminium hull girder using the progressive
collapse method.

Syrigou and Dow (2018) investigated the ultimate
strength of aluminium-alloy plates with a wide range
of the slenderness ratio under different loading condi-
tions, considering the initial geometric imperfections,
welding-induced residual stresses and HAZ. The results
were compared with various analytical formulations. A
good correlation was obtained for the unrestrained plates
and stocky constrained plates (3<2), while the ultimate
compressive strength of the slender-constrained plates
(8>2) is higher than the ones estimated by various
analytical formulations.

3 Review on Ultimate Strength of Aluminium
Stiffened Panels

3.1 Buckling Failure Pattern

As the applied load reaches its critical value, the stiffened
panel buckles locally or as a unit (overall buckling). The local
buckling of the panel involves the buckling of plating or stiff-
eners. The overall buckling occurs when the stiffness of the
stiffeners is relatively small, while for relatively substantial
stiffeners, the plating between stiffeners buckles. The local
buckling of stiffeners is often exhibited in the stiffener web
or the sideway distortion.

A stiffened panel can be subjected to further loading up to
the collapse even after the occurrence of the local buckling.
The buckling and/or yielding are initially present in the plate
and then are spread towards the stiffeners. Eventually, at the
ultimate limit state, the plates and stiffeners undergo the ex-
cessive buckling and yielding.

3.2 Experimental Results

Numerous mechanical experiments were carried out to inves-
tigate the structural behaviour, collapse mode and ultimate
load-carrying capacity of aluminium stiffened panels. One of
the earliest experiments on the aluminium panels was per-
formed by Aalberg et al. (2001), where the panels were fabri-
cated with two types of extruded profiles (open- and closed-
section stiffeners). The extruded profiles were welded by MIG
(melt inert gas) and FSW (friction stir weld) methods in the
longitudinal direction. Special mechanisms, bearing rail and
bearing pad, were designed in the test rig to create the simply
supported boundary conditions at the loaded edges and to
eliminate the effect of the end connections (Figure 1a). The
position of the bearings was selected to ensure the transfer of
the thrust through the neutral axis of the panel cross-sectional
area. Two collapse modes were observed during testing: over-
all flexural buckling and collapse initiated from the tripping of
the stiffeners (Figure 1b).

Similar collapse tests were also carried out experimentally and
numerically by Zha and Moan (2001, 2003), where the torsional
failure mode of the stiffeners was predominant. The significant
torsion of stiffeners was observed when the applied load reached
about 60%—70% of the ultimate load. In addition, the initial
imperfections affect the collapse modes of stiffeners.

To derive accurate results, full-scale prototype specimens
are preferred. Hence, a series of collapse tests under uniaxial
compression were carried out by Paik et al. (2008) presenting
results of collapse tests of full-scale prototype models. These
specimens were built from plating and flat bar or tee bar or
extruded tee bar as single and multi-bay stiffened panels. The
simply supported boundary condition was used at the loaded
edges, while two types of boundary conditions were

@ Springer



Journal of Marine Science and Application

538
P Rotation meter
Loading beam v
: -
— 1 1 1 - 1
i -
' As B-B :
: : Cross-scction B-B
i <
u.x v

a
R
=
] '
-

1
Bearing rail
I

=B
B e e
r 47 v ISP aayys
b -5
} }

(a) Schematic view of simply supported panel in test rig

(b) Sideways tripping of the stiffeners
Figure 1 Collapse test of stiffened panel (Aalberg et al. 2001)

considered for the unloaded edges, namely, simply supported
and free ones. Different collapse modes were observed from
the tests depending on the panel geometries. The lateral-
torsional buckling mode occurred for panels with significant
web height, and the beam-column mode was seen at panels
with smaller web height. It was found that the ultimate
strength of the one-bay panel is slightly smaller than the one
of the three-bay panels.

Renning et al. (2010) carried out the ultimate strength of
transversely stiffened aluminium panels subjected to in-plane
compressive load (Figure 2). Both MIG and FSW welding
methods were used for welding the extrusions. The initial
deformations were measured, excluding the residual stresses.

@ Springer

The tests were carried out by controlling the end-shortening
displacement, and the load, in-plane displacement, stiffener
strain and distortion were recorded continuously during test-
ing. The results showed that the panels collapsed in two dif-
ferent deformation modes, local buckling of the plate between
the stiffeners and global flexural buckling.

The buckling collapse testing of the friction stir welded
aluminium stiffened plates under axial compression was in-
troduced by Paik et al. (2012). The object of the test structure
was a full-scale deck structure of a high-speed vessel. The
sequence of welding for the fabrication of the specimens in
these two testing series was carefully controlled, and six types
of welding-induced initial imperfections were measured.
Based on the statistical analyses, three levels of welding-
induced initial deflections, initial residual stresses and breadth
of the HAZ were proposed. Cylindrical bearing mechanisms
were used to provide the simply supported boundary condi-
tions, similar to Aalberg et al. (2001). It was observed that the
column-type collapse mode was dominant. The experimental
results were compared with the numerical results with/without
considering the effect of HAZ and welding-induced residual
stresses. Afterwards, both numerical and experimental results
were used to validate the empirical formulation proposed by
Paik (2007b), achieving a good agreement.

In general, the experiments provide a good understanding
of the behaviour and collapse mechanism of aluminium struc-
tures, especially to investigate the new structural configura-
tions and the combined loading conditions, etc.

3.3 Finite Element Analysis

The refined numerical codes are powerful tools to solve the
nonlinearities of the structural systems and to analyse compli-
cated structures. This method is typically used to assess the
strength of the structures that are designed by analytical or
empirical methods and for the initial design to find the optimal
structural design solution. However, the calculation accuracy
is highly dependent on the skill of the analysts. In the last two
decades, this method is increasingly used in the ultimate
strength assessment of aluminium plates and stiffened panels.
Table 1 shows various numerical codes for the ultimate
strength analysis of plates and stiffened panels. Figure 3
shows an example of a numerical simulation.

Zha and Moan (2001, 2003) performed numerical simula-
tions to analyse the collapse behaviour and ultimate strength
of aluminium stiffened panels. The influence of HAZ, initial
deflections and welding-induced residual stresses was consid-
ered. The width of the HAZ was chosen to equal either 12.5 or
25 mm for both longitudinal and transverse welds. The shell
element was used to model the panels, and the mesh conver-
gence test was conducted to find the suitable mesh size for
evaluating precisely the behaviour of the HAZ. The Ramberg-
Osgood relationship was employed to model the stress-strain
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Figure 2 Transversely stiffened aluminium panel tested by Renning et al. (2010)

curve of the material, where the related parameters were re-
ceived from the material tensile test. The HAZ leads to about
15% strength reduction of the ultimate load, but the effect of
the residual stresses is not significant.

The structural behaviour and ultimate strength of alumini-
um panels are very sensitive to the welding types, plate thick-
ness, HAZ width, initial deflections, residual stress and mate-
rial properties. Thus, sensitivity analyses of these influential
parameters were performed by Rigo et al. (2003), Khedmati
et al. (2009, 2012) and Paulo et al. (2013) by various finite
element analyses. Three-span FE model was used with a re-
strained rotation at two loaded edges and simply supported
along two longitudinal edges. The initial deflection shape of
a thin-horse mode was defined by a linear static analysis
where a uniform lateral pressure applied to the panel. The
width of the HAZ was considered to extend 25 mm at each
side of the weld and 25 mm in the stiffener web. The results

showed that the plastic buckling analyses are susceptible to
these influence factors.

Several numerical investigations have been performed to sim-
ulate the experimental tests and/or to derive the database for
regression analyses to establish different empirical formulations
(Paik 2007a, 2007b; Paik et al. 2008, 2012; Khedmati et al.
2010b, 2014).

Khedmati and Ghavami (2009) analysed the buckling
and ultimate strength behaviour of stiffened aluminium
panels with fixed or floating transverse frames. The
results indicated that the ultimate strength of panels is
affected by the position of the floating transverse frames.
Moreover, the profile and the type of connection of the
transverse frames might influence the buckling strength.
Li et al. (2017) also performed FE analyses of stiffened
panels with fixed or floating transverse frames. In their
analyses, the welding-induced residual stresses and HAZ

Table 1 Numerical codes and

their application (ISSC 2018) Numerical code

Organization Component applicability

ABAQUS
ALPS/ULSAP
ANSYS

BV Adv. Buckling
DNV/PULS
MSC/MARC

Abaqus Inc. Stiffened/unstiffened panel
Pusan National University Stiffened/unstiffened panel
Ansys Inc. Stiffened/unstiffened panel
Bureau Veritas Stiffened panel

DNV-GL
MSC

Stiffened/unstiffened panel
Stiffened/unstiffened panel
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Figure 3 Distortions and stress distributions at ultimate limit state
(Khedmati et al. 2009)

were investigated. The existence of mechanical imperfec-
tions has a significant effect on the ultimate strength of the
aluminium stiffened panels. Interestingly, the residual
stresses might have a positive effect.

The ultimate strength of panels fabricated from extruded
aluminium profiles subjected to axial compression was inves-
tigated by Paulo et al. (2013) and Li et al. (2018) using the test
panels of Aalberg et al. (2001). The initial imperfections were
simulated, and the numerical results were compared with the
experimental response curves. The sensitivity analyses on the
initial imperfections, material properties and geometric pa-
rameters were performed. The results show the same conclu-
sions as Li et al. (2017). Various cross-sections formed of
extruded profiles (T-shaped, tubular and trapezoidal) were
designed and analysed by Ren et al. (2018), proposing the
most suitable configuration of aluminium extrusion for the
upper deck structure of a warship.

The ultimate compressive strength of the equivalent alu-
minium and steel stiffened panels was investigated by Doan
et al. (2020). The equivalent geometry relationships were pro-
posed based on the Classification Society Rules (Lloyd’s
Register 2019a). The results proved that the proposed formu-
lations are suitable for designing the equivalent panels.

3.4 Empirical and Analytical Methods

Due to the complexity of the structures and the effect of
various uncertainties, few analytical formulations were
developed, and almost empirical formulations were proposed
based on the regression analyses of the numerical results.
Recently, Kim et al. (2018) thoroughly reviewed the existing
empirical formulations for predicting the ultimate strength of
stiffened panels subjected to uniaxial compression where the
well-known design formulations proposed by Johnson-
Ostenfeld and Perry-Robertson can be applied for both steel
and aluminium materials.

Paik and Duran (2004) performed the finite element anal-
yses on fifty conventional stiffened panels with plate slender-
ness ratio, (3, in the range of 1.44 to 3.41 and column slender-
ness ratio, A\, of 0.23 to 2.24. The 25-mm width of HAZ was
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assumed along the welding lines, and the initial imperfections
of plate and stiffener were considered; however, the residual
stresses were excluded. Based on the obtained results, an em-
pirical formulation was developed:

ag TYeq
V/1.038+1.0993240.09332-0.047)2 32+ 16437 (9)

2
0u<Oyeq/ A

where oy.q represents the equivalent yield stress; 3 = % =

\/ 5% and A = £, /T denote the plate and stiffener slen-
derness ratio, respectively; a, b and ¢ are the length, breadth
and thickness of the plate; and r is the gyration radius.
Adapting the Johnson-Ostenfeld relation, Wang et al.
(2005) introduced a formulation to calculate the critical buck-

ling stress of the longitudinals in compression:

OE
Ocr { Uy[l_Jy/(40'E)] Whel'l(TE_O.SO'Y When(TE_O.SO'Y
(10)

Eurocode 9 (2009) considers a panel as a combination of
individual members (plating, strut, column), and the entire
panel should be checked to satisfy all requirements of all
members. For a panel under axial compression, the design
value of the compression force Ngq4 (see Eq. (7)), local buck-
ling resistance N, rq (yield check Eq. (11)) and design axial
resistance N, rq (column check Eq. (12)) should be checked.

(1)
(12)

Nu,Rd = Anetau/7M2
Nc,Rd = ACffXUo/fYMl

where x is the reduction factor for the flexural buckling.

When the stiffeners are significantly numerous and
small, the stiffeners deflect together with the plating,
and the panel may buckle in the overall grillage
buckling mode under compressive loads. In this case,
the stiffeners are assumed to be smeared into the
plating, and the stiffened panel may be idealized as an
equivalent orthotropic plate. Its elastic properties are
different in the two orthogonal directions. Adapting
orthotropic plate theory, the compressive buckling load
for a simply supported orthotropic plate was given for
aluminium material in Eurocode 9 (2009) (see Eqgs. (13)
and (14)). Using the same approach, Benson et al.
(2013c¢, 2015) calculated the panel stress-strain curves
considering both interframe and overall buckling modes.
A series of case studies were tested and compared with
the nonlinear FE analysis results. A good agreement
proved that this method could be applied in the calcula-
tion of ultimate longitudinal strength of the hull girder of
the lightweight ship employing the progressive collapse
method.
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where By, By and H are defined based on the cross-section of
the panel and L/b is the aspect ratio.

Khedmati et al. (2014) extended the formulation sug-
gested in Khedmati et al. (2010b) for stiffened plates
subjected to combined lateral pressure and axial in-
plane compression. A series of FE analyses, with differ-
ent types of stiffener (flat, angle and tee bar) and with a
wide range of slenderness ratios, were performed consid-
ering both initial imperfections and HAZ. The obtained
database was used for the regression analysis. The de-
rived formulations, in the form of Eq. (15) with the co-
efficients as presented by Khedmati et al. (2014) and
expressed as a function of the lateral pressure head (h),
exhibited a good correlation with the numerical results:

u —U. 1
T = (Cr+ O+ G+ CaN B+ CsXY) e
Uqu )\
(15)
C1 = —0.06302/ 4 0.5404/4 + 3.911
C, = 0.0092184>—0.06357h + 1.008
For flat bar { C; = —0.039944% + 0.066594 + 2.756 (16)
Cy = —0.02574h 4 0.2596h + 0.0173
Cs = 0.029394°—0.1703h—1.431
C, = —0.058884% + 0.4051/4 + 2.113
C, = 0.00332A4% 4+ 0.065164 + 0.8138
For L bar C; = 0.2214*-2.089h + 08901 (17)
Cy = —0.011634% + 0.04816h + 0.0742
Cs = —0.024284 + 0.3817h—0.4564
Cy = 0.04494%—0.7265h + 2.865
C, = —0.0004984% + 0.080874 + 1.131
For T bar C3 = 0.0237h%—0.04883h + 0.4663  (18)

C4 = —0.0053784* + 0.01677/ + 0.1016
Cs = 0.0134°—0.0054—0.134

4 Influence Factors

The structural behaviour and ultimate strength of aluminium
plates and stiffened panels are strongly affected by the inter-
action between various parameters, including the geometric
and material nonlinearities, strength deterioration in the
HAZ, loading, boundary conditions, initial imperfections,
structural arrangement and in-service degradation. Therefore,
these parameters have been considered in most investigations.

4.1 Boundary Condition

The boundary conditions are the reflection of the structural
continuity, i.e., showing the effect of the adjacent structures
to the considered structure through the transitions and rota-
tions of all nodes on the surrounding edges. Thus, the bound-
ary conditions have a significant effect on the structural be-
haviour and ultimate strength of the plates and stiffened
panels. Table 2 summarizes the configurations of boundary
conditions and their applications, and Figure 4 shows an ex-
ample of the boundary condition in the one-bay model.

Generally, the fully clamped conditions present overlarge
stiffness of the adjacent structures and overestimate the ultimate
load-carrying capacity of the panels. Meanwhile, the simple-
simple support condition expresses conservative results.

4.2 Initial Imperfections

The initial imperfections comprise of initial deflections and
residual stresses of the plating between the stiffeners,
column-type initial distortion of the stiffener, initial sideway
distortion of the stiffener and residual stress in the stiffener
web. The initial deformation shape of the panels often shows
the thin horse (hungry horse) mode or the form of trigonomet-
ric functions. According to the experimental test observation,
the maximum magnitude of the initial deflections can be clas-
sified into three levels, namely, slight, average and severe
level depending on the welding method, material properties,
plating thickness and the skill of the workers (Paik et al.
2005b, 2006, 2008; Paik 2007a). The following maximum
magnitudes are often used in the marine industry for alumin-
um alloys corresponding to the slight, average and severe

level, respectively.
0.00016a 0.00019a
Woe = & 0.0018a  wy = 0.001a

0.0183%¢
Wopl = { 0.096/3°
0.2523°t 0.0056a 0.0024q
(19)

where wep is the maximum magnitude of the initial plate
deflection, w,, is the maximum magnitude of column-type
initial deflection, w,, is the maximum magnitude of the initial
sideway distortion, 3 is the plate slenderness ratio and a and ¢
are the length and thickness of the plate.

Three approaches are typically applied to simulate the ini-
tial deformations. The first approach is a linear elastic analysis
of the panel under uniform lateral pressure. This analysis is
repeated in the form of trial and error calculations by changing
the lateral pressure until reaching the expected deflection of
the plates. The deformation shape of the panel is the thin horse
mode. This simple procedure (Figure 5) proposed by Rigo
et al. (2003) was applied in many investigations (Khedmati
etal. 2009, 2010a, 2010b, 2014, 2015; Pedram and Khedmati
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Figure 4 Simply supported boundary condition (Paulo et al. 2013)

2014; Li et al. 2018). The second approach is to superimpose
three types of imperfections (plate deflection, stiffener distor-
tion and column-type distortion) which are expressed analyt-
ically in the form of trigonometric functions (Khedmati et al.
2012). The last one is to analyse the eigenvalue buckling
modes (Li et al. 2018).

It is observed from both numerical and experimental results
that the initial imperfection modes of the local plate, stiffeners
and global panel govern the buckling and collapse modes of
the plate and panel. The presence of initial imperfections
strongly affects the structural behaviour and ultimate load-
carrying capacity of the plate and stiffened panel. The buck-
ling and ultimate failures occur earlier with the increase of
initial deflections.

4.3 Residual Stresses

Tensile stresses exist in the HAZ that are self-equilibrated
by the corresponding compressive stresses in the adjacent
zones. Figure 6 describes the residual stress distribution in

— e

Pressure
Dellection:2 mm
(for central stiffener)

o

Figure 5 Initial deflections in thin horse mode (Rigo et al. 2003)

plate and stiffener, where the width of the tensile areas
(also HAZ) is denoted by a, in x and b, in the y-direction.
The tensile stresses in the HAZ of the aluminium structure
are about 50%—70% of yield stresses (Paik et al. 2005b,
2008; Collette 2007; Paik 2007a; Sielski 2008; Chen and
Guedes Soares 2019; Lloyd’s Register 2019b), and the
compressive stresses at the stiffener web and plating are
specified as slight, average and severe level based on the
width of the HAZ. The relationship between the width of
the HAZ and the residual stresses can be defined as fol-
lows:

Orex Orc
2by = —>—b;2a, = —=—q
Orex™ Ortx Orcy  Orty
OI'O- B 2bt . - 2at . (20)
cx — rtxs Yrey — 1t
Zbﬁb ’ Y 2at7a Y

where Oy, Orcyr Orirs Oy are the compressive and tensile
residual stresses in the x and y directions, respectively.
The residual stresses contribute remarkably to the structural
strength but do not affect the deformation, collapse and stress-
strain relationship (Pedram and Khedmati 2014; Paulo et al.
2014). Interestingly, the residual stresses are noticeably re-
leased after cyclic loading in service. The reduction ratio of
compressive stresses on the plate is indicated up to 36% after a
few load cycles (Paik et al. 2005a). Recently, Farajkhah and
Liu (2016a, 2016b), Farajkhah et al. (2016) and Farajkhah and
Guedes Soares (2017) investigated the effect of different
welding methods on the structural behaviour and strength of
panels. The residual stresses and distortions of aluminium
plates welded by FSW welding method are smaller than that
by conventional MIG welding method. This results in the
higher load-carrying capacity of the panels welded by FSW
as compared with MIG. The residual stress decreases the
buckling and ultimate strength of panels considerably.
Mohammadi et al. (2018) modified the idealized distribu-
tion of welding-induced residual stresses (Figure 6) in the
welding areas, where the compressive stresses inside the plate
reduce about 9%, 12% and 7% for the case of MIG, FSW and
TIG welding processes, respectively, and the tensile stresses at
the middle of the HAZ are smaller than that at the boundaries.
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Figure 6 Residual stress distribution (Paik et al. 2008)

The energy-method-based Fujikubo-Yao’s algorithm was
modified based on this proposed residual stresses distribution
to assess the elastic buckling strength of stiffened plates. The
results show that the elastic local buckling strength increases
about 1%—5% in comparison with the idealized distribution.
In addition, the buckling strength reduces significantly due to
the presence of the residual stresses.

4.4 Heat-Affected Zone

The yield stress of aluminium structures, fabricated by
fusion welding in the HAZ, reduces significantly in
comparison with the base material. The deterioration of
the yield strength in the welded areas is approximately
30%—-50% of the yield strength of the unwelded mate-
rial (Collette 2007; Paik 2007a; Sielski 2008; Paik et al.
2008; Lloyd’s Register 2019b). The width of the HAZ
(byaz) extends to any directions from the weld and
varies with the thickness of welded plates, welding
specifications, welding methods and the skill of the
workers. A 25-mm width was derived from the experi-
ments in Zha and Moan (2001), and it is typical for
ship fabrications (Benson et al. 2013a; Liu et al.
2020). Three levels (11.3, 23.1 and 29.9 mm) of HAZ
width were summarized and proposed by Paik et al.
(2008), and 20, 30, 35 and 40-mm width are regulated
by Eurocode 9 (2009) corresponding to the different
thickness of the welded plates. The areas in red of
Figure 7 depict different HAZ locations in conventional
(model A and A + C) and integrally extruded (model B
and B + C) panels. For the conventional panel, the
HAZ 1is present at the plate-stiffener intersection and
the butt-plate, and it is present at the butt and seam
welds between extrusions for integrated panels.

The investigations on the HAZ effect showed that the pres-
ence of the welding lines, and their arrangements do not affect
significantly on the initial buckling strength of the models
(Khedmati et al. 2010a); however, the post-buckling behav-
iour and ultimate strength of the aluminium plates and
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stiffened panels decrease considerably due to the strength de-
terioration in the HAZ and the welding arrangements. This
reduction is very sensitive to the width and the location of
the HAZ and the amount of strength deterioration (Zha and
Moan 2001, 2003; Chen and Moan 2010; Khedmati et al.
2010a, 2012; Doan et al. 2020).

5 Study on Impact of Manufacturing
Technology

5.1 Fabrication

According to the manufacturing process, the aluminium
stiffened panels are categorized into traditional built-up
and integrated extruded stiffened panels. The first type
is built by welding the stiffeners to the bare plate, while
the second one is fabricated from aluminium extruded
profiles by longitudinal butt welds. Each extrusion com-
pounds plate and one/two stiffeners. Thus, the integrated
stiffened panels (ISP) eliminate the need for welding in
comparison with the traditional stiffened panels (TSP).
Furthermore, these butt welds are typically carried out

Model A // // —
/4
V////4

" A+C/-//.//-// f /
TIPS T
Lz ///Z/A/[ ////'_/

Figure 7 Models with difference in HAZ arrangement (Khedmati et al.
2010a)
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Table 3 Scantlings of structural components

Scantlings Values (mm)
Plate thickness (#,) 10

Stiffener (flat bar) 60 %6

150 x 8/100 x 10
280 x 8/150 x 15

Transverse frame (T-bar)
Longitudinal girder (T-bar)

by automatic welding. Consequently, the imperfections
related to fabrication of the ISP are often smaller than
the TSP; this may reduce the effect of welding on the
buckling and ultimate strength of the aluminium inte-
grated panels.

It is seen that few studies were conducted on the ultimate
strength of the ISP (Aalberg et al. 2001; Paulo et al. 2013; Li
et al. 2018). In the present study, the ultimate strength of both
aluminium stiffened panels (TSP and ISP) is analysed and
compared. The analysed panels are a part of the main deck
of an 80-m aluminium fast-displacement yacht. The scantlings
of the structural components are given in Table 3. The spaces
between stiffeners (b), frames (a) and longitudinal girders are
0.3, 1.2 and 2.1 m, respectively. For the ISP, Figure 8 shows
the cross-sectional geometry of the main extruded profile that
is a combination of a plate and two flat-bar stiffeners, while
the longitudinal girders and the transverse frames are extruded
using the I-bars and T-bars, respectively. The coordinate sys-
tem and the structural geometry of the stiffened panels are
presented in Figure 9.

5.2 Finite Element Models

The analyses are performed using the finite element commer-
cial software ANSYS, taking into account the material and
geometric nonlinearities. The full Newton-Raphson algorithm
for the iterative solution of nonlinear equations is used. The
aluminium material 6082-T6 is selected for both plates and
extruded profiles. The proof stress o, is 240 N/mm? for the
base material, and the welded yield stress is 125 N/mmz, as
suggested in Lloyd’s Register (2019b). The Young’s modulus
and Poisson’s ratio of the aluminium material are 70 GPa and
0.33, respectively. The width of the HAZ along the welding

10

lines is considered following the experimental tests carried out
by Zha and Moan (2001), i.e., the 25-mm width from the
welding line (Figure 10).

The actual stress-strain relationship of aluminium base ma-
terial and HAZ material is usually approximated by the
Ramberg-Osgood equation as expressed below (Ramberg
and Osgood 1943):

n
g g
= —+0.002( —

(21)
o)

where 7 is the “knee factor” specified by physical test or using
approximation techniques. It can be seen that the increase of n
will result in the flatness of the stress-strain curve. For 6082-
T6 alloy, » is in the range of 15-47 (n =30 is typically used),
and the stress-strain curves are close to the elastic-perfectly
plastic approximation (Zha and Moan 2001; Shesharma et al.
2010; Benson et al. 2013b). Accordingly, the elastic-perfectly
plastic material model is selected, and it is acceptable for the
comparative study, the ultimate strength of panels that are all
made of 6082-T6 alloy.

The SHELL181 element is employed. The element
size of 25 mm X 25 mm is selected based on the results
of mesh convergence test from previous research work
of the authors (Doan et al. 2020) considering the bal-
ance between the computational time and calculated ac-
curacy. This element size is fine enough to ensure pre-
cisely describing the deformation of the model and to
assess the influence of the HAZ properly. The finite
element models are presented in Figure 11. To evaluate
the effect of the HAZ on the ultimate strength of the
aluminium panel, a case without considering the HAZ
(SP-WO0) is also analysed.

5.2.1 Initial Imperfections

Different fabrication processes may induce different
welding-induced initial imperfections on the panels.
However, similar imperfections are assumed in the pres-
ent study. The equivalent initial defects are adopted by
superimposing the three types of distortions from the
eigenvalue buckling analysis (Figures 12 and 13). The
average level of the maximum amplitudes corresponding
to the local plate deflection wgp, column-type distortion

150

- -l-

Figure 8 Cross-sectional geometry of extruded profile

300

150
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uyEIl uniform
rotx=rotz=0
uz, =0
uz, =0

uy,, uniform

Wy, =Wy
Uz Wy
rokx =roly,,,

otz =rotz, =0

Figure 9 Coordinate system, structural geometry and boundary conditions

of the stiffener w,. and the sideway distortion of the
stiffener w,s are selected for both panels as 0.09662tp=
2.73 mm, 0.0018¢=2.16 mm and 0.00la=1.2 mm, re-
spectively (Paik et al. 2006, 2008). Here, the welding-
induced residual stresses are ignored.

5.2.2 Boundary Conditions

It is important to apply adequate boundary conditions in the
longitudinal and transverse directions of the FE model since they
significantly affect the structural behaviour and ultimate strength
of the panels. Three types of boundary conditions have been
applied in the two halves plus one full (1/2 + 1 + 1/2) bays model,
and they are simply supported, fully clamped and periodical. The
first two types of boundary conditions seem to overestimate the
contribution of the adjacent structures. This leads to a different
collapse mode and overestimates the loading capacity of the
panel, while the periodical boundary conditions give logical
modelling in considering the continuity of the structures (Xu
et al. 2013; Yao and Fujikubo 2016). Hence, the periodical
boundary conditions are imposed at the loaded edges (longitudi-
nal direction), and the symmetrical boundary conditions are im-
posed at the unloaded edges (transversal direction) (Figure 9). It
means that all nodes on the loaded edge (AE) are coupled corre-
sponding to the nodes on the DH edge to have the same displace-
ment and rotation. The in-plane movement of the loaded and
unloaded edges is assumed to be uniform in their perpendicular
directions. The detailed descriptions are defined as follows:

@ Springer

ux, =0
Wy Wy,
WS Wy
rotx, =Totx,,,,
roly,,=Toly,,,,
rotz  =rotz,, =0

Wa )=U
robx=rotz=()
uz, =0

5
uz, =0

Periodical condition: uniform uxg, uxpy =0, uysg =
UYDH, UZAE = UZDH, VOIXAE = FOIXpH, FOIYAE = FOLYDH,
VOIZARE = TOIZpy = 0.
Symmetrical condition: uniform uygy, uyap =0,
rOtXAp = FOIXgy = rotzap = rotzgy = 0.
Four nodes B, C, F and G on the frames are fixed in the z-
direction to prevent the rigid-body motion: uz=0.
The forced displacement ux is applied to the loaded edge
AE in the large deformation nonlinear analyses.

sy
(o
—

[
N
b
n

(a) at fillet-weld

L] 2
[

tJ
A

(b) at butt-weld
Figure 10 Width of HAZ
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(a) TSP and

(b) ISP

Figure 11 Finite element models

(a) TSP

(b) ISP

Figure 12 Local deflection of plate and sideway distortion of stiffener

(b) ISP
Figure 13 Column-type distortion of the stiffeners

6 *10°

Fx-Load (kN)
LIS

2 -
—— TSP
—o— 18P
1t — = - SP-W0
0 : I 1 1 L ']
2 4 6 8 10

we-displacement {mm)

Figure 14 Load-shortening curves
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Table 4 Compressive load and

vertical deflection at the ultimate Panels Ultimate strength (kN) Difference (%) Vertical deflection uz (mm)
limit state

SP-WO0 5189 0 45.13

ISP 5002 3.6 43.05

TSP 4784 7.8 42.66

5.3 Results and Discussion

Figure 14 shows the load-shortening curves of three panels sub-
jected to uniaxial compression, and Table 4 gives the ultimate
compressive strength of three panels. Generally, the loading pro-
cess of the three panels is similar, and it can be divided into three
regions. In the beginning, the compressive load increases linearly
with the increase of the axial displacement. When the compres-
sive load reaches a critical value, the first buckle occurs, and from
this point ahead, three loading curves gradually turn into the
plastic region, and the axial strain rate increases. Afterwards,
the compressive load continues to increase in this region until

]
213.5€68
240

2.11511

54.5784
28.5468 B1.410

107.842 160.705
134.273 187.137

(b) On stiffening members

Figure 15 Deformation and von-Mises stress distribution at ultimate lim-
it state of TSP

@ Springer

reaching the ultimate compressive strength. As a result, the stiff-
ness reduction of the panels leads to a decrease in the load-
carrying capacity in the third region (post-ultimate).

The compressive load-carrying capacity of the integrated
extruded stiffened panel (ISP) is relatively higher than that of
the traditional stiffened panel with HAZ (TSP) in the entire
loading process. The ultimate compressive strength of the ISP
is 5002kN, approximately 4.6% higher than that of the TSP
(4784 kN). Interestingly, the behaviour of the ISP is similar to
the panel without HAZ (SP-WO0) in the linear regime and at the
beginning of the plastic regime. The ultimate strength of the
ISP is approximately 3.6% smaller than that of the SP-WO0

145 160.227

80.4546 133.636 186,018 240

(a) On plate

53.8637 107.045 160.227 213.408
80,4546 133,636 l86.818 240

.6681854
21.2728

(b) On stiffening members

Figure 16 Deformation and von-Mises stress distribution at ultimate lim-
it state of ISP
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(a) On plate

(b) On stiffening members

Figure 17 Deformation and von-Mises stress distribution at ultimate lim-
it state of SP-W0

(5189 kN). It proves that the HAZ effect on the ultimate com-
pressive strength of the panels is significant.

The deformation and stress distribution of three panels at
the ultimate limit state are shown in Figures 15, 16 and 17. As
the same initial imperfections are used, the deformation of
these panels, during the loading process, is almost the same.
The panel between longitudinal girders and transverse frames
buckles first as a unit in the elastic regime. This is possible
because the dimensions of the stiffeners are small so that they
buckle together with the plating. Then, the stiffeners located in
the compression side undergo distortion at the mid-span, and
the local buckling of the web of the longitudinal girders takes
place, resulting in instability of the entire structures. Finally,
three panels collapse in the form of column-type failure mode.
Nevertheless, the sideway distortion of the stiffeners of the
TSP is much larger than that of the ISP and SP-WO. It is

probably due to the effect of the strength deterioration in the
HAZ of the stiffener web in the TSP.

Regarding the deflections of the panels, the axial strain of the
three panels is almost the same (Figure 14). At the ultimate limit
state, their axial displacements are around 7.0 mm (7.04, 6.95
and 6.93 mm for ISP, TSP and SP-WO0, respectively).
Meanwhile, the vertical deflection of the central node (uz dis-
placement) at the ultimate limit state of the ISP (43.05 mm) is
about 4.6% smaller than that of the TSP (45.13 mm) and about
0.9% higher than that of the SP-W0 (42.66 mm). This reveals
that the HAZ in the transverse and vertical directions has a con-
siderable influence on the lateral deflection but has a negligible
effect on the longitudinal displacement of the panels subjected to
axial compression.

Furthermore, Figures 15, 16 and 17 reveal that the von-
Mises stress distribution at the ultimate limit state of the ISP
is very similar to the SP-WO and is slightly different from the
TSP. The maximum level of stresses in the ISP and the SP-W0
is concentrated at the mid-span of the stiffeners and the inter-
section between longitudinal girders and deck plating. While
in the TSP, the maximum level of stresses is not only present
at the mid-span of the stiffeners but also spreads to large areas
on the plates. It demonstrates that the strength deterioration in
the HAZ reduces the stiffness of the plate.

6 Conclusions

The study presented here reviewed the ultimate compressive
strength of aluminium plates and stiffened panels, discussing
the ultimate strength analysis using analytical, empirical, nu-
merical and experimental methods. The advantage and disad-
vantage of these methods are summarized as follows:

6.1 Analytical Approach

* Advantage: It can assess the buckling and ultimate
strength of plated structures rapidly.

» Disadvantage: It is only used for well-defined cases.

6.2 Empirical Formulation

+ Advantage: It can assess the buckling and ultimate
strength of plated structures rapidly.

» Disadvantage: It is applied for not very complicated ob-
jects, and the accuracy of each formulation depends on the
amount of the collected data.

6.3 Experimental Test

* Advantage: It presents the most reliable values.
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+ Disadvantage: It is the most expensive and time-
consuming approach; it is difficult to fulfil the geometrical
similitude between the scaled model and its full-scale pro-
totype due to some limitations in manufacturing.

6.4 Numerical Method

* Advantage: It is considered as the most powerful tool for
analysing the nonlinear behaviour of the structural system.
It allows in solving many practical problems, especially
with the complex structures. Moreover, it allows changing
the calculating conditions, such as boundary conditions,
load and material property quickly.

+ Disadvantage: The accuracy of the finite element results is
highly dependent on the skill of the analysts, and it is time-
consuming for analysing complex structures.

The structural behaviour and ultimate strength of al-
uminium stiffened panels are very sensitive to the
boundary conditions, initial deflections, welding-
induced residual stresses and HAZ. The effects of these
parameters were also briefly summarized. In addition,
the influence of other governing parameters, such as
loading, structural changes and in-service degradation
(corrosion or crack) is essential and should be further
investigated, for example, Liu and Guedes Soares
(2020).

The integrated extruded stiffened panel exhibits higher ulti-
mate strength than the traditional welded stiffened panel under
axial compression. The fabricating process takes an essential part
in changing the distribution of the HAZ, which results in signif-
icant effects on the stress distribution, vertical deflection and
load-carrying capacity of the panels. Moreover, the initial deflec-
tions and welding-induced residual stresses are affected by fab-
ricating technology. However, the investigations on the initial
imperfections and their effects related to integrated extruded stiff-
ened panels are still limited and should be further investigated.
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