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ABSTRACT

The reliability of perfect plate panels modelled with the Idealized Structural Unit Method (ISUM)
and considered uniaxially loaded has been previously studied. The First Order Reliability Method
(FORM) was selected to calculate the safety index of perfect plates during buckling , post-buckling
and yielding stages. In this paper, the influence of initial deflection and residual stresses on the
reliability assessment of plate panels subjected to biaxial loading 1is studied. Before the reliability
analysis is carried out, suitable probabilistic models are selected for random variables involved in the
performance functions. These performance functions are calculated at each stage of collapse.
Examples of analyses are presented showing the influence of the initial deflection, residual stresses
and biaxial loading on the safety index of the plate panels.
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Nomenclature
B Strain-displacement matrix Ogay Maximum allowable average stress ir
D  Suess-strain matrix direction
'E  Young’s modulus of elasticity 0Oy Critical buckling stress in x direction
H  Strain hardening stiffness matrix Oy, Critical buckling stress in y direction
KB Post-buckling stiffness matrix Tyy Average shear stress in X and y directions
K Elastic-plastic stiffness matrix
M  Safety margin 1. INTRODUCTION
ps  Probability of failure
w Added deflection due to load In a previous study [1], the reliability of p
W, Initial deflection panels modelled with the Idealized Structural 1
W,m Amplitude of initial deflection Method (ISUM) and considered uniaxially loa
B Safety index was studied. ISUM was used to assess the strer
r Gamma function while a First Order Reliability Method (FORM)
I'y  Buckling function selected to calculate the safety index of plate pa
I'y Yielding function for both failure modes; namely, yielding
€ Strain vector buckling. The random variables involved v
¢, {I'/oR}; defined and suitable probabilistic models v
v Poisson’s ratio selected.
o Stress vector Practically, plate panels used in ship and fixed
0, Matenal yield stress floating platforms, unavoidably have initial deflec
.0, Residual stress along the x- axis and residual stresses. These imperfections
0y  Residual stress along the y- axis produced during fabrication processes, in partic
o, Normal stress directed along the x axis during welding. In this paper, the response of
0.,y Maximum allowable average stress in x panels subjected to biaxial loading is evalu:
direction taking into account the effect of initial imperfect
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then the
estimated.

Firstly, a strength analysis of plate panels with
initial imperfections and subjected to biaxial loading
is carried out using the Idealized Structural Unit
Method (ISUM). Here, the presence of the initial
imperfections in the plate panels is idealized and its
effect on the plate stiffness matrix is formulated.
That means, the response of plate panels may be
calculated during each stage of collapse e.g.
buckling, post-buckling and yielding stages.

Secondly, a reliability analysis of plate panels is
performed using a First Order Reliability Method
(FORM). The statistical distributions of random
variables such as dimensions, material properties,
loading and initial imperfections are modelled. Also,
possible performance functions are calculated during
the history of collapse.

Several examples of square plate panels with initial
imperfections and subjected to biaxial loading are
used and calculations carried out, and the results are
presented.

reliability of  these plate panels is

2. STRENGTH ANALYSIS
2.1 Effect of Initial Deflection and Residual Stresses

As mentioned before, usually plate panels in
marine structures have initial deflections and residual
stresses. These initial imperfections are produced at
the fabrication stage, in particular during welding.
In this section, the effect of initial deflection and
residual stresses on the strength of the plate panels
is studied.

First, initial deflection is considered. Initial
deflection may be expressed in the form of fourier
series as follows [2],

w, =X W__ sin (mrx/a) sin (n7y/b) (1)

where
W, = the amplitude of a component of initial
deflection similar to the buckling mode,
and
m = the number of half buckling waves of the
buckling mode.
A plate with initial deflection and subjected to
biaxial compression exhibits an increase of deflection

A 308

from the beginning of the loading process. At the
beginning, the magnitude of all fourier components
of the initial deflection increases.Close to the critical
buckling load, unless some other component has an
extremely large magnitude, the magnitude of the
component similar to the buckling mode of the
corresponding perfect plate continues to increase at
a higher rate, while the magnitudes of other
components start to decrease. Strictly speaking,
bifurcation at the critical load is not observed. The
behaviour is accompanied by the effect of large
deflection from the beginning of loading. Yielding
starts at a load lower than that for a perfectly flat
plate (without initial deflection) and ultimate
strength is also reduced. Only one component of
initial deflection similar to the buckling mode has
an appreciable effect on plate behavior and needs to
be taken into account. Initial deflection may then
be expressed as,

w, = W__ sin (m7x/a) sin (7y/b) 2)

The value of W, to be used in design is given in
[3], when average measured values are not available.
The value of m depends on the plate aspect ratio
and the ratio of g,,, / 0,,,-

Additional deflection due to the applied load may
be assumed in the same form as follows,

w = W_ sin (mwx/a) sin (7y/b) 3)
where
W, = the amplitude of the additional deflection.

Next, welding residual stresses are considered.
These usually take the distribution as in Figure (1a)
and may be idealized as in Figure (1b). This
distribution is characterized by two tension bands
near the edges where the stress reaches the yield
stress, and a compressive region in the middle
portion of the breadth of the plate. This stress
distribution is in self-equilibrium.The effect of
residual stress is directly related to the magnitude o,
of the compressive region.

The effect of these residual stresses is to reduce
the buckling load, the load at which first yielding
occurs, as well as the ultimate strength and
post-ultimate strength carrying capacity.
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Figure 1. Longitudinal stress distribution in a
welded plate subjected to uniaxial compression.

In the present formulation, when evaluating the
large deflection behaviour of the plate, effective
compressive residual stresses distributed uniformly
in X and y directions are assumed as follows [4],

Opex = Oy (1-0.5 0, /(0 + 0,))

Orey = Opy (1-0.5 crry/(ary + 0,)) 4)
where, o, and ¢ are magnitudes of the
+ compressive residual stresses in x and y directions,
respectively.

As mentioned above, the deflection of a plate with
such imperfections, when subjected to external
loads, starts to increase from the beginning of the
loading process and the bifurcation at buckling is
unclear. The behaviour of such a plate may be
treated in the same way as the post-buckling
behaviour of perfectly flat plates. In the following,
the elastic stiffness matrix, ultimate strength

condition and the post-ultimate strength
elastic-plastic stiffness matrix are evaluated.
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2.2 Elastic Stiffness Matrix

The stress distribution around the edges of a plate
with initial imperfection is nonlinear from the
beginning of the loading process. That means, a
non-linear stiffness matrix has to be considered from
the beginning of loading. To evaluate the stifness
matrix, an imaginary flat plate is employed, using
linear displacement functions [5]. Stress
distributions are linear in this imaginary plate and
the material properties are determined so that the
plate exhibits similar stiffness to that of the
deformed plate. Under loading, shortening in x and
y directions and shear strain of the deflected plate
may be evaluated, and the relation between average
strain, &,, and average stress, 0,, may be written as
follows,

€xav = (oxmax 'voyav), /E

Eyav =(‘7ymax V) /B

Yxyav = Txy /G, ©)

where' Oxay and Oyay A1C the average stresses in x
and y dlrecu‘ons, respectively and oy, and oy,
are the maximum membrane stresses at the plate
edges. In order to determine the maximum
membraqe SUESSES  Oymax and Oymax>_ Qalerkin’s
method is applied to solve the equilibrium and
compatibility equations of the plate [6]. Thus, the
average stress -strain relationship is,

aaV = DB sav (6)
where, DB is the stress- strain relationship.
The post-buckling stiffness matrix K” may be
written as follows,
K5 - [ BT DP Bdv )

where, B is the strain- displacement relationship.

2.3 Ultimate Strength Condition and Elastic-Plastic
Stiffness Matrix

In presence of residual stresses, tension bands as

shown in Figure (1) exist along the edges.
Therefore, 1nitial yielding may start just on the
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inside of these tension bands rather than the outer

edges.
Yielding is assumed to start at any location when
Mises yield condition is satisfied, that is,

2+02—axay—3‘rxy2-a°2=0 (8)

I‘y- gy v

Plastic nodes are inserted where the yield condition
is satisfied. Having DB of Eq. (6), the elastic plastic
stiffness matrix K" may be rewritten as follows,

KP = KB -KB &, 9T KPS, )

When yielding occurs at m nodes, KP may similarly
be derived as follows,

KP=KB-KB& Sp‘l »T KB (10)

where, ® = [@), $5 @), S, = 27 (KB + K% @
K°= f BT H B dV and H is an equivalent strain
hardening matrix ,see Ref. [5].

3. RELIABILITY ANALYSIS

When the reliability of a structure is dealt with,
the structure is assumed to be either in a safe state
or a failed state. This state may be expressed
through a performance function g(x). Usually, g(x)
1s defined in terms of the set of basic varables x,
describing loads, material properties, geometry,
scantlings, initial imperfections, etc. The limit state
function satisfies:

0 x in failure set
g(x)1=0 x on limit state surface (11)
0 x in safe set
The First Order Reliability Method (FORM) is

adopted whereby the limit state function is
transformed and linearized [7,8 and 9] .

Gy (y) = gx(x) = 0 12)

The approximation to the failure probability, py is
[10]:

pr=®(B) ~Pp=-071(p) ' (13)
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where @ is the standard normal distribution
function. B is the safety index.

3.1 Performance Functions.

Each failure mode is represented by calculating the
performance function in terms of the basic design
variables such as average stresses (o,,, and o, avhs
plate thickness (t), initial imperfections (W /t ang a,)
and material properties (E and ¢,). 0,,, and g, the
response of the considered plate panel under biaxial
compression loads can be evaluated bg' calculating
the considered stiffness matrices K€, KP, and KF at
each stage of collapse namely, buckling and yielding
failures .

The two types of failure considered in this study
for the plate panels are:
® Buckling failure mode
® Yielding failure mode

3.1.1 Performance Functions against Buckling

The buckling condition I'y representing the
performance function of the rectangular plate panel
under consideration may be written in terms of the
average normal stress g,,, in the x direction, and the
average stress o, in the y-direction. The safety

; 2 yay
margin M is,
o o
M=1- XX (14)
Orer oya
where, o, and Oyer are the critical buckling stresses

in x and y directions respectively.
3.1.2 Performance Functions against Yielding

When the maximum equivalent stress reaches the
material yield stress, a substantial loss of stiffness
occurs and the plate becomes unable to carry further
load. The yielding condition I'y of the rectangular
plate element is the Von Mises criterion, which may
be written as in Eq. (8). The safety margin, M is,

2 2 2
M=o, O%max Oymax * %xmax Pymax * 3 Txy (15)
where 6, and ¢ max 4re the maximum stresses

induced at the plate edges.
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3.2 Modelling of Variables Affecting Plate Reliability

In structural reliability, the calculated load effects
and the strength of the structure must be modelled
to enable the assessment of its safety. Uncertainties
are involved in the variability of load effects and
strength calculations. In order to quantify the
uncertainties, the basic random variables such as
loads, material properties, dimensions, initial
imperfections, etc. are defined and denoted as
previously stated by the vector X, and their
outcomes denoted by the corresponding lower case
vector, X. A listing of the variables affecting the
reliability of biaxially loaded plates and their
statistical variability is given in Table (1).

Table 1. Statistical modelling of variables affecting’
plate reliability.

Variable | Symbol Description Distribution | cov %
X(1) t Plate thickness | Log-normal } 0.54
X(2) oy Normal stress in X-| Normal 1540
direction
X(3) ay Normal stress in y-| Normal 1540
direction

X(4) E Young’s modulus Normal 1-2
X(5) a, Yield stress Normal 4-10
X(6) W, Initial deflection Normal 4-10
X(7) '] Residual stress Normal 10-20 "

4. PARAMETRIC STUDY

A parametric study is performed on initally
imperfect square plate panels (1000x1000 mm) . A
plate panel of 16mm thickness and a yield strength
of 24 kg/mm? is considered. The reliability of plate
panels with different plate thicknesses has been
clarified in Ref. [1].

ISUM calculates the response of plate panels at
each loading stage, then FORM calculates the safety
index or the probability of failure at this stage of
loading. Probabilistic models of the variables used
in the performance functions are as shown in Table
(1). In these analyses, the Young’s modulus and the
yield stress are modelled by a normal distribution
with 2% and 10% coefficient of variation
respectively. The plate thickness is modelled by a
log-normal distribution with a 2% coefficient of

varniation. ¢,,, and Oyay are assumed to have a
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normal distribution with a 15% cov.
The results of the parametric study are presented
in the following subsections.

4.1 Uniaxial Loading
4.1.1 Effect of Initial Deflection

The analysis is performed on plate panels with
different values of the initial deflection W /t under
uniaxial compression along the x direction . Practical
values of W _/t equal to 0.1, 0.2, 0.3, 0.4 and 0.5
are considered. Figures (2) and (3) show the
relationship between the safety index § and the
normalized load o,,,/0, when the plate fails in the
buckling and in the yielding modes, respectively.

The higher values of W /t predict a decrease of
the safety index of the plate panels.

15.00
BUCKLING MODE
B (t=16 mm)
—@— Wo/T=0.01
10.00 — —@— wor=0.!
. —— WolT=02
E —P— WorT-03
B —O— WelT=0.4
2 —O— WolT=0.3
E s00 |-
3
0.00 —
) | J l L | L
"'0%20 0.80 1.00

0.60
NORMALIZED LOAD

Figure 2. Relationship of safety index to normalized
load under uniaxial loading (Buckling).

4.1.2 Effect of Residual Stresses

The analysis is performed on plate panels with
initial deflection W, /t equal 0.1, 0.2, 0.3, 0.4 and 0.5
and a residual stress o,, under uniaxial compression.
Two cases of g,,/0, are considered. Figures (4) and
(5) show the relationship between the safety index
£ and the normalized load 0,,,/o, of the plate panels
when o, /0, equals 0.1. Figures (6) and (7) show the
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same relationship of the plate panels when o,/o,
equals 0.2. The influence of the higher value of the
residual stress on the safety index of the plate panels
is obvious from these analyses.

15.00

10.00 —

SAFETY INDEX
>
8
I

0.00 |—

e . N T S
0.20 0.40 0.80 0.80 1.00
NORMALIZED LOAD

Figure 3. Relationship of safety index to normalized
load under uniaxial loading (Yielding).

15.00
O / Go=9-1
& BUCKLING MODE
(t=16 mm)
10.00 |— —— Wor-00!
—@— WwolT=0.1
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2 o —P—  WolTed3
z —O— WoT=04
P
2 500 | —O—  WaT=0S
™
b3
0.00 p—
-5.00 4 I L ¢ | i
0.20 0.40 0.60 0.80 1.00

NORMALIZED LOAD

Figure 4. Relationship of safety index to normalized
load under uniaxial loading (Buckling).
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Figure 5. Relationship of safety index to normalized
load under uniaxial loading (Yielding).
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Figure 6. Relationship of safety index to normalized
load under uniaxial loading (Buckling).
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panels under biaxial compression loading has
smaller values than that of initially imperfect
plate panels under uniaxial compression load.
Increasing the load in the y-direction will
decrease the safety index.

It 1s essential when assessing the safety of plate
panels of marine structures to include the effects
of biaxial loading and initial imperfections such as
initial deflection and residual stresses induced in
the plate during fabrication.

It is to be noted that further studies should be
carried out to include the effects of other types of
loading such as shear loading and lateral load, and
combined load effects.
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