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ABSTRACT

properties. The variation of each parameter in rdmege of

Most common studies on the strength of plates under yjization leads, in most cases, to changes dafate strength

compressive longitudinal loading are related tagdahaving
unrestrained edges which lead to a zero net loadh&n
transverse direction. In ships, the framing systend the
continuity of the plating in the transverse direntitend to
induce rather different boundary conditions on ‘tindoaded’

edges, which results in a completely differentestat stresses
when the external loads are applied. This is dubédosurge of
a significant level of induced membrane stressesthia

direction perpendicular to loading.

In this work, the behavior of long restrained psatender
compressive axial loading is analyzed and compaiéd the

one of plates having other boundary conditions. Tihée

element method is applied for the nonlinear analysi the

plates using a commercial package. 56 cases argdeoed

corresponding to different levels of plate slenésm which
ranges between 0.35 and 3.46 covering the pracdticeje of
structural plates used in the shipbuilding industfgrious

shapes of initial imperfections are considered ndep to

establish the minimum level of resistance. Alsoittilience of
the magnitude of the distortions associated to eacke is
discussed. The study conducted to the establishroierihe

minimum compressive strength of restrained plated &

defines the expected range of strength’s variatioa to the
magnitude level of distortions.

The biaxial axial state of stresses resulting ftbese boundary
conditions is characterized and its dependence flanplate’s
slenderness is quantified for the most common tfpthe hull

plating.

INTRODUCTION
The ultimate strength of unstiffened plates undangression

which may reach high values. In a more general \itamay
conduct to a deep change in the response curvheoplate,
resulting in different stress-strain curves for Brohanges on
the parameters. Such changes require quantificatigdhat they
can be included in the design codes [1] and usestrirctural
reliability studies [2].

This study investigates the behavior of typicapspliates with
various types of initial imperfections using theité element
method [3]. The influence of initial imperfectionsn the
ultimate strength of simply supported plates witstrained
lateral edges is analyzed in respect to the ana@itand mode
of distortions. Either the geometry of imperfecgonr the
degree of restraint of the movement of lateral sedgeay
originate quite different response [4], leadingdifferences on
the ultimate strength of the plate that may reaalies of the
order of 20%. Also the behavior and post collagséstance are
quite conditioned by these two parameters.

The comparison between the results and design dedds to
the conclusion that it is possible to include thpaeameters in
the existing codes by introducing corrective fastenabling
accurate prediction of the strength of the platedenn
compression, once known the initial geometry ana th
involving structure.

The results obtained are also a source of infoonator the
correct parameterization of reliability models.

The knowledge of the most degrading conditions floe
strength of the plate can still create the condgiof inspection
that must be met to guarantee the local structatebrity at
acceptable level.

Despite the ultimate strength of a plate is sudfitifor the

manufacturing and materials in respect to its meickah

behavior during the loading is very important wheying to
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estimate the safety of the structure or to knowirtbgerall

behavior [5].

Thus, it is imperative to know the average strésafs curves
of the plates when one wants to analyze the stheafymore
complex structural components such as stiffeneteplfs] or
thin-walled structures [7].

To meet both needs it was conducted a parametrity stsing
the finite element method, with which it was stutlibe elasto-
plastic behavior of simply supported plates, résg@ on the
unloaded edges, and subject to longitudinal axialgression.

PLATE ELEMENT MODEL

The structural behaviour of 56 plates was analykeaugh the
finite element method, using ANSYS (2007) softwigg

Each plate has 1200 elements, 8 nodes SHELL93&dgpethe
analysis has elasto-plastic, using Riks method aedength
convergence.

The plates have a lengthof 3000 mm, a breadth of 1000
mm resulting on an aspect ratig=L/b) of 3. The plates are
grouped by 9 different thickne$s100, 60, 50, 40, 30, 25, 20,
15 and 10 mm.

The first four groups have no practical interest ship
structures but their study allows to establish glate strength
on a wide range of plate slendernggswhich is defined by
equation (1), wherd is the Young modulus of the material,
taken as 200 GPa in this work, amx is yield stress of the

material. The normal steel yield stress of 240 MRa used.

_b [0,
B_t\/; @

It is assumed that the material has an elasticepiyf plastic
behaviour, i.e., without hardening after yielding.

The boundary conditions are simply supported algwthe

rotations of all edges, but the linear movemenpeedicularly
to lateral edges is not allowed. This is a typibaundary
condition of the so-called restrained plate [8]dpposition to
the constrained plate where the lateral edges lbowea to

move in while ensuring that all the points of tldge move the
same, remaining straight and without net transveossl

applied.

Under these circumstances, the application of dareal in-

plane force to the tops of the plate generatesagidistate of
stresses due to the Poison’s effect and the inelieale out-of-
plane deformations of the plate. As a consequenioe, has a
net global reaction on the lateral edges that cbsnvgth the
level of the external load applied on the tops.

The initial imperfections have an amplitude of b/200, i.e. 5
mm for these plates, and the spatial distributiorthe plate is
given by the equation (2).

. MMX . Ty
W =W, Sin——sSin— 2
b L b ()

The m parameter represents the number of half wavesiand,
this study, it varies from 1, for the plate withirpary or
fundamental mode, until 6, corresponding to a whargth

equal to the width of the plate since one &a8.
Figure 1 plots the plate, its mesh and the initigberfections
correspondents t@=6 mode.

&X

Figure 1- Plate model, mesh and initial imperfections

STRESS STRAIN CURVES OF RESTRAINED PLATES

In the next figures it is presented the relatiopdiétween the
average stress and the average shortening givah/byfor the
different groups of plates.

The plates ob/t groups equal to 10, 16.7, 20 and 25 are not
usual in ship structures, but they are presentee teeobtain a
better definition of the maximum strength in largange of
plate slenderness and to quantify the degradatfostrength
due to the increase of the initial imperfectionsgignitude in
plates with predominant plastic behaviour.

The ultimate strength of plates wiliit=10 and 16.7, Figure 2,
is not very dependent from the mode of imperfection As
expected, due to the restriction on the lateral entent of the
edges, the maximum stress achieved is higher tharyield
stress and it is very close to the theoreticaltlignven by the
von Mises criteria. This limit is 1.125% resulting from the

equation (3), where is the Poisson’s ratio.

g.=—9% ©)

" Vi+v2 -y

Also the initial slope of the curves, usually desited initial
structural tangent modulus, is higher than the Yporodulus
of the material and almost equal to the theoreticdle of
perfect plates, that isE'=1.099E. The highest structural
modulus found was 220 GPa for the plate \itir10 andm=1.
However, one should note that plates wiith equal to 16.7
show already some decrease in the ultimate strefiogtmode
6.
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On plates withb/t=20, Figure 3, the strength shows already a
marked dependence on the initial imperfection motee
reduction of the ultimate strength is 9% when pagdiom a
plate withm=1 to one withm=6 having the same magnitude of
initial imperfections. Once the ultimate load ishimwed, the
load carrying capacity remains almost constanthauit any
significant load shedding after buckling.

Plates b/t =10 and 16.7

—*—m=1; b/t=10
m=6; b/t=10
—=—m=1; b/t=16.7

—8—m=6; b/t=16.7
|

Average Stress / Yield Stress

15 2.0
Normalised Shortening ( AL/L)

Figure 2 — Plates b/t=10 e b/t=16.7

The group of plates witlp/t=25, Figure 4, presents already
some load shedding after buckling, specially fa tses o
=1 andm=2. At high plastic strain the stress-strain curiersl

to be independent of the mode of imperfections.

This type of behaviour is still more marked for ty@up with
b/t=33, Figure 5. However the load shortening cureesl to be
coincident for modes of imperfectioms>4. For this group of
plates, the ultimate stress is already below tleédystress for
high modes of imperfections.

It should be noted that this type of plates caraaly be found
on large ships, especially on heavy loaded zonesf @reat
structural importance.

The stress-strain curves keep the same overalbcteaistics
for the groupb/t=40, Figure 6. The main difference is that the
ultimate strength is affected by a reduction factatively to
the previous group due to the highest slendernfebe @lating.
The structural tangent modulus is still slightlyglér than the
Young modulus of steel in the initial stage of lwag

Average Stress / Yield Stress

Average Stress / Yield Stress

Plates b/t =20

0.0

I
I
I
04+—-—-———-- Z/**\ 77777777 T -{—#—m=3| -
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/ l l . |#—m=5
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024+ — 8- - _ oo I L m=6 _
/ | | |
I I I
n | | |
) I I I
n | | |
I I I
0.0 0.5 1.0 15 2.0

Normalised Shortening ( AL/L)
Figure 3 — Plates b/t=20

Plates b/t =25

Normalised Shortening ( AL/L)

Figure 4 — Plates b/t=25
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important than the plastic one. The plates haviig t
Plates b/t=33 fundamental mode as predominant=() collapse with much
localized deformations or, alternatively, snap-tlylo to a
higher mode of deformations.
The structural modulus becomes rather dependettteoimitial
mode of imperfections of the plate, decreasing hees rmode
increases. This dependence becomes more markedeas t
slenderness increases.
The plates with initial fundamental mode~1) show a linear
behaviour almost until collapse, which occurs now a
normalised shortening less than one. The collapgelliowed
by a great discharge of load, normally associati¢d &/change
of mode of deformations. Finally, the plate behaliks the
plates with highest modes for shortenings above 1.5

Plates b/t =50

Average Stress / Yield Stress

12

1.0 A

o
©

Normalised Shortening ( AL/L)

Figure 5 — Plates b/t=33

o
o

Plates b/t=40

Average Stress / Yield Stress

o
~

0.2 1

0.0 05 1.0 15 2.0
Normalised Shortening ( AL/L)

Figure 7 — Plates with b/t=50

Increasing the slenderness =67, Figure 8, one has large
differences on the ultimate strength between platéth
distortions’ mode lower than the critical one=3) and higher
than that. These slender plates, which are verynommin
ships, have a relatively low ultimate strengthglsiiy above
60% of the yield stress if modes above the criticaé are
present as initial imperfections.
The nominal shortening tends to occur at valuestawan the
yield shortening on the cases of plates witil and 2.
Normalised Shortening ( AL/L) Very slender plates, presented in Figure 9, havmally a very
Figure 6 — Plates with b/t=40 complex history for the lowest modes of initial ien_tections.
They tend to snap-through at low normalised shorteand,
after that, the behaviour becomes similar to tlaephaving an
initial mode higher than 4. These kind of plaf&s3.46, are not

Average Stress / Yield Stress

On more slender platel/t=50 and above, which are presented
in Figure 7 and followings, the elastic instabiligcomes more
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used much in the structural part of the hull beeabhgy have The maximum average stress is lower than 50% ofyiblel

very low ultimate strength. However, they may bedusn non- stress, but the plate witini=4 has a significant higher strength
important locations of an optimised structure. than the ones witm=5 orm=6.
The maximum ultimate stress of this group is higihan 60%
Plates b/t=67 of the yield stress, which leads to the conclusibat the

difference of the initial mode of imperfections megsult in
differences of the ultimate strength in the orde2@ for very
slender plates.

ULTIMATE STRENGTH OF RESTRAINED PLATES

The results of the ultimate stress normalised leyyibld stress
of the material are presented in Table 1 for dfféb/t ratios

and initial mode of imperfections. In the last twoes it is

computed the difference between the maximum andnmoim

ultimate stress for each thickness (or slendernéss)and the
percentage that it represents relatively to theimmim ultimate
stress in each group, as a result of the variaiiothe mode of
initial imperfections.

Average Stress / Yield Stress

Table 1 — Ultimate strength of restrained plates

t 10 15 20 25 30 40

bit 100 67 50 40 33 25
m=1 | 0,522 | 0,80C | 0,961 | 1,05 | 1,07¢ | 1,10¢
m=2 | 0,631 | 0,82¢ | 0,91 | 0,97¢ | 1,02¢ | 1,091
m=3 | 0,61¢ | 0,701 | 0,79¢ | 0,891 | 0,96t | 1,06(
m=4 | 0,517 | 0,632 | 0,74¢ | 0,84¢ | 0,927 | 1,02z
Figure 8 — Plates with b/t=67 m=5 | 0,48: | 0,61« | 0,73 | 0,83t | 0,90¢ | 1,00:
Plates b/t =100 m=6 | 0,47t | 0,61¢ | 0,74z | 0,83¢ | 0,90t | 0,991
Ac | 0,15¢ | 0,20¢ | 0,22¢ | 0,21¢ | 0,171 | 0,11¢

A(‘J/I:;'“ 328 | 340| 311 261 189 11.p

Normalised Shortening ( AL/L)

For usual ship’s plating, one may conclude thatdifferences
due to changing the dominant mode of imperfectionay reach
very high values, i.e., as much as 30% variatiostoength.

In absolute values, the plates having an interntedia
slenderness (4B/t<67) are the most sensitive to the mode of
initial imperfections. Figure 10 plots these résul

Figure 11 presents the average applied stress svetfse
normalised shortening relationship for each slemeles and
mode of imperfections=1+a.

There are two important remarks to make: first, treat
dependence of the curves on thvé ratio (or slenderness) as
expected; secondly, the load shed after reachieguttimate
stress is very small and the curves are very fiar @ollapse.
From the structural point of view, this indicategaod level of
strength reserve after buckling on more complexicttires
composed of plate elements.

Average Stress / Yield Stress

Normalised Shortening ( AL/L)

Figure 9 — Plates with b/t=100
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Figure 10 — Ultimate strength of mild steel plates
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Figure 11 - Curves of minimum stress for restrained plates with
amplitude of distortion equal to b/200.

In order to compare the ultimate strength of thessrained
plates with the ones with simply supported edges fo move,
it is present also in Figure 12 the Faulkner’s fola{9] for the
effective width of unstiffened plates, given by:

2 1

B “

O

It is also compared with the formulas presentedsbydo [5]
for the ultimate strength of restrained plates hgva critical
mode of initial imperfectionsn=a) or one order above the
critical mode (=1+0).

The ultimate strength of restrained plates withriical mode
of distortions (n=a) is given by:

~044: maximum1.07 (5)

Opc =B
For a mode above the critical one(1+1), the ultimate
strength is given by:

Qpg =B 097959 maximum1.05 (6)

These results were obtained with PANFEM finite edem
analysis software [10] for the study of unstiffengldtes and
the amplitude of distortions was equal totPp.IThis value is
lower than the one used in this study by a factdr. o

It is obvious from the comparison in Figure 12 ttet ultimate
strength of simply supported plates is approxinyat&0%
higher than the one for restrained plates with mofti@nitial
imperfection equal to double of the critical moahel @amplitude
close to the maximum admissible limit, which istdgh level
of distortions. Only for very stocky platef<1) the relation
between the two reverts.

Equation (6) is valid to represent the minimum méte
strength of restrained plates at intermediate gerebs but it is
conservative both at very high and very low slendss values.
It is also obvious that the plate modelling usihg ftritical
mode of imperfections is not a warranty of havingiaimum
strength response and, thus, the final result megoime
optimistic. This situation is particularly market slenderness
above 1.5.

12
S e N —#— Restrained plates r=
Faulkner equation (4)
104+-- NN\ ---_______ —&— Gordo-Critical mode, m¢| _ |
’ —*— Gordo-m=mc+1
09+ -————-———-—-BR\-~---"-"-"“"-"-—-—"———"—————————
12
(%]
[}
<
Los
°
(<}
=
[}
(A e il U i
0.6
LU i s
0.4 T T T T T T T
0.0 05 1.0 15 2.0 25 3.0 3.5 4.0

Slenderness

Figure 12 — Comparison with other formulas

6 Copyright © 2011 by ASME



AMPLITUDE OF DISTORTIONS AND ULTIMATE
STRENGTH

The amplitude of initial imperfectionsy, of equation (2), for
each geometric mode contributes largely for thalfinode of
collapse as well as for the ultimate strength ef phate in the
direction of the load. The post-collapse behavimay also be
affected, leading in some cases to a sudden awc#t disicharge
of loading which is normally associated to snadtigh of the
structure.

It was analysed the behaviour of the most commaesyof
plates of ship structures covering a large rangenpérfections
for the two most significant modes in terms of sgid (=1
and m=6) and it was quantified the effect on the ultienat
strength.

The average load shortening curves are presentEdyime 13
and Figure 16, respectively for stocky platdgt=40) and
slightly slender oned(t=67).

Plates b/t=40

12

1.0 1

o
©

o
=)

Average Stress / Yield Stress
o
~

0.2 1

Normalised Shortening ( AL/L)

Figure 13 — Effect of amplitude of imperfections on stocky
plates, b/t=40.

The amplitude of imperfectionsy,, is represented by the
parameterk that multiplies the reference valu®/200, as
follows:

b
w, =k— 7
P 7200 @
Stocky plates having the fundamental mode=1) of
imperfections are not very sensitive to the inceeas the
amplitude in the pre-collapse range.

The ultimate strength has a small reduction of 6#%envthe
amplitude increases by a factor of 10. However,alneost flat
plate k=0.1) has a deep shed after collapse due to a eHang
the configuration of deformations. The residuatisgth of this
plate at a normalised shortening of 2 is ratherwlotlian that of
the plate withk=1, as can be seen in Figure 13. This difference
comes directly from the form of deformation thadisveloped
during the collapse phase.

The plate with small imperfectionsk50.1) develops a
deformed shape at collapse characterized by a walend
where the out of plane deformations are concemtyass
represented in Figure 14, sub-step 14. The defionsabefore
and after collapse are also presented.

ELEMENT SOLUTION ANSYS 11.0

Jun 24 2008
el 12:13:5

SMX =-242.746

— =
~276.251 “Zee.505 26136 ~Z53.514 ~2d6.468
-272.528 -265.082 -257.637 250,151 -242.746

ELEMENT SCLUTION ANSYS 11.0
JUN 24 2008

SzEpel 12:10:50

DO =3.648
SMN =-276.933
SMX =-242.716

4

= S—
276,523 —zes.az8 261,725 “z34.1a1 ~245.518
-273.131 -265.521 -257.923 -250.32 -242.716

ELEMENT SOLUTION ANSYS 11.0
JUN 24 2008

s 12:13:23

SUB =15

DMX =2.683
SMN =-277.117
SMX =-202.863

e ———1
“277.117 260,616 —2a1.115 227,614 ~211.113
-268.866 -252.365 -235.864 -z15.364 -202.863

Figure 14 — Evolution of the plate’s deformation during collapse,
b/t=40 com k=0.1
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The plate with high level of imperfectionk=(l) tends to However, plates having=6 keep the pattern_through the_ path
develop a complex deformed pattern at collapse,reviee ~ 10ad, but show a great decrease of the ultimatngth with
amplitude of the mode=5 becomes dominant together with INcréase of the imperfections amplitude. Almostigr plates
the fundamental onamEl). Figure 15 shows the evolution of (k=0.1) have an ultimate strength of 1.080, but tirdases to

) X 0.838 fork=1, which is a 24% reduction of the strength. A
the out of plane deformations for this case, alapsk, for the  5ic5) damaged platé2) has a further decrease of more than

steps 14, 15 and 16. 15%, to 0.717.
[ ?ANSYS For this modert=6), the load shed after collapse is smooth and
oot the stress shortening curve tends to be flat fgh hiitial
s N o, 2z imperfections.

Rs5YS=0
DMX =5.347
SMN =-277.198
SMX =-184.137

Slender plates present almost the same type ofvimehfor
mode 6 and the reduction of the ultimate strengtle do
imperfections is of the same level, as shown ilufedL6.
Platesb/t=67, with imperfections in the fundamental mode 1,
have a completely different behavior, showing aucttrral
tangent modulus reduction at a shortening of apprately
0.5, which marks the point of elastic instabilitf the plate.
This reduction is higher in the almost perfect @l#-=0.1),
resulting in an ultimate strength lower than the obtained for
the plate withm=1 and k=1, when one should expect the
opposite for normal cases.

— — —
-277.198 -256.518 -235.838 -215.157 -194.477
-266.858 246,178 -225.497 -204.817 -184.137
Plates b/t=67
NODAL SOLUTION m%ﬁ
STEE=1
SUB =15 R 0.9 T T
TIME=.77112 JUN 24 2008 | |
ax (ave) 12:00:24 | |
RSYS=0 | |
DMX =5.876 A L \we, . ____
SMN =-277.1 08 !
SMX =-173.278 :
I
07+ -------- R s B e e i
I
I
I
» 0.6 !
0 |
i
=
1%}
k=]
2 05
=
1]
0
£, —%—m=1; k=0.1
@ 047
o m=1; k=1
IS
— — — 5 —8—m=6; k=0.1
ey 251.025 230,057 =TT 164014 Sosd Yy ¥ ]
-265.564 -242.493 -z19.421 -196.349 -173.278 z U
——m=6; k=0.2
I ) :
] ! ——m=6; k=0.5
STEE=1 s o : : m=6; k=1
SUB =16
TIME=. 769224 JUN 24 2008 P ! ——m=6; k=2
5% (mVG) 12:04:11 j | .
RSYS=0 014+ /S ————— [ b —— =
DMX =6.558 | |
SMN =-277.071 | |
SMX =-155.774 | |
0.0 1 ; 1
0.0 0.5 1.0 15 2.0

Normalised Shortening ( AL/L)

Figure 16 — Effect of amplitude of imperfections on slender
plates, b/t=67.

Figure 17 shows in detail the average stress shingeurve of
plate b/t=67 andk=0.1, together with the induced transversal
stress due to Poisson effect and the restrainatefdl edges’

~277.071 ~250.116 “223.161 “1%6.206 -169.252

linear movement. The abrupt change in the slogbeturve is
Figure 15 — Evolution of the plate’s deformed during collapse, a result of the instantaneous change in the gegnudtthe
b/t=40 com k=1 imperfections from the fundamental mode to theiaaitone
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(m=a). The snap-through is shown in Figure 18. Inifiadhe Table 2 — Stress state at collapse on plates with m=6

has the geometry in the initial elastic range,diellby the Strair | Ultimate | Transvers:
change of mode in the first local maximum of theveu t b/t B AL/L Stres Stres
This local extreme point corresponds to the situatihere the 1C | 10C | 3.4¢ 1.19¢ 0.47¢ 0.00-
middle point of the plate crosses the medium plaie last 15 | 67 | 2.31 1.13¢ 0.61¢ 0.09¢
plot of the figure shows the geometry after thepstmmough at 20| 50 | 1.7 1.13¢ 0.74: 0.16¢
an average normalized stress of 0.58. 25 40 1.3¢ 1.081 0.83¢ 0.222
One should note the high level of the induced trarse stress 30 33 1.1¢ 1.141 0.90¢ 0.25¢
at this stage of loading, which reaches 0.13 ofytbkl stress. It 50 20 0.6¢ 1.47¢ 1.04¢ 0.34
is in fact this high transversal stress that prasohe change of

the mode of deformations by buckling. After theubdation  eemsasnaT ”
point, the transversal stress reduces progressivalyishing T ?ANSYS“
close to the point where the ultimate strengthtef plate is e - W N etzaren
reached due to the development of large out-ofglan et 1.5

SMN =-98.68

deformations that tends to create transversal dandn the B Al 154
final phase after collapse, the transversal averagess
becomes negative, in tension, reducing the ratgafth of the
out-of-plane deformation’s amplitude.

STER=1

e L b
ADSTRY i A ¥
JUN 25 Z008
13:47:44
2 — — —
-%98.68 -94.928 -51.175 -87.423 -83.67
L661 ~96.804 -93.051 -89.299 -85.546 -81.794
565
500 | ELEMENT SOLUTTON WSY’S“

suB =10 rcazl 1y
TIME=.260611 JUN 24 2009
5% {NORVG) 16:22:52

RXIARL STRESS / YIELD STRESS

129
L /\
-.023

o .5 1 15 | H 2.5
.25 2.25

.78 .25 :
AXIAL STRAIN / YIELD STRAIN

Figure 17 — Average longitudinal stress (ADSTR) of plate b/t=67
with k=0.1 and induced transversal stress (ADSTRY).

-—
~230.224 -188.486 -146.748 =105.011 ~63.273
-209.355 -167.617 -125.88 -84.14z -42.405

INDUCED TRANSVERSAL STRESS “FNNETS
The induced transversal stress due to the resmicif in-plane e, C o

linear displacement may achieve high levels thd¢cafthe

DMK =6.197

SMN =-241.578

behavior of the plates under longitudinal comp@ssiThus, B = 16.335
the state of stresses in the plate is predominaislbial.

In Table 2 it is summarized the minimum valueshef tiltimate
stress for each group of plates. Figure 19 ploeseahresults
showing that the state of stress is biaxial congivesand the
level of the transversal stress may reach more 308t of the
yield stress in stocky plates. The intensity of ittduced stress
decreases as the slenderness increases and, fosleeder
plates, the value is residual.

Beyond a slenderness of 3.5, the average indueedversal T ey o iries T e T oy T e
stress reverts to tensile because the amplitudgefafrmation Figure 18 — Evolution of out of plane deformation of the plate
reaches high levels that cancel the Poisson effect. (b/t=67 e k=0.1) during the snap-through.
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In fact, the ratio between the induced and theieggtress is
of the order of magnitude of the Poisson rationiial stage of
loading. However, it decreases with increasing tetmimg until
vanishing, and then, the development of large dydlane
deformations at collapse and beyond generatessidesate in
the transversal direction. Figure 20 shows the wiai of the
biaxial state of stress during the loading pathptates with
m=6 for typical range of ship plating.
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Figure 19 — Ultimate stress and induced transversal stress of
plates with m=6 and correspondent shortening.
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Figure 20 — Longitudinal and induced stress curves for plates
with m=6.

Transversal stress distribution induced by the itoxgnal
loading is represented in Figure 21 for the plate4d at
collapse. It is evident that the lateral edges araler
compression in a very uniform way. In the centegion, the
level of transversal stress is very much affectethle influence
of the deformed shape of the plate.

In this phase of loading, large plastic deformatioare
developed, leading to the generation of plastigdifines on
the locally concave faces of the plate. These himgs can be
identified easily in Figure 22 and agree with tiseal models.
The other plates with similar mode of imperfectiobat
different slenderness behave in a similar way, veitgimilar
pattern of transversal stresses distribution. Hamewhe
intensity of the induced stresses decreases asléheerness
increases.
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Figure 21 — Transversal stress at collapse in plate with b/t=40 e
m=6
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Figure 22 — von Mises plastic strain

CONCLUSIONS

Restrained plates may have an ultimate strengthehithan the
yield stress for very stocky plates with small aitople of
imperfections.

The ultimate strength depends very much on thegonathnt
mode of initial imperfections. The difference oresigth due to
changing the mode may reach values of the ordex0&6 or
more.
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It was concluded that modes of high order, compaocethe
critical mode, lead to the minimum of the ultimateength. The
minimum is obtained for plates having a sinusoitepe with
wave length equal to the plate width=2a.

However, plates witlm >a+1 present a very similar behaviour

in the range of slenderness considered in this wotks
similarity between the stress shortening curveglaties having
predominant high modes of imperfections, highemtiafor

plates of aspect ratia=3, allows to state that local defects or

damages with moderate amplitude of defect do né&ctaf
significantly the minimum ultimate strength of mdéhed

plates.

The state of stress is predominantly biaxial, caapive. The
stresses induced in the direction perpendiculathéloading

can reach very high values, generating non nedgidirces in

the structures of support.

Surprisingly, the minimum ultimate strength of rasted plates
is lower than the one of constrained plates, gilsnthe

statistical formula of Faulkner, in the usual ramfislenderness
of ship’s plating.

Finally, it was confirmed the validity of the formeufor the

minimum ultimate strength of restrained plates @nésd in [5]

and given by equation (6) for plates withra+1.
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