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Effects of Welding Residual Stresses and Initial Deflection on

Rigidity and Strength of Square Plates Subjected to Compression T

Yukio UEDAY Wataru YASUKAWA** Tetsuya YAO* * * Hiroshi IKEGAMI* * and Ryoichi

OHMINAMI * *

Abstract

When structures are constructed by welding, structural elements are always accompanied by welding residual
stresses and usually also by deformation. Therefore, when the rigidity and strength of the welded structures are
considered, it is very important to have sufficient information about the effects of initial deflection and welding
residual stresses on them. In this paper, as a fundamental study on this matter, the square plates under compression are
dealt with. At first, two series of experiments were conducted, one using the specimens with initial deflection, and the
other using the specimens with initial deflection and welding residual stresses. The specimens are 500 X 500 mm square
plates of which thicknesses are 4.5mm, 9.0mm and 12.7mm, and are simply supported along the four edges. Secondly,
a series of the elastic-plastic large deflection analysis was carried out by the finite element method in order to clarify
the effects of the shape of initial deflection, the magnitude of initial deflection, and welding residual stresses with initial
deflection. It was found that the initial deflection and residual stresses reduce the rigidity and ultimate strength and this

tendency becomes larger for thicker plates.

1. Introduction

In general, steel structures are fabricated by
welding, and structural elements are always accompanied
by welding residual stresses and usually also by defor-
mation. These influance performance of the welded
structures. Therefore, it is very important to have
sufficient and accurate information about effects of
these welding imperfections on the rigidity and strength
of structural elements, for more accurate evaluation of
performance of the welded structures containing these
imperfections.

Concerning the effect of initial deflection,
Yamamoto!) proposed a theory on the plastic buckling
strength of a plate under compression. Yoshiki et al.?’
dealt also with buckling strength and corrugation of
continuous panel with initial deflection under compres-
sion, and Fukumoto®) studied the rigidity of the
continuous panel with initial deflection under compres-
sion, tension and bending. As to the effect of welding
residual stresses, Yoshiki et al.,*) Fujita et al.,*) Ueda et

al.®)7) and Ueda® dealt with local buckling strength of
I-section plate column or box plate column which are
composed by welding. Although the buckling strength
was evaluated as the solution of a characteristic equa-
tions, in the strict sense, the elastic-plastic large
deglection analysis was not carried out in these studies.

Recently, owing to remarkable development in
digital computers, possibility of analysis of the elastic-
plastic large deflection problems has been shown, and

several examples are analysed.’ '?) However, so far
information is not adequate about the effects of the
welding residual stresses and initial deflection on the
rigidity and strength of welded structures.

In this paper, as a fundamental study on this
matter, the behavior of simply supported square plates
subjected to compression is investigated.! )

First, two series of experiments are conducted; one
to examine effect of initial deflection, and the other to
combined effects of initial deflection and welding
residual stresses. Then, the elastic-plastic large deflection

analysis is carried out using the finite element method
of which the formulation of the analysis was developed

by one of the authors. By this analysis, effects of the
shape of initial deflection, the magnitude of initial
deflection and the welding residual stresses on the rigidity
and strength of the compressive square plates are studied.
Also, the relation between welding residual stresses and
the welding deformation is examined.

2. Experiment

2.1 Test Specimens

Test specimens are 500 X 500mm square plates of
which thicknesses are 4.5mm, 9.0mm and 12.7mm. The
material of the specimen is mild steel (SM 41). When
the specimens, simply supported along the edges, are .
subjected to uniaxial compression, their theoretical
buckling stresses are 0.21, 0.75 and 1.00 times the yield
stress, respectively.
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Two series of experiments are carried out to
examine (1) the effect of initial deflection using the
specimens of which thicknesses are 4.5mm, 9.0mm and
12.7mm, and (2) the combined effects of initial de-
flection and welding residual stresses using the specimens
of which thicknesses are 4.5mm and 9.0mm, on the
rigidity and strength of the plates.

The process of forming and welding the specimens
is shown in Fig. 1. Initial deflections are produced using
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Fig. 1

the multipoints universal press machine'*) installed at

Hitachi Zosen Co.L.T.D.. The intended initial de-
flections are 0.00, 0.25, 0.75 and 1.00 times the plate
thickness for the series of experiment (1), and 0.00,
0.50 and 1.00 times the plate thickness for the series of
experiment (2). The resulting deflections are somewhat
different from the intended ones. The stress relief
annealing is not carried out after producing initial
deflection.

Welding residual stresses are added by placing
welding beads on two parallél sides of the plate as
shown in Fig. 1. Two welding beads are placed at the
same time to have the symmetric distribution of residual
stresses about the center line of the plate. The welding
conditions are shown in Table 1 for each plate
thickness, respectively.

Table 2 shows the detail of the test specimens, and
also the test results. Notation of the test specimen
number is given in the following way. Taking C-4. 5-0.
52RS for example, C, 4.5, 0.52 and RS imply com-
pression in the loading, the plate thickness, the ratio of
the maximum initial deflection to the plate thickness
and existence of welding residual stresses, respectively.
2.2 Measurement of welding residual stresses

Welding residual stresses of the specimens are
measured for every plate thickness by the sectioning
method. Strain measurement is performed using many
foil strain gages mounted on both surfaces of the
specimens before and after sectioning the specimens into
small pieces.

In Fig 2, O indicates the location of the foil strain
gauges mounted in three directions, and | indicates the
one in one direction. The stresses are calculated from
the measured strains based on the conventional stress
and strain relation, by taking the average of the strains
on both surfaces.
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Fig. 2 Measured distribution of welding residual stresses.
Table 1 welding condition
Specimen Welding Speed | Current [Welding Rod
C-4.5 series 28.6 cm/min. | 100 Amp. D4303
C-9.0 series 20.0 cm/min. | 200 Amp. D4313

Fig. 2 shows the resulting residual stress distri-
butions at three sections of the plate of 4.5mm
thickness. The full lines show the stresses calculated
from the strains measured in three directions at a point,
and the dotted lines show the stresses estimated from
the strains in one direction.

Near the welding bead, the resiudal stress reaches
the yield stress of the material in tension. Some distance
apart from this welding bead, it is about 10kg/mm?® in
compression. At the central part of the plate, these
compressive stresses become small, and in some cases the
stresses turn out in tension.

Distribution of the observed residual stresses of a
plate being 9mm thickness shows the same tendency. In
every specimens, initial deflections become larger by the
effect of welding residual stresses. As to this behavior,
an analysis is carried out by the finite element mehtod
in the later part of this paper.

2.3 Test procedure

To obtain satisfactory end condition of a simply

support, a set of specially designed loading frame is
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made as shown in Fig. 3. The compressive load is
applied with the aid of the Amsler type testing machine.
In the experiment, the strains are measured using the
foil strain gauges in three directions, and the deflections
are also measured using dial gauges.

500

B S ]

R
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_ét
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M20bolt:
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Fig. 3 Load frame and end fixture.

2.4 Test results

The test results are summarized in Table 2. It is
noted from the results that both initial deflection and
welding residual stresses decrease the ultimate strength
of the plates under compression.

In this section, the behaviours of the square plates
under compression are mainly discussed based on test
results, and the ultimate strength will be compared with
the results of analysis by the finite element method in
Chapter 4.

Figs. 4(a), (b) and (c) show relations between the
average compressive stress and the central deflection of
several specimens for each plate thickness, respectively.
The full lines represent the relation for specimens with
initial deflection, and the dotted lines for those with
both initial deflection and welding residual stresses. It is
seen from these results that the slope of these curves
becomes larger by the existance of initial deflection and
welding residual stresses. That is, these initial imper-
fections decrease the rigidity of plates under com-
pression.

Figs. 5(a) and (b) show two typical examples of
variation in shape of deflection for a thin plate, C4.
5-1.02 and a thick plate, C-12. 7-0.26-1, respectively. In
the case of a thin plate, the deflection increases at all
parts of the plates simultaneously as the load increases.
On the contrary, in the case of a thick plate, the
deflection increases at the central portion of the plate,
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where local plastification proceeds at the early stage of
loading. Then, the length of the buckling wave becomes
shorter showing the deformation pattern of the roof
shape.
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Table 2  Details of specimens and Test results
Detail of Specimen Test Results
Specimen t oY b/t Wolt Pm om om/oy
(mm) (kg/mm?2) (tons) (kg/mm?2)

C-+4.5-0.00-1 4.50 28.49 111.11 0.00 25.00 11.11 0.39
C-4.5-0.00-2 4.50 26.59 111.11 0.00 26.90 11.96 045
C-4.5-0.09-1 4.50 26.66 111.11 0.09 24.60 10.93 0.41
C-4.5-0.09-2 4.50 26.00 111.11 0.09 26.90 11.96 0.46
C-4.5-0.09-3 4.50 25.87 111.11 0.09 26.20 11.64 045
C-4.5-0.24 4.50 26.27 111.11 0.24 26.00 11.56 0.44
C4.5-0.27 4.50 28.07 111.11 0.27 25.90 11.51 0.41
C-4.5-0.31 4.50 26.45 111.11 0.31 25.00 11.11 0.42
C-4.5-0.36 4.50 26.88 111.11 0.36 25.40 11.29 042
C-4.5-0.38 4.50 26.66 111.11 0.38 24.60 10.93 041
C4.5-0.89 4.50 28.03 111.11 0.89 24.60 10.93 0.39
C-4.5-1.02 4.50 25.16 111.11 1.02 21.50 9.56 0.38
C-4.5-0.33RS 4.34 22.01 115.21 0.33 15.15 6.98 0.32
C-4.5-0.52RS 4.34 22.01 115.21 0.52 15.45 7.12 0.32
C-4.5-1.07RS 4.34 23.42 115.21 1.07 15.30 7.05 0.30
C-4.5-1.28RS 4.34 23.08 115.21 1.28 16.95 7.81 0.34
C-4.5-1.31RS 4.34 21.05 115.21 1.31 15.80 7.28 0.35
C-4.5-1.74RS 4.34 22.87 115.21 1.74 16.63 7.66 0.33
C-9.0-0.00-1 8.80 31.03 56.82 0.00 118.80 27.00 0.87
C-9.0-0.00-2 8.80 31.20 56.82 0.00 116.70 26.52 0.85
C-9.0-0.00-3 8.80 31.06 56.82 0.00 127.10 28.89 0.93
C9.0-0.00-4 9.00 28.71 55.56 0.00 109.75 24.40 0.85
C-9.0-0.26 8.80 31.96 56.82 0.26 95.60 21.73 0.68
C-9.0-0.31-1 8.80 31.27 56.82 0.31 101.80 23.14 0.74
C-9.0-0.31-2 8.80 3091 56.82 0.31 102.00 23.18 0.75
C9.0-0.38 8.80 30.21 56.82 0.38 97.00 20.05 0.73
C9.0-0.61 8.80 32.11 56.82 0.61 86.20 19.59 0.61
C9.0-0.68 9.00 28.63 55.56 0.68 81.20 18.04 0.63
C-9.0-0.72 9.00 25.07 55.56 0.72 75.60 16.80 0.67
C9.0-0.73 8.80 30.53 56.82 0.73 80.60 18.32 0.60
C9.0-0.75 8.80 30.30 56.82 0.75 80.00 18.18 0.60
C9.0-0.82 8.80 30.52 56.82 0.82 77.92 17.70 0.58
C-9.0-0.84 9.00 25.39 55.56 0.84 67.40 14.98 0.59
C-9.0-0.02RS 8.85 25.60 56.50 0.02 79.80 18.03 0.70
C-9.0-0.06RS 8.95 26.81 55.87 0.06 84.60 18.91 0.70
C-9.0-0.48RS 8.83 25.28 56.63 0.48 59.80 13.55 0.54
C-9.0-0.49RS 8.70 25.55 57.47 0.49 62.60 14.34 0.56
C9.0-0.71RS 8.80 25.55 56.82 0.71 61.80 14.05 0.55
C9.0-0.77RS 8.70 25.55 57.47 0.77 50.00 11.49 0.45
C-12.7-0.00-1 12.80 25.20 39.06 0.00 154,80 24.19 0.96
C-12.7-0.00-2 12.80 25.09 39.06 0.00 159.00 24.84 0.99
C-12.7-0.00-3 12.80 25.09 39.06 0.00 157.40 24.59 0.98
C-12.7-0.00-4 12.80 25.03 39.06 0.00 160.20 25.03 1.00
C-12.7-0.00-5 12.90 30.16 38.76 0.00 192.60 29.86 0.99
C-12.7-0.20 13.30 29.52 37.59 0.20 159.00 2391 0.81
C-12.7-0.25 13.30 29.51 37.59 0.25 162.96 24.50 0.83
C-12.7-0.26-1 12.90 30.46 38.76 0.26 159.12 24.67 081
C-12.7-0.26-2 13.30 29.34 37.59 0.26 160.00 24.06 0.82
C-12.7-0.36 1291 30.32 38.76 0.36 158.40 24.56 0.81
C-12.7-0.42 13.30 29.47 37.59 0.42 145.00 21.80 0.74
C-12.7-0.43-1 12.90 30.49 38.76 0.43 153.40 23.78 0.78
C-12.7-0.43-2 13.30 29.32 37.59 0.43 140.40 21.11 0.72
C-12.7-0.52 12.90 30.15 38.76 0.52 143.90 22.31 0.74
C-12.7-0.53 12.90 30.29 38.76 0.53 148.50 23.02 0.76

notation of specimen number ;e.g. C—4.5—0.52RS
4.5: plate thickness,
RS: with residual stress

C: compression,

0.52: wo/t

t ; plate thickness oy
b ; plate width

wo ;initial deflection

Pm

32

; yield stress
; ultimate load

Om=Pm/tb ;ultimate strength
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Fig. 5 Shapes of deflection under loading

Also Figs. 6(a) and (b) show the typical compressive
stress distributions at the middle section of the palte for
a thin plate, C-4. 5-1. 28RS and a thick plate, C-9.0-0.
71RS, respectively. In the case of a thin plate,
comparatively large deflection is produced even from
the beginning of loading, and the load is supported
mainly by the effective portions appeared along the
sides of the plate. In the case of a thick plate, the
deflection is not so large until plastic zone appears and
the load is carried at all parts of the plate width. But, as
the load increases, the local plastification produces a
rapid increase in the deflection at the central portion of
the plate and the additional load becomes to be
supported mainly by the effective portion of the plate,
as seen in the case of a thin plate.
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Stress distribution under loading

3. Formulation of the elastic-plastic large deflection
analysis by the Finite Elemer+ Method.

To analyse the behavior of the plates under com-
pression, the finite element method is used considering
both material and geometrical nonlinearities applying the
incremental procedure. In this section, the formulation
of this analysis developed by the authors is presented.
3.1 Stress-strain relation

(2) Elastic range

(137)

If the material is in the elastic range, the relation
between the stress increments {do} and the strain
increments {de} is expressed with the elasticity matrix
[De] in the following form

{do} = [D°]{de} €Y

(b) Plastic range

The material yields if a scalar function f(ox,0y ,02,
Txy, Tyz, Tzx) reaches the value of the functionfo(oy k),
where oy is the yield stress and « is the plastic hardening
parameter,

F=f—f,=0 €y

F in the above equation is called the yield function.
According to the hypothesis of the theory of plasticity,
the plastic strain increments show incompressibility.
Assuming_ that the yield function is a plastic potential,
the plastic strain increments {de, | are expressed in the
form

{dep} =d7\{g—£} ©)

where d\ is a scalar factor of proportionality. The total
strain increments {de} which are the sum of the elastic
strain increments { de .} and the plastic strain increments
{ dep | become

lde] = 1dec] + ldep) = ldee) + 9} (@)

The stress increments {do | are given by replacing {d€}
with{de .} in Eq. (1), that is

of
tdo} = [P°l{dec} = [D}( fde} —aM— 1) (5)

If the material is under loading in the plastic range, the
increment of f must be equal to that of the value of fp.
This gives

daf = df, ()

Assuming that the plastic hardening parameter « is of a
function of the plastic strains, Eq.(6) becomes

[ f T 9 fo

9k . T
Ry t" ldo) =( e ){ae':3 b {de, ! @)
Substituting Eq.(5) into Eq.(7), dM is solved as, .
T
251" D7) fael
T 8t . 0y 0k, T ,0f,"
or e1 4 0L Oiy OK o1
{ao} [D]{ao}+( ok {aep} {ao}

33

From Egs. (5) and (8), the relation between the stress

increments and the strain increments in the plastic range
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is expressed in the form

{do} = [DP] {de} ®
where
)= %] - - 4L 34" ey
(10)
s =3y TDe 35} +( oy 2 <) L,

On the course of computation, loading or unloading
of the material element in the plastic range is dis-
tinguished by the following conditions,

dX>0 ; loading, dA=0 ; neutral loading, d\<Q ;
unloading. When unloading is detected for a certain load
increment, the stress-strain relations should be replaced
by Eq(1) instead of Eq.(9).

3.2 Deformation-strain relation

For the analysis of large deformation of structures,
a characterisitc deformation-strain relation should be
defined. In this section, it will be represented explicitly
in matrix form for a plate element.

A set of local coordinates is fixed on each finite
element throughout the entire course of deformation and
the behavior of the structure is described in reference to
the global coordinates. The deformation of the element is
denoted by { h} which consists of in-plane displacements{s}
and lateral displacements{w/ , that is

{h} =[s,w] T 11

These components of displacements {s}and {w} can be
expressed by the nodal displacements | s n}and{wy!l , and

the displacement function [Apl and [Ap] in the element.
Thus,

ts} =[Ap] {sa |

{W} = [Ab] {Wn%

The components of the nodal displacements are as

(12)

follows. (sa1 = [ug, v ]T
Wal = [, (520, (92017 (3)

According to the theory of elastimty, the strains in the
plate element are expressed in the following form.

dw .2
. dx (af )
= av 1 0 2
{6‘5— € = dy +'2'— (——a;v
Exy av Jdu 2ﬂ_8l
dy 0x 0y
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(14)

= [B,] fsa}*3 [Col [Botl {Wal —2 [Byal {Wa)

In Eq(14), the first term indicates the in-plane strains,
the second represents additional membrane strains due
to large deflection, and the third term shows the strains
due to bending. The second term exhibits the geome-
trical nonlinearity of the behavior, expressed by a square
of the bending slope of the element. [Bp] By Jand

[By2] are obtained by partially differenciating the

displacement functions [Ap] and [Ap], and [Co] is
expressed in the form

ow

0x 0

ow (15)

[Col=1{ O dy

ow Ow

dy 0x

Now, let Eq.(14) express the strains at a certain loading
state {F}. After the load increment {dF}, the strains
change to{ € + de} . Thus the strains at the loading
state | F + dF | become

fe+de} =[Bp] sy + dsy +—§~[Co-+dC0]

(16)

[Bbl] {Wn+dwn} _Z[BbZ] {Wn'l'dwn}

Therefore, the strain increments {de} are obtained by
substracting Eq.(14) from Eq.(16). That is,

{d€}= [Bp] %dsn} + [CO] [Bbl] { de}

a7
+ 71 [dCo] [Bbl] {de } —Z [Bb'z] {de }

Here, virtual strain increments {§de } which are necessary
for applying the principle of virtual work is calcualted at
the loading state {F + dF }. At this state, if arbitrary
virtual displacements {5dh} are imposed, the cor-
responding strain increments {&de } are in the form

{5d6} = [Bp] {6dsn} + [CO + dco] [Bbl] {5dwn}
(18)

-z [Bpz] {8dwy|
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The deformation-strain relation defined in the above is
given in the local coordinates fixed to the element.
However, this local coordinate system moves as the total
structure deforms. So, it is necessary to transform this
local coordinates to the global coordinates at each
loading step when the equilibrium of the total structure
is constructed. Denoting [A] as the transformation
matrix of the coordinates and{hg }as the displacements
in the global coordinates, the displacements { h} in the
local coordinates are expressed in the form

{h}=[A] { b (19)

3.3 Equilibrium equation

At a certain loading state, the external load {Fg}is
acting on the structure, and the stresses {o} are
produced. With a load increment{ng}, the stresses are
changed by {do} . The equlibrium condition of the
structure corresponding to this state will be obtained by
applying the principle of virtual work.

According to this principle, the virtual work 6U
done by the internal forces must be equal to the virtual
work §W done by the external loads, that is

s§U=56W . (20)
Explicit form of the above is derived in the following.
The internal work of the whole structure is obtained

as a sum of the internal work AU® of an individual
element, which is expressed in the form

5U° =[ {5de} T {o+do} av (1)

Using the stress-strain relation to this equation, Eq.(21)
becomes

8U°= [ (18de}T {0} +{6de}T [D] {de})dv(22)
where

B [D°] ; elastic
[b1 = [DP] ; plastic (23)

Substituting Eqs.(17) and (18) into Eq.(22), the internal
work is expressed in the form

{6dsn }T KppKpp | (dsn ) (8dsy)T (R,

§U° = +

sdw, [Kbp Kbb] {dwn} {Bdwn} {Rb}
= {8dh,} T [K]® {dh, | + {8dhy [T {R}e (24)

where

-

[K,,1 = [ [B,]T [D] [B,] av
[Kpb] = [Kpp]T = [ ([B,17 [D] [Co] [Byy] —z [B,]T

[D] [By2]) dV

35

[Kool = [ (2* [By2]™ [D] [Byz] + [By11T[P] [By, ]

+ [Bo1]™ [Col™[D1[Col [By1] — 2z [By1]™ [Col ™ [D] [By.]
— 7 [By2]" [D] [Co] [Bb]) AV
IRy} = [ [B]T {0} adv

{Ry | = [([Boi1T[ColT - z[By,1T) {0 dV
mefrs 7]

Txy Oy 25
The displacement increments in the local coordinates
can be fransformed to those in the global ones, with
the aid of the transformation matrix [A] defined in
Eq.(19). Thus, the internal work §U® for the element
becomes ‘

§U° = | 8dhy } T [Kg]® {dh, | + {8dhg } T Ry} ° (26)
where

e _ T e
[Kgl®=[A]" [K]® [A] o
[Rg} e =[A]T {R}°[A]

The internal work of the whole structure is then obtained
as follows.
8U= Z§U°
T (28)

= |8dhg} T [Kg] {dhg | + {8dhy} T | Ry}

Next, the virtual work done by the external loads
{F; + dF,} during the virtual displacement { 8dhg} is
expressed in the form

6W={8dh,} T { Fg +dF, } (29)

In reference to Eq.(20), Eq.(29) should be equal to
Eq.(28). Thus, the equilibrium equation is

{Fg+dF,} = [Kg] {dhg |+ {Ry} (30)
or

{dFg |+ 1L} = [Kg] {dhg} (31)
and .

{Lgt ={Fg} — {Rg} (32)

Eq.(31) predicts the increments of displacement as the
first approximation, but this does not guaranteee equili-
brium at the newly displaced position, since the equili-
brium equation is linearized. When the load increment is
assumed to be zero, only the vector {Lg} remains in the
equation as the load.

{Lg b= (K] {dhg} (33)
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{Lg} can be regarded as a correction load to improve the
approximate equilibrium.

4. Analysis by the Finite Element Method

The element which is used in the following analysis
is a triangular element with a right angle, and is
fictitiously devided into 20 layers to calculate stresses.
The stresses at the center of each layer are represented
as the stress state in the layer. In evaluation of the
stiffness matrix, the integration to z direction is carried
out numerically at 20 points (the center of each layer)
using the corresponding stress-strain relation.

4.1 Relation between welding residual stresses and
initial deformation

Welded structures are always accompanied by
welding residual stresses and initial deformation, and
there are generally a close relation between them. Here,
restricting the problem to the case of plate elements in
welded structures, initial deflection is produced prima-
rily by thermal angular distortion of fillet weldment laid
to fit flanges or stiffners to panels along their edges.
Then, additional deflection is produced by the com-
pressive residual stresses due to shrinkage of the plate
near the welding bead. In this section, a relation
between in-plane compressive stresses and out-of-plane
deformation is studied for a simply supported square
plate of 500x500mm which was furnished in the preceeding
experiment

First, it is assumed that the plate has originally
initial deflection of a sinusoidal wave for some reasons,
and then weld metal is laid along two parallel edges. In
analysis, the shrinkage in the plate after welding is
replaced by inherent strains which are imposed in the
portions 1/10 of the plate breadth along both edges as
shown in Fig.7(a). The inherent strains are applied
incrementally until these edge portions become plastic in
tension. The relations between the imposed inherent
strains and the central deflection, and the distribution of
the residual stresses along y=0 are shown in Figs.7(b)
and (c) for the plate of 4.5mm thickness. When the
original initial deflection is large, the additional de-
flection due to the in-plane residual stresses becomes
also large. Due to this additional deflection, the com-
pressive residual stresses at the center of the plate
decrease in comparison with the case of a flat plate, and
the local bending stresses become large.

The calculated distribution of residual stresses
shown in Fig.7(c) coincide well with the measured one
shown in Fig.2, both in the tendency and the magni-
tude. Thus, it is seen that welding residual stresses can
be estimated by this inherent strain method and those of
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Additional deflection and residual stress distribution
by inherent strain.(F.E.M. analysis)
4.2 Effect of the shape of initial deflection

Concerning the effect of initial deflection on the
rigidity and strength of plates, there are two factors
which should be considered; the shape and the magnitude
of initial deflection. In order to clarify on influence of the
shape of initial deflection, four types of initial de-
flections for plates of 4.5mm and 9.0mm thickness are
assumed in the analysis shown in Fig.8(a), the magni-
tude of deflection at the center of the plate being kept
the same; 0.01 and 0.5 times the plate thickness. The
plates are assumed to be simply supported along their
four edges, and the loads are applied so as to give a
uniform displacement on the loading edges.

Fig.8(b) shows the relation between the average
compressive stress and the deflection at the center for
4. 5mm thickness plate. In the same figure, the finite
element representation is also shown.

Fig. 7

When the magnitude of initial deflection is small,
the difference of the shape of initial deflection has a
very little influence on the rigidity and strength of the
plates. However, when it is large, there exists noticiable
differences in the behavior of the plates such that, the
larger the volume occupied between the initial surface
of the middle plane of the plate and the flat plane
coﬁtaing its four corners are, the lower the rigidity and
the ultimate strength become. This is due to the fact that
larger bending moment at each point of the plate is
produced by larger deflection under a certain amount of
compressive load. However, the ultimate strength for all
types of shape and any magnitude of initial deflection
would never exceed the ultimate strength of the flat
plate.
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Fig.8(c) also show the results of the plate of 9.0mm
thickness, and the same tendency can be observed as in

the previous case.
4.3 Comparision with the test results

In order to examine the validity of the analysis, the
results of the elastic-plastic large deflection analysis are
compared with the test results presented in section 2.4,
In the analysis, the loading and supporting conditions are
the same as those in the experiment, and the plates are
given a sinusoidal shape of initial deflection.

Fig.9 shows the relation between the mean com-
pressive stress and central deflection based on the results
of both experiments and analyses for some specimens.
In the .case of .thicker plates, both results are almost
coincided. On the other hand, for the thin plate in these
examples, some- defferences are observed between the
results of experiment and analysis. This may be at-
tributed to the defference of the shape of actual initial
deflection from the assumed one in the analysis, since
the formation -of initial deflection is not well controlled
in the case of thin plates. It may be concluded that this
analysis can well describe the actual behavior of the
plate.

[ 070y 070% . T o
Experiment I [
W/t =0.5Q ot
|- Calculation N
0.€ M _0.8 by F.E.M. S
: wo
S S . G 2
0.6} 6 ‘———500—-i
070y Simply supported
0.4
0.2 0.2
, (wotw)/t [ ] (Wo+w)/t
0.0 7 g5 1.0 : 1.0 2.0
t = 12.7mm t = 4.5mm ’

Fig. 9 Comparison of the results of F.E.M. analysis with
experimental results
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4.4 Effects of magnitude of initial deflection and

welding residual stresses

First, in order to clarify the effect of the magnitude
of initial deflection a series of analysis is performed on
500x500 mm square plates of which thicknesses are
4.5mm, 9.0mm and 12.7mm. The plates are assumed to
be simply supported along the four edges. The shape of
initial deflection is assumed of a sinusoidal wave, and
the ratios of the maximum deflection to the plate
thickness are chosen as 0.01, 0.25, 0.50 and 1.00 for
each plate thickenss. Later, the analysis is continued to
carry out on the same plates which have both the initial
deflection and the welding residual stresses which are
produced by the inherent strain method mentioned in
section 4.1.
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Young’s modulus, E. Then as the load increases, local
yielding occures, and the rigidity gradually decreases to
zero when the plate reaches its ultimate strength. Fig.10(a)
also shows: the decrease of the rigidity due to the
welding residual stresses. In the case of a thicker plate
shown in Figs.10(b) and (c), the rigidity is first equal to its
Young’s modulus, E, of the material, but after the yielding
occures at a high value of ¢/oy, it suddenly decreasesand
the fatal collapse occures, when the initial deflection is
small. On the other hand, when the initial deflection is
large, the rigidity is smaller than E from the beginning of
the loading, but keeps nearly constant values relating to
the magnitude of initial deflection. After yielding occures

.0 t=9.0mm

Load-displacement curves and load-deflection curves B wo/t=0.0
. © s . . o s . (0740} (no buckling)
with a variation in the magnitude of initial deflection /
are shown for each plate thickness in Figs.10(a) to (c), M=0,r/0y=0.878 wo/t=0.01
and Figs.11(a) to (c), respectively. The finite element 8 wo/t=0,25
: .. . wWo/t=0.02
representation used for the analysis is also shown in 0.5
these figures. The full line curves represent the results / wo/t=0.48
considering only the initial deflection and the dotted line 6 / //,/”'"
curves containing both the welding residual stresses and P P
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. . . Vd
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in Fig.10(a), the rigidity is equal to Young’s modulus, E, of 2 F %
the material, undera small amount of load, but as the load 4 - —with residual stress
increases, the bucklihg occures and the rigidity decreases §/b(x102)
to about a half of E, and a plate with small initial deflec- ! 1 1 ! i
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at a lower value of o/oy, it gradually decreases to zero,
and the load reaches the maximum. The welding residual
stresses also decrease the rigidity of the plates.

These behaviors are also observed from the load-
deflection curves shown in Figs.11(a), (b) and (c).
Especially, Fig.11(a) shows the remarkable decrease of
the buckling load due to the existance of the welding
residual stresses. The ultimate strength is reduced by the
initial deflection, and this decrease is more remarkable
when the plate thickness is larger as understood from
Fig.10 or Fig.11. As also indicated by the test results in
section 2.4, the effective portions to carry the load
‘become small from the beginning of the loading, when
the initial deflection is large. This causes the decrease in

O’/O‘y
0.6 ----with residual stress
t=4,5mm initial yield
o |7 0er/040.248 Wo/t=0.50
) t=0.01 t=1.00
~ W./t=0.03
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0.3 {:IIE
¥ : \
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[
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1.0, -
0/0y t=9.0mm  ____ ,ith residual
stress
initial yield
0.
0.
0.
0.
0. .0

(b) t= 9.0mm
Fig. 11

the ultimate strength.

When the plate is thin, the deflection due to the
compressive load is large as compared with its thickness.
But plastification is delayed because the thin plate is

more flexible. In contrast with this, the deflection of
the thick plate due to the compressive load is not so
large as compared with its thickness. But plastification
occures for a relatively smaller deflection. This plastifi-
cation cause the remarkable decrease in the ultimate
strength of thick plate due to the initial deflection as
compared with the thin plates.

Welding residual stresses also decrease the ultimate
strength in general. As to the effects of welding residual
stresses, they may be devided into two which are the
tensile and compressive residual stresses. The tensile
residual stress field is generally produced along the edges
of the plate, and these portions often coincide with the
effective portion to carry the compressive load. So,
these tensile residual stresses delay the plastification of
these parts and increase the ultimate strength under
compression. On the other hand, the compressive stress
field in the middle of the plate increases the deflection
and also promote local plastification. So, this com-
pressive residual stresses decrease the ultimate strength
under compression. Under these two contradictory
effects, the decrease in the compressive ultimate strength
due to the welding residual stresses is most remarkable
when the ratio of the plate breadth to the plate thickness,
b/t is about 50 to 60.

4.5 Ultimate strength obtained by analysis and ex-

periment
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The ultimate strength of square plates under com-

pression obtained by the elastic-plastic large deflection
analyses and the experiments are represented in
Figs.12(a), (b) and (c), for the plate thicknesses being
4.5mm, 9.0mm and 12.7mm, respectively, with respect
to the ratio of the maximum initial deflection to the
plate thickness, wo/t. The calculated curves are a little
higher than the experimental ultimate strength for the
plates of 4.5mm and 12.7mm thickness. However, taking
into account of a sensible charactor of the behavior of
the plates such as the load condition, the effect of local
plastification of the plates during the process of forming
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Fig. 12  Relation between compressive ultimate strength

and initial deflection including residual stresses.
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initial deflection and the difference of the shape of
initial deflection between the experiments and the
analyses, it can be said that both results are well
coincide for all cases.

Concerning the ultimate strength of a plate with no
imperfection subjected to compression, Von Kérmén'$’
proposed the concept of the effective width. According
to this concept, the ultimate strength is expressed in the
form

Om_ __t E
oy 4/3(1_1)2) b Oy (34

where t and b are the plate thickness and breadth,
respectively. The calculated value of this equation is also
presetned in Figs.12(a) and (b) by X. These values are
close to those evaluated by F.EM. in thin plate, but
rather higher than those in thicker plates. The ultimate
strength predicted by Von Kédrmdn can be regarded as
higher ultimate strength of a plate with no initial
deflection.

Finally, summarizing all results, the ultimate
strength is presented against the breadth to thickness
ratio, b/t v/ oy /E in Fig.13. The buckling strength curve
and the Von Kdrmén’s ultimate strength curve are also
added in the same figure. As mentioned in section 4.4, the
more reduction in the ultimate strength due to the initial
deflection is observed for the thicker in plate thickness,
and decrease of the ultimate strength due to the welding
residual stresses is most predominant when the value of

b/t\/gy/E is about 2.0 (b/t is 50 to 60).

4.6 Effect of local bending stresses

In the preceding analyses, the consequent bending
stresses due to the initial deflection are not accounted.
As for the analysis of the experiment, it is not
neccessary to take account of these bending stresses in
these special cases. This is because that the initial
deflection of the specimen is formed by the press
machine producing plastic deformation in the plate, and
after the press load is removed, the resulting local
bending stresses should be very small, and must be
in equilibrium as a whole plate. In contrast with this,
in the case of actual structural elements, the initial
deflection is produced mainly by the angular distortion
of fillet weldments and the compressive residual stresses
due to this welding, and the local bending stresses
accompanied to this initial deflection can not be ignored
especially when the magnitude of this initial deflection
is large. In this section, an influence of these local
bending stresses upon the rigidity and strength of the
square plates under compression is examined. First, in
order to produce both initial deflection and bending
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thickness. With these initial deflection with the bending
stresses as the initial condition, the behavior of the
square plate under compression is analysed. Fig.15 shows
the relation between the mean compressive stress and the
central deflection of the plate, in which full lines indicate
the results with initial deflection only and the chain lines
results with initial deflection only and the chain lines
those with both initial deflection and bending stresses. It
is found that local plastification takes place at the
earlier stage of loading due to the superposition of the
initial local bending stresses and the applied compressive
stresses, and this causes the decrease of the ultimate
strength, especially in the case of larger initial deflection.
Thus, due attention should be paid to the effect of the
local bending stresses accompanied by the initial de-
flection, when initial deflection is large.

6. Conclusion

A series of elastic plastic large deflection analyses
using the finite element method are conducted for the
simply supported square plates under compression to
clarify the effects of the shape and the magnitude of
initial deflection, and the effect of the welding residual
stresses. Two series of experiments are also carried out
for the same purpose. The result obtained are as follows.

(1) Results of the analysis by the finite element method
and the experiment show good agreement. Also the
ultimate strength predicted by Von Kirmaén is close
to but rather higher than these results even in the
case of no imperfection.

The difference of the shape of initial deflection has
a very little influence upon the rigidity and ultimate
strength in the case of small initial deflection. When
initial deflection becomes large, there exist some
differences in the behavior of the plates. However,
the ultimate strength for all types of shape and any
magnitude of initial deflection would never exceed
the ultimate strength of the flat plate.

In the case of a thin plate which buckles elasticaly,
the rigidity after buckling becomes to about a half
of Young’s modulus, E, of the material, which should
originally equal to E, for small initial deflection. The
initial deflection decreases the rigidity, but the rigidity
above the buckling load becomes about a half of E
regardless to the magnitude of initial deflection.

In the case of a thick plate which does not buckles
elasticaly, the rigidity decreases suddenly after the
local vyielding takes place, for small initial de-
flection. When initial deflection is large, the rigidity
is not high originally, and gradually decreases after
the local yielding.

0

3)

“
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(5) Initial deflection decreases the ultimate strength of
the plate under compression, and this decrease is
more remarkable when the plate is thicker.

The welding residual stresses decrease the rigidity
and the ultimate strength in general, and this
decrease is most remarkable when b/ty/ 9%y /E =2.0.
The bending stresses which are accompanied by the
initial deflection also decrease the ultimate strength,
and this decrease can not be ignored when initial
deflection is large.

(6
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