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Prediction of Welding Residual Stress, Deformation and
Ultimate Strength of Plate Panels '

Yukio UEDA*, Tetsuya YAO**, Keiji NAKACHO*** and M.G. YUAN****

This paper describes an accurate and simplified method of estimation of compressive ultimate strength of a long
rectangular plate panel in a longitudinally and transversely stiffened plate fabricated by welding. The procedure of
estimation consists of three steps: (1)welding residual stress (2)welding deformation and (3)compressive ultimate strength
with consideration of the effects of (2) and (3). The first two are estimated consistently in terms of inherent strain and
deformation. A equivalent plate is used for (3), in which a complex initial deflection is idealized in a single deflection
mode and formulae are derived for the ultimate strength of the equivalent plate.

KEY WORDS :(Prediction Method) (Compressive Ultimate Strength) (Stiffened Panel) (Welding Initial Deflection)
(Welding Residual Stress) (Inherent Strain) (Inherent Deformation)

1. Introduction

In the design of plated structures, it is fundamentally
required to estimate accurately the compressive strength
of rectangular plates, surrounded by stiffeners or girders,
under uni-axial load. The stiffeners and girders are
attached usually by welding which produces residual stress
and deformation in both plates and, stiffeners and girders.

In order to estimate the compressive strength of a
rectangular plate with welding residual stresses and
deformation the following steps of estimation should be
taken,

(1) welding residual stress

(2) welding deformation

(3) compressive strength under the influencing factors,
such as welding residual stresses and deformation.

For estimation of the first two factors, (1) and (2),
inherent strain and deformation are used as parameters,
which are determined mainly by the condition of welding,
the kind of steel, and affected little by stiffener space.
Actual calculation may be carried out consistently by the
finite element method on the above three factors, which
the authors have applied.

However, in this report, based on results of
numerical calculation by FEM, simple methods for
estimating the first two items, (1) and (2), and the third
one, (3), with formulae will be presented.

2. Research model

A long rectangular plate dealt here is one component
plate panel of a longitudinally and transversely stiffened

plate, as shown in Fig.1.Stiffeners are attached to the
plate by fillet welding which produces thermal elasto-
plastic behavior and consequently inherent strain and
inherent deformation in the vicinities of the weld line. A

t : Thickness of plate
s.s. : Simply supported

(a) Long rectangular plate with welding residual
stresses and initial deflection
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(b) Distribution of residual stresses due to welding

of longitudinal stiffeners
Fig.1 Long rectangular plate in study
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rectangular plate with welding residual stress and
deformation is subjected to uni-axial compression. Under
the compression, each plate panel deforms laterally due to
buckling or initial deflection. Lateral deformations of two
supposed opposite. With these
discussions, a rectangular plate is assumed to displace
uniformly in the plane of the plate and supported simply
along the weld line against deflection as illustrated in

Fig.1.

adjacent panels are

3. Welding Residual Stresses

Welding residual stress may be expressed in terms of
so-called inherent strain which exists in the vicinity of a
weld. The residual stress can be obtained through an
elastic analysis using inherent strain as an equivalent load
if it is known for the specified materials and welding
conditions. According to the recent research [1-4],
inherent strain can be predicted easily for several types of
joints prepared under the given condition, and so residual
stress can be predicted only by the elastic analysis.

In the case of a fillet welded T-joint, such as stiffened
plates, the inherent strain distribution is supposed to be
different from that in a butt joint, since a part of the
given heat input conducts from the plate to the stiffener
[11 However, the height of the stiffener is considerably
smaller compared with the width of the plate panel. The
temperature history of the stiffener may be considered as
uniform and being the same as that of the weld metal, so
that the inherent
approximately the same as those of the weld metal in the
plate. For this reason, the distribution of inherent strain,
may be regarded as the same as that for a butt joint. With
this assumption, the estimated distribution of inherent

strain and residual stress are
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strain and the resulting residual stress are a little larger
than the accurate one.

3.1 Inherent strain distribution

Recent investigation [1,2] indicates that the inherent
strain in the middle portion of a longer rectangular plate
surrounded by stiffeners consists only longitudinal
components € *;, which are the same along the
longitudinal direction. While near the end of the plate,
besides the longitudinal components € *x, there is also
transverse component € *y, both of which vary little with the
change of the width of the plate unless it is too small.

In actual plated structures, such as ships, the length of plate
is long enough in comparison with the width so that the
important component of residual stress O y is caused by € *x.
The inherent strain distribution in butt welded plate of
mild steel are obtained by numerical analysis using FEM
and shown in Fig.2(a) and its idealization is shown in
Fig.2(b). The inherent strain magnitude, € % , within
HAZ and width of inherent strain distribution zone, b,
can be expressed as

b =0.2426 @EQ/(c pt ) ] "
€*=¢( 0wl/E
and
£ 1-(0.27 A ETw)/ 0« ] 2
§ = -1-(0.27 a BTw)/ O v
Tw=Qlc o tb
Where,
a : linear thermal expansion coefficient, 1/ C
c : specific heat, J/g-C
E Young’s modulus, MPa
€ inherent strain

/€ € o o
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bo b/2
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(a)Observed inherent strain

(b)Idealized inherent strain

(¢)Resulting residual stress

Fig.2 Distributionof inherent strain and residual stress
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: plate thickness, mm
: thermal diffusivity, mm /sec
: plate width, mm
: heat input, J/mm
density, g/mm3

Qhoo‘w‘”
<

: vyield stress of base metal, MPa
: yield stress of weld metal and HAZ, MPa
average temperature rise,C

O yw

Tav
When the welding condition does not change,
residual stresses in the butt joints with different aspect
ratios a/b can be predicted accurately by the proposed
equations [2].
distributions can be obtained.

Consequently, accurate residual stress

3.2 Simple method of prediction of welding residual stresses

For the middle portion of a longer plate, the
longitudinal residual stress due to welding, can be
estimated by the following simple method.

The idealized distribution of € *« is as shown in
Fig.2(b), and the resulting residual stress O x for mild
steel should be a pattern indicated in Fig.2(c).

The widths ya and b. of the
distribution coincide with yu and be in € *x-distribution.
The maximum tensile stress can be regarded as being
equal to the yield stress of the weld metal 0 yw and the
uniform compressive stress can be assumed rationally and

residual stress

its magnitude should be determined so as to satisfy the
equilibrium condition of stresses in the cross-section.
Then, the stress can be calculated as follows,

E(E.- €% <y < bo
cx=E €= ( ), 0 =y (3)
E €. bo =y = b2
Where,
s Gutb) o
b_(yH+bo)

4. Estimation of welding deformation

Welding deformation of a rectangular plate due to
fillet welding can be expressed in term of inherent
deformation as an integration of inherent strain. Here,
inherent deformation due to fillet welding and resulting
deformation of rectangular plate will be estimated [5].

4.1 Estimation of  angular distortion (inherent

deformation) of free T-joint due to fillet welding

The following equation [6] was proposed for
estimation of angular distortion of free T-joint due to
single and multi-layers fillet welding, as indicated in Fig.3.

St=(W/Woya X e (rad) (4)
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where, W: wight of total weld metal (per unit weld length), Wo:
weight of weld metal per layer (per unit weld length).
When the welding conditionis almost the same for each
pass and the number of layers is relatively small, (W/Wo)=
n. n: the number of layers, X = I/(t m)x 10'3, I: welding
current (A), v: welding speed (cm/sec), m, ¢; and c;:
which
influenced by the kind of steel, welding method,etc. In

constants  determinedby  experiments, are

the case of one pass fillet weld, these coefficients were
determinedfrom experiments and they are represented in
Table 1.

Fig.3 Angular distortion due to fillet weld of T-joint

Table 1 Constants in estimating equation for angular distortion

boate (gt ™ | |
SMa1 20. | 1.6 | 0.36 | 2.8
SMS0 39. | 1.9 | 0.48 | 2.8
SM53 s, | 1.8 ] 035 2.5

+ Weld Metal LB-52
« Thickness of Plate
+ Condition of Welding :

t=6~40mm

300A,37V,20.9 cm/min,
Q = 31,500 J/cm

- Leg Length : 10mm

4.2 Estimation of welding deformation

Generally welding deformation can be estimated by
FEM, imposing the above
deformation ¢ ¢ along the rectangular plate. Here, a
simple estimating method is presented.

Welding deflection wo of a plate panel is assumed to
be expressed by the following equation(),

mentioned inherent
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m

) G-

wo = ( rZHAmsin :

where, a: plate length

The coefficient of each term in eqn (5), A, was
determined with the aid of the principle of virtual work.
The maximum magnitude of the welding deflection, Womas,
was calculated as

4
2b 27hb
m Sou + —1—15a mJ oy
(m-1)2
max = _1 T7 Z 6
W= 24D b . 7b ©)
=m -+ m + 2
60a 3a

(m takes only odd numbers)
where, &o=(1- (t- +2f)/b) 8¢, & o, =(1-(ts +2f)/a) ',
ts: thickness of stiffener, f: leg length of welds

With only six terms, eqn (6) can predict Woms Within
an error of 1% with respect to the converged value.

The applicability of eqn (6) was examined in
comparison with actual measurement on the deck plate
panels of a bulk carrier and car carrier.

Mean values of the maximum deflections of same deck
panels are plotted in Fig.4. This figure indicates eqn (6)
can predict wom Very accurately.

6.0 T T T T T
m Mild Steel (0.39)
Wo max le3
(mrg?o A Woax ¢ Measured maximum deflection ]
Wopmax : Predicted maximum deflection
YO 0,%,0,8,0 50 (g ]
measured one : Mean value O
( ) :Standard 0.75
deviation of /A( )
3.0 | measured (0.15) ]
one
a xbxt
2.0 | OO : 2400x800x 34.5 E
Y 2100 x 800 x 19
(0.30) O : 2800x800x19
10 a A : 2800 x 800 15
: O 1 3440x780 % 11 1
1 1 1 1 1
0. 1.0 2.0 3.0 4.0 5.0 6.0

WDF;nax (mm)

Fig.4 Comparison between predicted maximum initial
deflection and measured ones
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5. Methods for predicting the ultimate strengths of long
rectangular plates with uni- and multi-modal initial
deflections [7]

5.1 Equivalent rectangular plates

In this section, simple methods will be proposed to
predict the compressive ultimate strength of a long
rectangular plate with multi-modal initial deflections. An
equivalent rectangular plate with uni-modal initial
deflections is considered, which exhibits the same
behaviour as that of the collapsing portion of the
rectangular plate with the multi-modal initial deflections.

Taking the same width and thickness as the original
plate ‘and denoting the length, width, thickness and the
maximum magnitude of initial deflection of this equivalent
rectangular plate by ao, b, t and Ao,respectively, the initial
deflection, we, is expressed as

TX . T
sSin Y
Ao b

(7)

wo = Ao sin

In the following sections, two different methods will
be proposed to determine the length, as, and imperfection
magnitude, Ao, of the equivalent plate; the ’deflection’
method for thin plates, and the ’curvature’ method for
thick plates. '

fe a

[

T T T T T T T T T T T T T T T s e eI I

: s NP =N
L’ ---- " N -":_,f“\\_ G I, 1?‘\ F : <

: S \\‘ ’/ \\ — |<- -Q
. = I
e S 1{<]

— : Deflection

------ Curvature

Fig.5 Length of an equivalent plate

5.2 Deflection method (for thin plates)

For a thin plate only a particular deflection mode
among all component ones becomes predominant and
stable above the buckling load. It is postulated that an
equivalent plate may show almost the same behaviour as
the original if only a component of stable deflection is
assumed as an initial deflection. This method is the
‘deflection method’.

The following method is proposed to obtain an
approximate ultimate strength: (a) The length of the
equivalent plate is assumed to be either one half-wave
length of the buckling deflection mode, one mode higher,
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or two modes higher than the buckling one, with the
maximum initial deflection equal to the coefficient of the
assumed component of the initial deflection. (b) The
ultimate strength is calculated by the elasto-plastic large-
deflection analysis or by formulae which will be described
in 5.6, on those three equivalent plates. (¢) The lowest
ultimate strength of the three plates can be regarded as
most appropriate.

This method has been applied to twelve panels of the
car carrier and three panels of the bulk carrier. The
resulting ultimate strengths are compared with the exact
~ ones (as calculated). The predictions are very accurate [7].

5.3 Curvature method(for thick plates)

In the case of thick plates, initial plastification takes
place just near where the curvature of the initial
deflection takes its absolute maximum value. The plastic
zone spreads with further load increase, and the plate
finally collapses with almost the same deflection mode as
the initial deflection. The length, a», and the maximum
magnitude of initial deflection, Ao, of an equivalent plate
will be determined by one of the following methods.

Curvature method I

For the equivalent plate, the same deflection mode
may be used as that of the maximum component of the
maximum curvature of the initial deflection, and should
indicate the same sign as the maximum curvature. One
half-wave length of this deflection component is taken as
the length of the equivalent plate. If this component is the
kth, the length, ag,should be a/k. Next, the maximum
magnitude of initial deflection, A,is determined so that
the maximum curvature of the initial deflection of the
equivalent rectangular plate is equal to that of the actual
plate considered.

From eqn (7), the maximum curvature of the
equivalent plate is ~Ao (7 / ao)z,for x=a/2andy=b/2,
and this should be equal to (1/ £ o)ms This yields

Ao 2

1
) (T)max

a
d ac=——m 8
and a . (8)

Ao=_( =

Curvature method 11

There exists two consecutive points where the
curvature is zero in the collapsing portion of the plate as
illustrated in Fig.5. The point of maximum curvature is
located between these. In this method, the distance
between these two points, £, is taken as the length of an
equivalent rectangular plate.
represented by G and F in Fig.5.

The maximum magnitude of initial deflection, Ao, is
taken as —(I/ 7 )2 (1/ P o)ms, so that the maximum
magnitude of initial curvature is the same as that of the

These two points are
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original plate. In summary, they are
Av=-Ur)(l/ £)ux and ar= £ (9)

Applying these two methods, the
ultimate strengths of the panels of the bulk carrier are

calculated. The results are compared with the accurate

compressive

values (as calculated). From the comparison, it may be
said that both methods predict the ultimate strength fairly
well, especially curvature method Il .

5.4 Deflection and
thickness

curvature methods for medium

Both the deflection method and curvature method
are not very good for plates of medium thickness, but
may be applicable. The average of the two results should
be an improvement on their individual predictions.

5.5 Estimation of ultimate strength of equivalent plates
using formulae for the minimum strength of plates
with a uni-modal initial deflection

The ultimate strength of an equivalent plate may be
calculated by FEM,but a simple method is proposed to
use formulae (10) to (17) for the minimum ultimate strength
of a plate with a uni-modal initial deflection and welding
residual stress to be derived in the next section. For this,

the plate parameter, § =(b / t)v( 0 v/ E ), eqn (6

or 0,° : Predicted ultimate gaﬁ
c strength o)
Gu/0y ’ Rﬁ&,o’aﬁ
0,° : Calculated ultimate % 4/ 0

0.8 | strength a8

_________ w A

. HT &/

| rd 1 D

| [ l @
0.6 b Cllamaaan = /

a 4

0.4

v : 3440 x 780 x 8 mm
O : 3440 x 780 x 1) mm
A ¢ 2800 x 800 x 15 mm

0.2 % : 2100 x 800 x 19 mm
o : 2800 x 800 x 19 mm
O : 2400 x 800 x 34.5 mm

I 1 1

0 0.2 0.4 0.6

L
0.8 1.0
0%y

Fig.6 Comparison of calculated compressive ultimate strengths

with those predicted by the simple formulae
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Initial deflection for F.E.M. analysis ;
wo = ( Aoy sin%+AM sinsz() sinﬁb}i

m ; Number of half-waves in loading
direction

AN

0,/0y
0.8 m
0.6 O
<" A\
\\ \ Ao/t =0.01
0.4 SNm=l e m=2

ik T
L

1 1

A = - 1
E t I; F.E.M.
) B ! o
) : X A
t 1

—— - o,

m

Aom/t =0.25
_______ =3 e —— . N -
T s Buckling strength

Aom/t =0.50

m=4 m=5 m=6

analysis 3

Ao1/t=0.01, Ap2/t=0.0 o
Ao1/t=0.25, Ap2/t=0.0

Ap1/t=0.01, Asa/t =0.01
+ 35 A/t =0.10, Ao/t =0.10

Ao1/t=0.50, Ag2/t=0.0

0 1.0 2.0

3.0

4.0 5.0 a/b 6.0

Fig.7 Compressive ultimate strength of rectangular plates with uni-modal initial deflections

, is determined from the plate dimensions. Next, 7=wo/t
is determined according to either the deflection or
curvature method. As for welding residual stress, the
uniform compressive stress, .0 ., can be determined by
the method described in section 3. With these values, the
ultimate strength may be calculated.

This method was applied to actual deck plates and
the ultimate strengths were compared with
calculated by the elasto-plastic large deflectionanalysis of
FEM. The results in Fig.6 which
demonstrates that the proposed prediction method is very

those

are represented

accurate.
5.6 Ultimate strength with a uni-modal initial deflection

A series of elasto-plastic large deflection analyses
have been carried out, assuming that the uni-modal initial
deflection is specified and the deflection mode is assumed
to be stable until collapse. In Fig.7, the ultimate strength
is represented by thin solid lines, and the minimum
ultimate strength from those obtained for the same
maximum magnitude of uni-modal initial deflection is
represented by bold solid lines. The lowest ultimate
strength is almost constant for a specified magnitude of
initial deflection, irrespective of the aspect ratio.

Taking account of initial deflection and welding
residual stresses, the minimum ultimate strengths are
calculated as those for 6./ 0 yw = (0.0,0.11 and 0.25 and
those for o. / Oyw are plotted against the non-
dimensional parameter, (b/ ty ( 0 v/ E) in Fig.8.

The minimum ultimate strengths are expressed by the
following
applying the method of least squares to the calculated

simple formulae, which ware derived by
values.

(a)o o 0 vw=0.0
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(i) 0.8< £ 2.0
6.0 v=(-2.431 1 +1.68267 -0.2961)( £ ~4.0)
+(7.27457 *~4.74317 +0.6709)( & —2.0)+z (10
(~0.35977°+0.1748 7 +0.8598)/ (2.24327 +1.3322)
+0.03737 +0.2481
({2.0< € 3.5
0 0 v=(-0.3597 1" +0.1748 7 +0.8598)/( & +2.2432
7 -0.6678)
+0.0373 7 +0.2481 (1)
(b)o o 0 v =0.11
(1)0.8< € 1.6
0 0 v=(—0.398 7 +0.4339 7 -0.1342)( & -2.56)
+(1.0814 7°=0.75517 +0.1020)( & -1.6)+z. (12
22=(0.4974 1" +0.8281 7 +1.0171)/(2.7942 7 +1.2908)
~0.1849 7 +0.1571

71 =

(ii)1.6< & £3.5
0 0 v=(0.4974 1" +0.82817 + 1.0171)/( £ +2.7942
7-0.3902)
-0.1849 7 +0.1571 13
(c)o o 0 vyw=0.25
(1)0.8< € =1.5

G 0 v=(~0.33177"+0.63147 —0.2656)( & —2.25)

+(0.5369 1°-0.77987 +0.2854)( & —1.5)+2 (14) -

2= (0.2927 +1.29367 +0.7471)/(2.897 7 +1.1189)
—0.27157 +0.2057

(i)1.5 & <3.5
G/ 0 v=(0.2927"+12936 7 +0.7471)/( & +2.897 7
-0.3811)
-0.2715 7 +0.2057 15
where,
E=(b/tyY ( 6/ E) 16)
T=wo/t (17
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1.0 R 5 O ; FEM analysis (wo/t=0.01)
A A ; FEM analysis (woe/t=0.1)
Ou/ 0y O o ; FEM analysis (wo/t=0.2)
Wo/t=0.2 O 3 FEM analysis (wo/t=10.3)
0.8 ¢ -
Wo/t=0.3 -~ Wo/t=0.0]
W/t =0.4 : \
0.6 Wwo/t=0.5 ~—
or Wo/t=0.1
b=1000mm \‘, ~
Oy = 28 kg/mm %
Py h
TR N
il T b
| I~ —_— .

o sl - -5 ,7r Egs (].2) and (13) ~_
0.2F | =i o ] —_——— Buckhng_strength free Bucklin ~-
1 L_‘__"ﬂ _J - frottl residual stresses strenath

—--—; Ultimate strength free from
a residual stresses (Eqs.(10) and (11))
1 1 1 1 . 1 ]
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
b/t /Oy/E

Fig.8 Minimum compressive ultimate strengths of rectangular plates with uni-modal imperfections
(Rectangular plates with residual stresses, 0 ¢/ ¢ yw = 0.11)

6. Concluding remarks

Concerning a long plate panel of a longitudinally and
transversely stiffened plate, the three estimating methods
are presented for (1) welding residual stress, (2) welding
deformation and (3) compressive ultimate strength of the
plate panel. For these items, basic procedures are
described since the space is limited. As further researches
have been advanced, details may be reported in individual
references (1,2,5,8). Especially, in reference (8), the
effective ratio of welding deformation was proposed,
which defines the magnitude of the initial deflection of an

equivalent plate and can be -calculated by simple
equations.
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