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Simple Prediction Methods for Welding Deflection and Residual Stress of

Stiffened Panels'

Yukio UEDA #*, Keiji NAKACHO ** and Shuji MORIYAMA **%*

Abstract

In box-girder structures such as hulls of ships and bridges, deck plates play an important role for longitudinal bend-
ing strength. There have been a number of reports on the behavior of a stiffened deck plate subjected to in-plane com-
pressive loads until the compressive ultimate strength. The authors also have studied this subject in series. It is known
from the results of these resegrches that welding initial imperfections, such as initial deflection and residual stress, pro-
duced in q deck plate largely influence its compressive ultimate strength. Initial deflection and residual stress distribute
very complicatedly in an actual deck plate panel. It takes much time to accurately obtain them.

In this research, the production mechanism of initial imperfections is clarified and a new method is developed to
estimate average initial imperfections so simply as by hand calculation. The new estimation method is applied to mild
steel deck plate panels to show its good accuracy in comparing with actual measured initial deflections of ships. It is also
applied to HT steel (high tensile strength steel) deck plate panels to investigate how initial imperfection varies among dif-

ferent kinds of steel.

KEY WORDS:

1. Introduction

In box-girder structures such as hulls and bridges, deck
plates play an important role for longitudinal bending
strength. There have been a number of reports on the
behavior of a plate or a stiffened deck plate subjected to
in-plane compressive loads until the compressive ultimate
strength. The authors also have studied this subject in
series!) 19, As for compressive ultimate strength of a stif-
fened rectangular plate, they have analyzed the behavior
up to failure under the influence of welding initial imper-
fections such as initial deflection and residual stress, and
clarified its characteristics. It is known from the results of
these researches that welding initial imperfections pro-
duced in a deck plate largely influence its compressive
ultimate strength, and that such welding initial imperfec-
tions should be considered in the study of compressive
ultimate strength of a deck plate. However, initial deflec-
tion and residual stresses distribute very complicatedly in
an actual deck plate panel. It takes much time to obtain
accurate information, since they should be observed either
in a real ship or on a specimen of the same size as the
actual stiffened deck plate panel which has been furnished
under the same welding conditions as actual ones. More-
over, the observation results from a limited number of
ships or experimental specimens do not necessarily pro-
vide generalized information.

In this research, a theory based on the production

(Simple Prediction Method) (Welding Initial Deflection) (Welding Residual Stress) (Stiffened Panel)
(Hull) (Compressive Ultimate Strength)

mechanism of initial imperfections is developed in order
to propose a new method to estimate average initial
imperfections so simply as by hand calculation that uti-
lizes a limited information, such as the sizes of a stiffened
deck plate panel and the welding conditions of the stif-
feners. The new estimation method is applied to mild steel
deck plate panels to show its accuracy. It is also applied to
HT steel (high tensile strength steel) deck plate panels to
investigate how initial imperfection varies among different
kinds of steel.

2. Simple Estimation Method for Welding Initial Deflection

To be presented here are the estimating equations for
welding initial deflection produced in one of the deck
plate panels of a ship, which are stiffened with longitu-
dinal and transverse members. Initial deflection can be
simply and accurately calculated by equations which are
expressed in terms of the sizes of a panel and stiffeners
and the welding conditions. First, angular distortion due
to fillet welding of a T-joint without restraint is obtained,
and then welding initial deflection in a rectangular plate
stiffened on one side is estimated.

2.1 Angular distortion of unrestricted T-joint due to fillet
welding

Angular distortion 8¢ due to fillet welding of an un-
restricted T-joint (see Fig. 1) can be calculated by the for-
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mulae presented by Watanabe and Satoh!!) as follows:

(i) In case of one-pass welding
8¢ =cyxMe X (rad)
where, x = I/(t\/vt ) X 1073

I: welding current (A), v: welding speed (cm/sec), t:
plate thickness (cm), m, ¢, c, : constants determined
by the kind of steel, welding method, etc.

6

(i) In case of multi-pass welding

8¢ =(W/Wo)c, X™ e~ %X (rad)

where, -
W: weight of total weld metal (per unit weld length)
W, : weight of weld metal per layer (per unit weld
length). When the welding condition is almost
the same for each passes and the number of lay-
ers is relatively small, (W/W,) = n. n: the number
of layers.

)

The constants, m, ¢; and c,, appeared in the above
equations are determined by the kind of steel, welding
method, etc. Their values were shown by Akashi et al. for
the cases where SM41, SM50, SM58 and HT80 were weld-
ed by shielded metal arc welding or submerged arc weld-
ing processes”). In this study, auto-con welding process,
which is considered to approximate to the gravity welding
process widely used in shipyards, is applied to SM41,
SMS50 and SM53 plates of 6 to 40 mm plate thickness by
one-pass welding method. Then angular distortion pro-
duced in respective T-joint is analyzed by Eq. (1). As a
result, the constants, m, ¢,, c,, are obtained as shown in
Table 1.

™~ - ‘——\
S h’_,:’,,\ iéf
| = == ]

Fig. 1

Angular distortion due to fillet weld of

T-joint.

2.2 Angular distortion restraint coefficient K5 and angu-
lar distortion §, due to fillet welding of T-joint under
restraint

In this section, angular distortion 8, due to fillet weld-
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Table 1 Constants in estimating equation for angular dis-
tortion.
Material " Oy m c c
of Plate || (kgf/mm?2) 1 2
SM41 29. 1.6 0.36 2.8
SM50 39. 1.9 0.48 2.8
SM53 47. 1.8 0.35 2.5
- Weld Metal LB-52
- Thickness of Plate t=6~40mm

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

+ Condition of Welding :

+ Leg Length : 10mm
ing of a continuously stiffened panel as shown in Fig. 2 is
estimated using 65 described in Section 2.1. Since the
panel is so deformed as to satisfy the symmetry condition
at the mid-span between the stiffeners, this welded joint is
henceforth called ““fillet welded T-joint under restraint”.
Assuming an ideal condition that the stiffeners shown
in Fig. 2 are welded simultaneously, a continuously stif-
fened panel is modelled as a beam as shown in Fig. 3 (a)
considering the symmetry conditions with respect to the
center line of the stiffener and at the mid-span of the
panel. The symbols in Fig. 3 (a) denote as follows:

M, :concentrated bending moment equivalent to one
due to transverse shrinkage of weld metal, which
causes the same angular distortion as that due to
fillet welding.

:bending moment which makes the slope at x = [
zero $o that the symmetry condition is satisfied.

Iy: acting position of M

21: distance between stiffners

0: slope

This beam model is used to obtain the angular dis-
tortion restraint coefficient which will be defined below.

First, in the case where only the equivalent moment
M, acts at the position x = /; as in Fig. 3(b), the slope at
the same position, 6, is expressed as follows:

{ (M, /ED) x
M, I, /EI

0<Lx<h)
(I, £xL0)

01 = ®)

The slope 6, is equivalent to the angular distortion &¢
of T-joint on the unrestricted condition mentioned in

Section 2.1. That is,
8¢=M,I,/EI @

Next, in the case where only M, acts as in Fig. 3(c),
the slope 0, is expressed by the following equation.
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b
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Fig. 2 Deflection of panels due to fillet weld betwéen panel
and stiffener.
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Fig. 3 Deflection of beam by equivalent moment to
the shrinkage force near weld metal.

2 =— Mz /E) x )

As 0, + 0, =0 at x =] for the original deflected configu-
ration shown in Fig. 3(a), the relation between M; and
M, may be written as

0<xgh

M, =(,/DM, 6)
Accordingly, 6, is as follows:
2 =— M /ED) (/D x ™)

For such a case where moments M; and M, act simul-
taneously as in Fig. 3(a), an equation is derived from
Egs. (3) and (7) for the slope 8 at x =1I;, where M, acts.

o =M /ED) (1 =11 /) ®

When equivalent bending moment M; which causes the
welding angular distortion acts, the slope at x =, differs
between the following two cases; in one case the end is
free and in the other case restraint is imposed to the end
so as to satisfy the symmetry condition. They are ex-
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pressed by Eq. (4) and Eq. (8) respectively. The ratio
between these slopes is then defined as the angular dis-
tortion restraint coefficient Ky ; that is,

Ks =80/6¢=(1 -1,/ ©)

Equation (9) is a function of /; which specifies the act-
ing position of M;. This /; will be estimated next. Figure
4 depicts the distribution of bending moment of the beam
shown in Fig. 3(a). It is seen from Fig. 4 that x =1, isan
inflection point of deflection. Taking this into account, 7,
is estimated based on the result of thermal elastic- plastic
analysis. Having analyzed several beams with different
beam length / and different welding conditions, the result-
ing respective deformations are investigated in detail, and
it is known that the acting position of M,, that is /,, is
near the toe of weld metal; that is,

L=/ +f (10)

where, t5: plate thickness of a stiffener, f: leg length
Consequently, the angular distortion restraint coef-

ficient K5 and angular distortion 8, at the toe of weld of

T-joint under restraint may be expressed as follows:

Ks=1—(t; +26)/ (2D
50=K5 '6f (rad)
M A

an
(12)

x

2 -]

Fig. 4 Distribution of moment in the beam,

2.3 Welding initial deflection of a rectangular plate stif-
fened on one side

On the basis of angular distortion due to fillet welding
of T-joint under restraint mentioned in Section 2.2, initial
deflection due to welding angular distortion of a rectan-
gular plate surrounded by one-sided stiffeners is estimat-
ed. The estimating formula is derived using the principle
of virtual work.

(1) Procedure of analysis

The following procedures are taken to estimate initial
deflection due to angular distortion which is produced
when longitudinal and transverse stiffeners are welded to
a rectangular plate.

(i) A rectangular plate with length a and breadth b as
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shown in Fig. 5(a) is to be analyzed. As the boundary
condition, it is assumed that the plate is simply sup-
ported and the edges of the plate are kept straight.
First, deformation of the plate is considered when the
length is long enough in comparison to the breadth
(Fig. 5(b)). Imposing uniform bending moment My
along the longer edges, M,y is defined as such M,
that makes the slope at the acting point of moment in
the middle of the long edge (x =4;/2,y =0, b) equal
to angular distortion 8,4 under restraint, which is
expressed by Eq. (12). Now, it is considered that this
moment M, is induced along the longer edges of the
rectangular plate due to fillet welding of longitudinal
stiffeners.

Similarly, moment M,y due to welding of transverse

stiffeners may be calculated.

(iii) Maximum welding initial deflection wg max Of the
plate shown in Fig. 5(a) is calculated, which is pro-
duced in the middle of the plate by the actions of
moments Mgy and M,y obtained in the above pro-
cedures (i) and (ii) respectively.

Assumed shape of initial deflection and its maximum
initial deflection

When uniform bending moment acts along the long

edge of a sufficiently long plate shown in Fig. 5(b), the

shape of deflection in y-direction in the middle portion

(x = @;/2) becomes parabolic. On the basis of this fact, the

shape of initial deflection is assumed as follows:

(if)

2

m

Wo = (2 Am sin )67 by (—o5)  (13)

For this initial deflection, Moy, Moy and wg pmax are
calculated consecutively by respective procedures des-
cribed in (1). In this study, the principle of virtual work
(virtual displacements §A, (m = 1, 2, 3, ...)) is applied.
Therefore, the maximum initial deflection wg max pro-
duced in the middle of the rectangular plate may be ex-
pressed as follows:

Y

A
@ ®)

Fig. 5 Prediction of deflection of panel due to welding for
long. and trans, stiffeners.
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R
—j% Box + %m Soy
Wo max = 2 (_1)(m—-1)/2 . :
i AL M s
60a* 3a?
14
(provided m takes only odd numbers)
where, . '
Sox =Ksx- 8= { 1 (t,+20)/b | 5

50y=K5y'5f= {1—(ts+2f)/a } S¢

If welding condition, the kind of steel and plate size
are specified, the ‘maximum deflection Wo max Produced
in the rectangular plate can be estimated by substituting
8¢ obtained by Eq. (1) (or (2)) into Eq. (14).

Deflection caused by angular distortion due to fillet
welding has thus been estimated. Yet, actually, shrinkage
of weld metal along the weld line produces additional
deflection to it. In cases of deck plates of a ship, however,
the additional deflection is usually so small that only the
deflection due to angular distortion shown by Eq. (14)
may be enough for consideration. The magnitudes of
these two kinds of deflections will be compared in Chap-
ter 4, using actual deck plates.

Equation (14) converges well when calculated to the
11th term (m = 21), and only about 1% error is observed
to the 6th term (m = 11).

3. Simple Estimation Method for Welding Residual Stress

When longitudinal compressive ultimate strength of a
deck plate panel is evaluated, the influence of residual
stress should be taken into account. Longitudinal residual
stress is produced by fillet welding of a deck plate and
longitudinal stiffeners, and this is considered to influence
the strength much more than other components of weld-
ing residual stresses. Accordingly, only this longitudinal
component o,, is treated in the following (see Fig. 6)*%).

(i) As for longitudinal welding residual stresses distribut-
ed in the breadth direction of a panel (in y-direction),
it is assumed that the pattern of distribution of both
tensile stress near the weld zone and compressive one
in the-central portion of the panel is rectangular and
the residual stresses are self-equilibrating (the result
of thermal elastic-plastic analysis considering the
effect of stiffeners has proven that this assumption is
mostly applicable to deck plates and the like which
are constrained greatly against in-plane deformation).
When multi-pass welding is applied to fillet weld,
stresses produced by laying the pass with maxi-
mum heat input (AQmax) become dominant residual

(i)



Prediction of Welding Imperfections of Stiffened Panels

stresses. In reference to some actual distributions, the
breadth b; of tensile residual stress distribution may
be given as follows:

by = (t/2) + 6.19 X 1072 X AQuax/(ts +2t)  (15)

where,
ts: plate thickness of longitudinal stiffener (mm),
t: plate thickness of a panel (mm), AQpay:
maximum heat input per pass (J/cm)

(iif) The magnitude of tensile residual stress, oy max, iS
equal to the yield stress oy in deck plates of the con-
ventional materials, though it is considered that
tensile stress hardly reaches yield stress due to phase
transformation expansion at the cooling stage in
SMS58 and HT80 of the materials mentioned in Sec-
tion 2.1. Accordingly, the magnitude of tensile resid-
ual stress in respective material is assumed as follows
on the basis of the study by Satoh et al.!®),

Ow max (SM41) = oy (SM41) X 1.0
Ow max (SM50) = oy (SM50) X 1.0
Ow max (SM53) =0y (SM53) X 1.0
Ow max (SM58) = oy (SM58) X 0.8
Ow max (HT80) = oy (HT80) X 0.55 (16)

(iv) Compressive residual stress directly influences the
compressive ultimate strength and its breadth and
magnitude can be obtained by so using those of the
above mentioned tensile stress as to satisfy an equili-
brium condition.

Fig. 6 Distribution of residual stresses due to welding of
longitudinal istiffeners.

4. Applicability of the Simple Estimation Method

In the previous chapters, the simple estimation meth-
ods for initial imperfections due to fillet weld joining
longitudinal and transverse stiffeners to a rectangular plate
has been presented based on the result of study on deck
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plate panels in a ship hull. In this chapter, applicability of
the method is discussed. The estimating equations for
residual stress are expanded ones from those shown in
Ref. 13 so as to apply to HT plates. Then, the accuracy of
the equations will not be examined here since they are
reliable. Investigation is made into the accuracy of the
estimating equations for initial deflection. First, for
actual mild steel deck plate panels, initial deflections
calculated by the equations are compared with the observ-
ed ones. Then, this estimating method is applied to HT
deck plate panels, too.

4.1 Applicability to mild steel deck plate panels

First, deck plate panels of mild steel with 28 kgf/mm?
yield stress will be analyzed.

The authors, formerly, observed initial deflections on
21 panels of 4 kinds in a 60,000 ton Bulk Carrier (here-
inafter called B.C.) and 12 panels of 2 kinds in a Pure Car
Carrier for 5,500 cars load (hereinafter P.C.C.)% 19, The
plate thicknesses were 15, 19 and 34.5 mm in B.C. and 8
and 11mm in P.C.C.. Among these, the 8mm thick panels
of P.C.C. seemed to have been subjected to straightening,
and therefore are not discussed here. The sizes and weld-
ing conditions of the panels treated in this Chapter are
indicated in Table 2.

Using the estimation method shown in Chapter 2,
welding initial deflection of the above mentioned panels
of five different sizes are obtained. As is seen from the
welding conditions indicated in Table 2, the voltage varies
a great deal among respective panels, so that the average
values of voltage and current are used for estimation of
initial deflection. As for B.C., the welding conditions are
corrected in the way that heat input corresponds to the
length of legs because the 15 mm thick panel has short
legs different from other three kinds of panels. As for the
constants in the equations for estimation of angular dis-
tortion, those of SM 41 by auto-con welding (similar to
gravity welding), indicated in Table 1, are used. As a result,
maximum initial deflection w, max is obtained for respec-
tive five kinds of panels.

Thus estimated are the initial deflection due to angular
distortion. When they are compared with the observed
values, additional deflection Aw, by the longitudinal
shrinkage of weld metal should be included in them as
mentioned in Chapter 2. The additional deflection may be
obtained by elastic large-deflection analysis, which proves
that Aw, is extremely small compared with Wq max
due to angular distortion; that is, Aw, is 0.6% of W¢ max
in 34.5 mm thick plates and 4% in 11 mm thin plates.
Accordingly, it is needless to consider added deflection
due to production of residual stresses, which counts little
as far as the similar panel sizes and welding conditions are
used. Whereas, the above observed values of maximum
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Sizes of Panels and Stiffeners| Number of Conditions of Welding
Kind Deflection- Leg
of Ship Panel Long. Stiffener | maasured Current | Voltage | Velocity| | . ovp
axbxt (mm) hxtg (mm) panels (A) (v) (cm/min) (mm)
2400x800x34.5 400 x 35 12 8
Bulk 2100%800%19 300 x 28 3 290 24 8
g Y 15
Carrier 2800%x800x19 300 x 29 300 46 8
2800x800x15 250 x 19 6
Pure Car
Carvier | 3%40x780x11 |200x90x9/14 1.A. 200 250( 24 46 15 5
initial deflection scatter more or less, so that their mean K
values and standard deviation values are put to com- A/ s1n (0xL 2Rl a<x<a)
. . . . © max —zK 2K
parison. The estimates of the maximum initial deflection
due to only angular distortion and the observed values are Wo a -1
compared as shown in Fig. 7 which proves that the estima- Wo max ( K <x< a)

tion method is highly accurate.

In accordance with the results of researches done by
the authors, the shape of initial deflection is idealized so
as to define the standard initial deflection as shown in
Fig. 82019 This shape along the longitudinal center line,
is flat in the middle portion and a half of the half-wave of
the buckling mode in the vicinities of the both ends,
making the maximum initial deflection w, ., identical.
Moreover, one half-wave of sinusoidal-curve is assumed for
the deflection in the breadth direction. Thus presented
standard initial deflection may be expressed as follows
with respect to the longitudinal center line (y = b/2):

Predicted maximum deflection womax ( SM53 ) (mm)
bxt 2400 % 800 | 2100 x 800 | 2800 x 800 | 2800 x 800 [ 3440 x 780
axbx x34.5 x19 %19 x15 x 11
Wo max 0.69 2.44 2.54 2.80 4.59
6'0 T T T T L}
m Mild Steel (0.39)
Wo max o
(mm) | Wy max : Measured maximum deflection ]
Wo%ax : Predicted maximum deflection
40 F O, %, 0,4,0 for ]
. (0.27)
measured one : Mean value
() :Standard o A (0.75)
deviation of ﬁ'/ ’
3.0 b fgizswed (0.15) i
a x b xt
2.0 F [J : 2400 x 800 x 34.5 -1
¢ : 2100 x 800 x 19
(0.30) O : 2800x800x 19
10 O A : 2800x800x 15
T O - 3440x780% 11 )
| 1 1 i Je
0. 1.0 2.0 3.0 4.0 5.0 6.0

Wo prﬂax (mm)
Fig. 7 Comparison between predicted maximum @nitial
deflection and measured- ones.

(17)

where, a: length of panel, W, may: magnitude of maxi-
mum initial deflection, K: the number of half-
waves of buckling mode

The initial deflection, which is formed as standard
initial deflection and has maximum value w, .y calculat-
ed by the estimation method, is compared with the ob-
served deflection along the longitudinal center line. The
result is shown in Fig. 9. As for the panels of 11 and
34.5 mm in thickness, initial deflection has been measured
on six and twelve panels respectively. Three results are
arbitrarily chosen respectively. The estimated deflections
show a good coincidence with the observed ones.

~
“"m
I
y <

Standard initial deflection
Ty

Womax | sinKTnx[ sing- (in A)
Wo =
LT .
womaxsm—by—/ (in B)
Fig. 8 Idealized standard initial deflection.
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wo (mm)
20 axbxt : 2400x800%34.5 (mm)
1.0 T e <
= P
0.0 427 L i 1 B
L a/2 a

n
o

—_
o
<
=

T T T T S e =

T - =
=

3440 x780 x 11

|
a/2 a
Fig. 9 Comparison between initial deflection of predicted
one and measured oens.

4.2 Applicability to HT steel deck plate panels

On the assumption that the size of deck plates and the
welding conditions of stiffeners are the same as the mild
steel mentioned in the previous section, initial deflections
of deck plates of HT steel (SM 53) with the yield stress
41 kgf/mm? are calculated.

Maximum initial deflections W, max Of five kinds of
HT panels, estimated by the method presented in this
report, are shown in Fig. 7. Used in this estimation are the
constants m, ¢; and ¢, shown in Table 1 for the case of
auto-con welding of SM 53 steel. Only the estimated values
are shown since there is no measured results of deck plates
of SM 53 steel. Thus estimated welding initial deflection
of deck plates of SM 53 steel compares smaller than those
of mild steel plates. The deflection is approximately 90%
in thin plates and 60% in thick plates.

5. Conclusions

Presented in this study on deck plate panels of a ship’s
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hull is an accurate method to estimate welding initial
imperfections (initial deflection and residual stress) as
simply as by hand calculation.

The main results are as follows:
(1) When longitudinal and transverse stiffeners are weld-
ed to a deck plate of a ship’s hull, welding initial
deflection and residual stress are produced in a panel
surrounded by them. For such welding initial deflec-
tion and residual stress, simple and accurate estimat-
ing equations using only the sizes of the panel and
stiffeners and welding conditions are presented
(Egs. (1) (or (2)) and (14) for initial deflection and
Eq. (15) for residual stress).
Using mild steel and HT steel deck plate panels, weld-
ing initial deflection was estimated by the above
mentioned method. The estimate was compared with
the measured value, and very good accuracy of the
method was proved.

@)
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