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Abstract

The aim of this paper is to derive an empirical formulation for predicting welding-induced biaxial
compressive residual stresses in welded steel plate panels. A test database for full-scale models of
welded steel plate structures is developed. Elastic-plastic finite element method solutions, associated
with thermal stresses in welded steel plate panels, are also developed. The proposed formula is derived
by a curve fitting of the databases obtained from both full-scale measurements and numerical
computations as a function of plate thickness and weld leg length. The paper demonstrates an applied
example of the derived formulations to prevent the thermal buckling of thin steel plate panels that

occurs during the welding process.

Keywords: Welding-induced residual stresses; steel stiffened plate structures; full-scale residual stress
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1. Introduction

Living quarters of ships and offshore structures as shown in Figure 1 are made of thin plate panels
with a plate thickness of 6-8mm. During welding process, thermal buckling causes significant amount
of distortions in plate panels as shown in Figure 2 where door frames are seriously twisted and walls
deflect significantly. In this case, it is inevitably required to perform fairing works as shown in Figure 3

which are costly and are delaying the building schedule.

Figure 1. Living quarters of ships and offshore structures made of thin plate panels.
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Figure 2. Welding-induced deformations during welding process (Living quarter of offshore structure

made by Samsung Heavy industry co., Ltd.).

Figure 3. Costly fairing works to distorted plate panels.

Thermal buckling occurs in plate panels during welding process if welding-induced biaxial
compressive residual stresses exceed the plate bucking strength. To prevent the thermal plate buckling,
two options may be relevant:

e  Option 1: Reduce the welding-induced biaxial compressive residual stresses
e  Option 2: Increase the plate buckling strength

Option 1 can be achieved by mitigating the welding conditions, e.g., reducing the weld leg length

with minimum heat sources. However, this option requires much advanced workmanship of welding

and it is not straightforward to apply in shipyards. Option 2 can be achieved by increasing plate
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thickness, but this approach is not acceptable as it essentially increases the structural weight. Rather,
the plate buckling strength can be effectively increased by increasing the torsional rigidities of support
members even without the increase of plate thickness (Paik 2018). The final goal of the present study is
to develop an innovative technology to prevent thermal plate buckling during welding process. For this
purpose, it is required to predict the welding-induced biaxial compressive residual stresses which are
described in the present paper.

Plated structures such as ships and offshore structures are constructed by welding to attach support
members (e.g., longitudinal stiffeners and transverse frames) to the plating as shown in Figure 4. In this
process, initial imperfections develop in the form of deformations and residual stresses. Figure 5 shows
the types of welding-induced initial deformations or distortions in plated structures. As support
members are attached in both longitudinal and transverse directions of plate panels, the welding-

induced residual stresses can develop in the two directions, as shown in Figure 6.

Longitudinal girders

Transverse frames

Stiffeners

Figure 4. A stiffened plate structure (Paik 2018).
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Figure 5. Types of welding-induced distortion in plated structures (Paik 2018).
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Figure 6. Idealized distribution of welding-induced residual stresses in both longitudinal and transverse
directions of stiffened plate structures (Paik 2018).

In addition to unwanted fairing works, such welding-induced initial imperfections also affect
buckling and the ultimate strength of these structures (Paik 2018). It is therefore of paramount
importance to predict the magnitude and pattern of welding-induced initial imperfections and their
effects on buckling and ultimate strength. This paper focuses on the prediction of welding-induced
residual stresses on steel stiffened plate structures.

A number of related studies are available in the literature in association with the direct measurement
of welding-induced initial imperfections in steel or aluminium stiffened plate structures. For example,
Masubuchi (1980), Smith et al. (1988), Ueda (1999), Paik et al. (2006), Paik (2007c, 2008), Paik et al.
(2008, 2012), Vhanmane et al. (2008), Luis et al. (2009), Bruno et al. (2011), Khedmati et al. (2012),
and Teresa et al. (2013) provided measurement databases for the initial distortions of aluminum-plated
structures; Masubuchi (1980), Smith et al. (1988), Cheng et al. (1996), Ueda (1999), and Kenno et al.
(2010, 2017) produced measurement databases for the residual stress on steel-plated structures; and
Paik et al. (2006), Paik (2008), and Paik et al. (2008, 2012) provided measurement database for residual
stresses and the softening of aluminum-plated structures. Eggert et al. (2012) and Lillemie et al. (2017)
studied the effects of welding-induced residual stresses on the fatigue strength of steel-plated structures.
Khan et al. (2011), Gannon et al. (2012a, 2012b, 2015), Farajkhah et al. (2016), and Chen et al. (2018)
also contributed to solving the problem. A survey of the literature suggests that there is a lack of direct
measurement databases of welding-induced residual stresses on full-scale steel stiffened plate structure
models, even though there is a demand for such full-scale measurements to secure the reliability of the
prediction methods.

In this paper, measurement databases for welding-induced residual stresses on full-scale models of
steel stiffened plate structures are developed and then associated with other research (Yi et al. 2018b).
An extensive study of elastic-plastic finite element method computations was also undertaken while
varying the plate thickness and the weld leg length on the same models of steel stiffened plate
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structures, which were considered for direct measurements of welding-induced residual stresses. Based
on both full-scale measurements and numerical computations, an empirical formulation was derived by
curve fitting to predict welding-induced residual stresses on steel stiffened panels. The derived
formulations of welding-induced residual stresses were applied to design thin steel plate panels, thereby

preventing the thermal buckling that may occur in the welding process.

2. Investigated structures

Figure 7 shows the two-bay model of steel stiffened plate structures considered in this study, which
are associated with the direct measurements and finite element method analyses detailed in separate
papers (Yi et al. 2018a). Longitudinal stiffeners have an angle type and transverse frames have a T-bar
type, as shown in Figure 8. Tables 1 and 2 indicate the dimensions and the mechanical properties of the
object structures.

In this paper, we did not perform tensile coupon tests to define the material properties. Table 2

presents nominal values of mechanical properties obtained from POSCO steel mill certification.

The support members were attached by fillet welding using flux cored arc welding (FCAW)
technique, and the details of welding conditions are provided in Table 3 where one-pass welding was
applied.
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Figure 7. The two-bay model of steel stiffened plate structures considered in this study.
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Figure 8. Types of support members used for the object structures.
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Table 1. Dimensions of the test structures.

Stiffener h
a(mm) | b(mm) | t(mm) | L,(mm) " t,(mm) | b;(mm) f
Type (mm) (mm)
6 Longitudinal
125 7 75 7
8 (Angle type)
3,200 800
10 Transverse
350 12 100 17
12 (T-bar type)
Note: Ly is the weld leg length, which is defined in Figure 9.
L‘s\
E"_’E“\‘\f‘/\.'Lf;
L,, : Design throat thickness
L, : Weld bead length (leg length)
Figure 9. Nomenclature of the weld leg length.
Table 2. Overall characteristics of mechanical properties.
Kind of material E (GPa) o, (MPa) o, (MPa) v ¢, (mm/mm)
Mild steel (Grade A) 203 309 458 0.3 0.23

Note: E is the elastic modulus, o, is the yield strength, o, is the ultimate tensile strength, v is

the Poisson ratio, and ¢, 1is the fracture strain (elongation).

Table 3. Welding conditions to attach the support members.

Speed Heat input
L, (mm) Current (A) Voltage (V) | Speed (CPM)
(mm/s) (kJ/mm)
6.5 320 32 36 6.0 1.71

3. Finite element modeling and direct measurements
The details of finite element method modeling and the direct measurements of welding-induced
residual stresses are presented in separate papers (Yi et al. 2018a, 2018b), but a brief summary is given

here.

3.1 Finite element modeling
To analyze welding-induced residual stresses on steel stiffened plate structures, the three-

dimensional thermo-elastic-plastic finite element analysis method is applied using the MSC/MARC
program (MSC 2013). Figure 10 shows the extent of the analysis undertaken in this study. In this paper,

phase transformation is considered. Also, temperature depended thermal and mechanical properties are
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used in this analysis. These properties were applied using data from previous researchers. In order to
reduce the analysis time, 1/4 model applying symmetry condition has been used. A time-dependent
transient analysis method is used, after validating the heat source model (Goldak’s double ellipsoidal
model) using the welding temperature measuring experiment. (Yi et al. 2018a).

Figure 11 shows a typical mesh model applied for the purpose of thermal analysis. The size of finite
elements is about 3 mm x 3 mm x t mm (length x breadth x thickness). Figure 11 also presents the
welding sequences that are divided into eight stages, which is the same as in the actual welding process.
The finite elements used are eight-node three-dimensional brick thermal-mechanical finite elements
(also called Solid 7 (full integration type)) elements that address plasticity, hyper-elasticity, stress
stiffening, creep, large deflection, and large strain capabilities (MSC 2013). In the finite element
analyses, the plate thickness is varied at 6, 8, 10, and 12 mm, and the weld leg length is varied at 3.5,
4.5,6,6.5, and 8 mm.
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Figure 10. The extent of the finite element analysis.
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Figure 11. Thermal loading and boundary conditions for a quarter model of the object structure (Yi et
al. 2018a).



3.2 Direct measurements

The XRD (X-Ray Diffraction technique) was used to measure welding-induced residual stresses.
Figure 12 shows a set-up for measuring such stresses. The welding-induced residual stresses, both in
longitudinal and transverse directions, were measured at eight locations in each direction. All
measurements using XRD were performed on the opposite side to which the stiffener is welded.

And, there is no much influence of initial residual stress before welding. Because, the nearby welded
area is melted by welding heat, so it gets free from initial residual stress during this weld heat input.
During the cooling process, stresses are created and only residual stresses due to welding are generated.
Therefore, the vicinity of the weld is not affected by the initial residual stress due to other factor. This
phenomena is well explained by previous researcher (Masubuchi, 1980). On the other hand, the residual
stress at the site away from the weld is influenced by the initial residual stress, but the absolute value of
the initial residual stress is very small. There are also a lot of residual stress relaxation factors such as
the movement of the steel from the mill to the yard and the exposure to sunlight. Figure 13 shows the

measuring locations of these welding-induced residual stresses.

Figure 12. The set-up of the XRD (X-Ray Diffraction technique) technique to measure the welding-

induced residual stresses.
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Figure 13(a). Measuring points of the welding-induced residual stresses in longitudinal directions.
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Figure 13(b). Measuring points of the welding-induced residual stresses in transverse directions.

3.3 Distribution of welding-induced residual stresses
Figure 14 plots the distributions of the welding-induced residual stresses in the investigated

structures that were obtained from the finite element method and direct measurements. It is noted that
the real shape of the tensile or compressive residual stress blocks are not exactly rectangular. Also, the
XRD measurement system of the welding residual stresses involve inevitable variations that are shown
in the figures with “bars”. The direct measurement database was used to develop the empirical formula,
while they were useful to validate the FE computations. Majority of the database used for developing
the empirical formulation was obtained from the FEA.

It is shown that finite element method solutions are in good agreement with direct measurements
although the former tends to underestimate compressive residual stresses compared with the latter. The
zone of tensile residual stress is formed with a band width, in which the stress is approximately equal to
the tensile yield stress because the molten metal can expand freely, as a liquid, whereas after welding it
quickly reverts to a solid and the shrinkage that occurs during cooling involves “plastic flow”.

It is observed that the magnitude of tensile residual stresses in thicker plates is slightly greater than

that in thinner plates. The plate slenderness ratios can be defined as follows:

b oy _2 |5
Bx:?\/;! By_t\/; (1)

Figure 15 shows the changes of tensile residual stresses with changes in the plate slenderness ratios
and the weld leg length. Table 4 indicates the parameter of welding heat input according to the leg
length. The tensile residual stresses tend to decrease as the welding leg length increases and to increase

as the plate thickness decreases.
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Figure 14(a). Distribution of the welding-induced residual stresses in the longitudinal direction.
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Figure 14(b). Distribution of the welding-induced residual stresses in the transverse direction.

Table 4. Parameters of welding heat input according to leg length.

L, Current Voltage Speed Speed Heat input
(mm) (A) W) (CPM) (mm/s) (kJ/mm)
3.5 200 28 86 14.3 0.39
4.5 300 32 70 11.7 0.82
6.0 320 32 40 6.7 1.54
6.5 320 32 36 6.0 1.71
8.0 330 33 32 53 2.04
1.2 7
1.1 +
3
S
S
¢ B.=5.1640 (= 6 mm)
0.9 -+ A B.=3.8730 (=8 mm)
® $.=3.0984 (=10 mm)
o f.=25820(=12 mm)
0.8 : f : f : t - t : f : i
3 4 5 6 7 8 9

Leg length, L, (mm)

Figure 15(a). Normalized tensile residual stress versus welding leg length in the longitudinal direction.

11




1.1 +
N
N
:
©
o By=20.6559 (t= 6 mm)
09 + a By=15.4919 (t=8 mm)
B f,=12.3935(=10 mm)
e £,=10.3280 (f=12 mm)
0.8 . t . t . t . t . t . {
3 4 5 6 7 8 9

Leg length, L,, (mm)

Figure 15(b). Normalized tensile residual stress versus welding leg length in the transverse direction.

4. Derivation of an empirical formulation

To derive the empirical formulation for predicting welding-induced residual stresses in a plate
element, their distribution is modeled, as shown in Figure 6, where it is composed of tensile residual
stress block and compressive residual stress block. In this case, an equilibrium condition must be
satisfied between tensile and compressive residual stress blocks, thus the breadths of the tensile residual

stress zone can be defined as follows (Paik 2018):

o O,
2b=—" b, 2a =—=—a )
Orex ~ Ox Oy —O
Based on the databases obtained from both direct measurements and the finite element method
solutions, the breadths of the tensile residual stress zone can be formulated as a function of both the

plate slenderness ratio and the welding leg length as follows:

b, =c¢ xL,+d, 3)
where ¢, = —O.6212></3X2 +5.9145x 3, —3.3894 and d, = 1-9505><,sz -16.234x B +18.711
a, =c,xL,+d, 4

where ¢, =—-0.0119x ] +0.5177x 8, +1.1372 andd, =0.0089x 3] —0.1506x 3, —3.1284 .

Figure 16 shows the accuracy of Equations (3) and (4) in comparison with finite element method

solutions, where the accuracy of the coefficients of Equations (3) and (4) are confirmed in Figure 17.
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Figure 16(a). Accuracy of Equation (3) for the breadth of the tensile residual stress zone in the

longitudinal direction.
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o Figure 16(b). Accuracy of Equation (4) for the breadth of the tensile residual stress zone in the

transverse direction.
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Figure 17(a). Accuracy of coefficients in Equation (3).
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Figure 17(b). Accuracy of coefficients in Equation (4).

Once the breadths of the tensile residual stress zone are defined from Equation (3) or (4), the
magnitude of compressive residual stress block can be determined from the equilibrium equations in

Equation (2) as follows:

Orex = sz—btb X Oy (5 )
), —
2
Oy = Fa:a X Oy (6)

where the magnitude of tensile residual stress block may be taken as o, =o,, =0, .

Figure 18 shows the statistical error assessment of Equations (5) and (6). The mean value of the

deviations is 0.98 and the coefficient of variation is 0.01.
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Figure 18(a). Statistical error assessment of Equation (5).
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Figure 18(b). Statistical error assessment of Equation (6).

5. GUI (Graphical User Interface) based automatic control of thermal buckling

To make an automatic control of the thermal buckling possible, a GUI based computer program is
developed. Figure 19 shows the flow of the thermal buckling control. Once welding conditions, e.g., the
magnitude of weld leg length in addition to geometric and material properties of plate panels are given,
the welding-induced biaxial compressive residual stress components are predicted from the proposed
formula. The plate buckling strength is significantly affected by the torsional rigidities of support
members as well as plate thickness, and it is predicted by closed-form expressions proposed by Paik
(2018). Unless the plate buckling strength is greater than the welding-induced biaxial compressive
residual stresses, the plate thermally buckles. To prevent thermal buckling, the plate buckling strength
is increased by increasing the torsional rigidities of support members. It is interesting to mention that
shipyards store specific types and dimensions of support members, and the computer program searches
for “optimum” support members which should be minimum at weight but maximum at buckling
strength, while preventing the thermal buckling. In another option, the weld bead length can also be
reduced to reduce the welding-induced residual stresses as well. Figure 20 shows the front page of the

GUI based computer program for thermal buckling control of plate panels.

Geometry of Material Properties
Platingand  —» Target Plate Panels <= of Plating and
_ Support Memhers_ | Support Members |

Welding Type '—r' Welding Conditions Leg Length ‘

HAZ ' Compressive | Tensile
Breadth/Length [ Residual Stresses "1 Residual Stresses

]

Buckling Strength
under Biaxia
Compression

v

Buckling Desi - Buckling Control
s oo = Optimization :

Criteria

Tl <= egn i i | Weight Minimization

Figure 19. Flow of the thermal plate buckling control.
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Figure 20. Front page of the GUI (Graphical User Interface) based computer program for thermal
buckling control of plate panels.

6. Application to prevention of thermal buckling

The proposed method is now applied to thin plate panels in living quarters of offshore platforms,
with a plate thickness of 6mm. The plate panels in typical (original) designs have attached flat bar type
support members as presented in Table 6 and Figure 21, and they deflected significantly during welding
process as shown in Figure 22. Table 5 presents the mechanical properties of steel used for the

structures.

FB Stiffener (125x12 FB)

J

900

S IS

| .

100

3700

L

840 x 2060 x R0

L® N
‘ 700

Figure 21. Typical (original) design of the target plate panel in a living quarter of an offshore platform.
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Figure 22. Thermal buckling occurred in thin plate panels with a thickness of 6 mm.

Table 5. Nominal values of material properties used for the plate panels (obtained from POSCO steel
mill certification).

Kind of material

E (GPa)

o, (MPa)

o, (MPa)

A%

€; (mm/mm)

Mild steel (Grade A)

200

309

385

0.32

0.23

Note: E is the elastic modulus, o, is the yield strength, o, is the ultimate tensile strength, v is

the Poisson ratio, and ¢, is the fracture strain (elongation).

Table 6. Dimensions of the original design of the plate panel.

a b t I‘w . hw tW bf tf
Stiffener Type
(mm) | (mm) | (mm) | (mm) (mm) | (mm) | (mm) | (mm)
Longitudinal
Original (FB type) 125 12 0 0
e
PEE 3900 | 900 | 6 6 P
Design Transverse
125 12 0 0
(FB type)
Longitudinal
. 125 8 100 12
Modified (L2 type)
. 3,700 | 900 6 6
Design Transverse
125 12 0 0
(FB type)
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L2 Stiffener (125x8+100x12 L2)

T 1T, 1T, T, 1

900

S 100
s 2

ol

!

ol

Si

i

x.

g!

ool .
v J LY 7 J i 125x12 FB

700

N
[ce]

Figure 23. Modified design of the target plate panel.

The GUI based computer program searched for the optimum (modified) design of support members
which is presented in Table 5 and Figure 23. In the following, the outcome of the design optimization is

analyzed.
When the longer direction of the plate panel is taken as the Xx direction, the plate slenderness
ratios are calculated from Equation (1) as follows:

B, =589, B, =2424 @)
The welding leg length applied for building the structures is L, =6.0mm, and thus the breadths of
the tensile residual stress zones can be defined from Equations (3) and (4) as follows:
b, =50.13mm, a =38.62mm (8)
Therefore, the compressive residual stresses developed in the plate panels can be estimated from
Equations (5) and (6) as follows:
c,, =—38.74MPa, o, =-6.59MPa )

ey —

Under biaxial compressive loading, the elastic buckling strength interaction relationship is given as

follows (Paik 2018):
Oy, Oy
where,
a=a,= for 1<a/b<+2

3 2
a, =00293| 2| —03364[ 2| +1.5854( 2 |-1.059
! b b b

3 2
a, =00049| 2] —0.1183[ 2| +0.6153| 2 |+0.8522
’ b b b

for a/b>~2

In Equation (10), o,, and o, are the buckling strengths of the plate under uniaxial axial

18



compressive load inthe X and y directions, respectively, which are defined by

°E (tjz °E [tjz
o =k ———|=|, o =k——0 - 11
B! 12(1-v*)\b Ve "12(1-v)\b (n

In Equation (11), k, and k, are the buckling coefficients of the elastic buckling strengths under

uniaxial compressive loading in the X and y directions, respectively, which can be obtained by

taking account of the rotational restraint effects associated with torsional rigidity of support members
(stiffeners) as follows (Paik 2018):

K =Ky +Ko =Ko s K, =Ky +ky, =K, (12)

where,
k, =buckling coefficient of the plate elastically rotation-restrained at both the long and short edges,
k,, =buckling coefficient of the plate elastically rotation-restrained at the long edges and simply

supported at the short edges,
k,, =buckling coefficient of the plate elastically rotation-restrained at the short edges and simply

supported at the long edges,
k,, =buckling coefficient of the plate simply supported at all edges,

k, =buckling coefficient of the plate elastically rotation-restrained at both the long and short edges,
k,, =buckling coefficient of the plate elastically rotation-restrained at the long edges and simply

supported at the short edges,
k,, =buckling coefficient of the plate elastically rotation-restrained at the short edges and simply

supported at the long edges, and
k,, = the buckling coefficient of the plate simply supported at all edges.

The buckling coefficients in Equation (12) are a function of the rotational restraint parameters that
are dependent on the torsional rigidities of the support members, where the rotational restraint
parameters are defined as follows (Paik 2018):

GJ, GJ,
=——, Cs=—7" 12
=0 % T (12)
where G =— = D= Et” :M and J. = h,yty + byt
2(1+v)’ 12(1-v?)" " 3 ’ s 3 :

For the original design, £, =1.19 and {; =0.38, and thus the buckling coefficients of plate
panels, taking into account the effect of rotational restraints, are calculated as follows:

K =K+ —Ko =6.12+4.19-4.0=6.31, k, =k, +k,—k,=138+113-112=139 (13)

The buckling strengths of the original plate under uniaxial compressive residual stresses are

calculated from Equation (11) as follows:

G, =—50.74MPa, o, =-11.20MPa (13)

YEL T T
In contrast, the values of the rotational restraint parameters for the modified design are calculated
as €, =171 and (;=0.38 because a L2 type stiffener that was determined by the design

optimization is now used instead of the flat bar used for the original design. Therefore, the buckling
coefficients of plate panels, taking into account the effect of rotational restraints, are now calculated as
follows:

K, =Ky +K, —Ko =6.30+420-4.0=650, k =k, +k,—k,=149+113-112=150 (14)
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The buckling strengths of the modified plate under uniaxial compressive residual stresses are

calculated from Equation (11) as follows:

Gy, =-52.23MPa, o, =-12.02MPa (15)

yl

Equations (13) and (14) show that the elastic buckling strengths are increased by 2.9% and 7.3% in
the X and y directions, respectively. Figure 24 ascertains that the modified design of the target plate

panel can prevent thermal buckling because the welding-induced compressive residual stress
components in the X and y directions can be controlled inside the buckling strength interaction

relationship, while the original design presents them outside of that relationship, thus causing thermal
buckling. It is noted that the increase of the support members’ scantlings was minimized for the
minimization of weight or building coast as far as the thermal buckling is prevented. Figure 25 presents
the deformation of the plate panels with modified designs after welding. It is proven from Figure 25
that the modification of plate panels designs almost prevented welding-induced distortions, and the
proposed method is very useful for preventing thermal plate buckling. Fairing works were then
minimized by the modified designed as shown in Figure 26.

Figure 27 shows the vessel (174 km® class LNG carrier) recently constructed at the yard of Samsung
Heavy Industries Co., Ltd. where the present technology has been applied. After application of this
present technology, the thermal buckling did not occur and there were very few additional
modifications to the doorframe.

oyp1 (MPa)

-------- : Original design
2 ——— : Modified design
0
0 10 20 30 40 50 60
[ (MPa)

Figure 24. Elastic buckling strength interaction relationship of the plate panel under combined
welding-induced compressive residual stresses in the x and y directions.

Original design Modified design

(FB Stiffener) | (L2 stiffener)

B
ax. deflextio Max. deflection
W =10 mm =2 mm

4

Wall plate = 6mm Wall plate = 6mm &

Figure 25. Distortion of the door frames due to welding in the original versus modified designs for the

target plate panel.
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Original design Modified design
(FB Stiffener) | (L2 stiffener)

Figure 26. Fairing work of the doorframes to remove the welding-induced deflections for the original

versus modified designs of the target plate panel.

Figure 27. The vessel (174 km® class LNG carrier) constructed at the yard of Samsung Heavy

Industries Co., Ltd. where the present technology has been applied.

7. Concluding remarks

The background of the present study has been to develop an innovative technology for preventing
thermal buckling of thin plate panels during welding process. This paper focuses on deriving an
empirical formulation for predicting welding-induced residual stresses in steel plated structures, which
cause the thermal plate buckling. The application of the formula may be limited to thin plate panels
with a thickness of 6-12 mm welded by arc welding. The databases for welding-induced residual
stresses on full-scale models of steel stiffened plate structures were obtained from direct measurements
and finite element method computations. The developed technologies have been applied to real

problems in shipyards. Based on this study, the following conclusions can be drawn.

(1) As well recognized, welding-induced residual stresses develop in both longitudinal and
transverse directions because support members are attached in the two directions.
2) The distributions of welding-induced residual stresses are composed of both tensile residual

stresses in the near welding zone and compressive residual stresses in the middle of the plate.
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3) The magnitude of the tensile residual stresses in the near welding zone reaches the yield
stress of the material.

4 As weld leg length increases, the breadths of the tensile residual stress zone increases while
the magnitude of the tensile residual stresses in the breadths of the tensile residual stress zone tends
to decrease.

(5 The breadths of the tensile residual stress zone can be formulated as a function of plate
thickness and weld leg length. From the equilibrium between tensile and compressive residual
stresses, the magnitude of compressive residual stresses can then be determined once the breadths of
the tensile residual stress zone are defined where the magnitude of tensile residual stresses is
assumed to equal the yield stress of material.

(6) As an applied example, the developed formulations were applied to prevent the thermal
buckling of thin plate panels that are part of living quarters of an offshore platform.

(7 It is concluded that the developed formulations can be useful for predicting the welding-

induced residual stresses developed in both longitudinal and transverse directions.
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