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1. Introduction

  The panel, which is the plate orthogonally stiffened 
with longitudinal and transverse stiffeners, is the princi-
pal component of ship structures. Welded panels accu-
mulate the distortion due to the repeated thermal cycles 
during the multiple welding assembly stages. The mag-
nitude of distortion depends on complex design and 
fabrication parameters, including the welding heat in-
put, the plate thickness, the structural stiffness, the fit-up 
accuracy, and the assembling sequence. In the fab-
rication of thin plate panels, an unacceptable level of 
the out-of-plane distortion can often be generated, and 
thus lots of the correction work should be costly im-
plemented at the subsequent assembling stage. Among 
the types of the out-of-plane distortion, welding-induced 
buckling is known as the dominant source of dimensional 
inaccuracy in thin plate panels1,2). As high strengthened 
steels and aggressive design optimization in recent 

years has promoted a wide use of thinner plates, the 
welding-induced buckling becomes a major concern of 
the thin plate structures.
  Indeed, excessive buckling distortion must be avoided 
because once the buckling distortion occurs during the 
fabrication stages, the panels can hardly maintain the 
flatness within a tolerant level. It makes the subsequent 
assembling processes suspended. In order to prevent 
the buckling distortion, it is desirable to minimize the 
welding heat input for every welded joint3,4). It has been 
reported that intermittent welding and optimal welding 
sequences are effective on alleviating the distortion5-7). 
Mitigation schemes accompanying restraints, additional 
thermal control have been proposed to prevent the ex-
cessive distortion where supplemental heating and 
cooling measures during welding were utilized8,9). Some 
measures were devised to exploit the opposing forces to 
reduce the welding residual stresses5).
  Despite more costly rework to rectify the distortion, 
however, the post-welding correction work appears to be 
more common practice in the commercial shipbuilding. 
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It is partly because those preventive measures may not 
be ordinary enough to be fit with traditional panel fab-
rication lines. In addition, the adoption of those meas-
ures, being typically effective on the thin plates, may 
cause unpredictable disruption to the well-ordered ex-
isting production lines. As an alternative solution to 
control the buckling distortion in welded thin plates, 
the laser welding processes have been actively in-
troduced to minimize the welding heat input10,11). It is 
deemed, however, that the production system equipping 
the laser facility may demand a large scale of the capi-
tal expenditure whereas there exists the concern about 
the lack of productivity especially when the system 
should cope with the structural components of which 
thickness is not thin.
  With the advancement in three-dimensional (3D) fi-
nite element analyses in recent years, the numerical 
prediction capability has been remarkably improved in 
various engineering fields. The application of the 3D 
analysis to the large welded structures is, however, 
prone to be unsatisfactory so far since a feasible 3D 
analysis procedure may not easily be found due to ex-
tensive computational time and limited resources 
available.
  In this study, a simplified analytical scheme was pro-
posed to assess the fitness of the design and the assem-
bly procedure to minimize the possibility of the weld-
ing-induced buckling distortion in thin plate panels. 
With the scheme, the buckling sensitivity of the panels 
was predicted in connection with the structural design 
modification, the different levels of the welding heat in-
puts, and the assembling stages. Experiments were also 
carried out to observe the magnitude and the mode of the 
welding-induced buckling distortion for the cases that 
resulted in the buckling instability from the analytical 
prediction.

2. Prediction of the Buckling Sensitivity

2.1 Assembly procedure of the thin plate panels

  Fig. 1 shows the configuration and dimension of the 
thin plate panel. The welded panel consists of the top 
plate, the longitudinal stiffeners, and the transverse 
frames. The 6mm thick top plate is 4830mm in length 
and (3240+2w) mm in width, depending on the width 
of the free edge, w, on both sides. The longitudinal stiff-
ener is the angle, and the transverse frame is the T-shap-
ed built-up beam. Unlike the ordinary longitudinal stiff-
eners, an H-shaped one is placed in the middle of the 
panel to back the root of the butt weld.
  Fig. 2 illustrates the assembly procedure for the panel. 
After fitting up the longitudinal stiffeners at a regular 

interval on the top plate, a single-sided continuous fillet 
weld of a 3.0mm thick throat is firstly laid on each 
stiffener with the welding condition listed in Table 1. 
Fig. 3 shows the macrograph of the fillet weld. The 
double-sided fillet welding to the transverse frame is 
subsequently followed as per the welding condition 
shown in Table 1.
  After assembling the stiffeners and frames, the panel 
is turned over, and the butt welding between plates is 
accomplished in the flat position. Two types of the arc 
welding process listed in Table 2 were considered for 

Fig. 1 Configuration and dimension of the panel

Stiffener assemblingStiffener assembling Turning-over Plate assembling

Fig. 2 Assembling sequence of the panel

Table 1 Fillet welding conditions

Process Throat
(mm)

Current
(A)

Voltage
(V)

Speed
(mm/sec)

Flux-cored
arc welding 3.0 280 28.5 16.5

Fig. 3  Cross section of the one-sided fillet weld
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the single-sided butt weld with the stiffener backing. 
The welding conditions in Table 2 were determined 
through the qualification test to attain the complete 
penetration to the groove designed for each process. 
Fig. 4 shows the macrographs of the cross sections 
welded by the conditions in Table 2. Complete pene-
tration through the thickness of the plate is observed.

2.2 Prediction scheme

  When a welded joint is long and continuous under a 
steady condition, every cross section of the weld nor-
mal to the welding direction experiences nearly the 
same time-dependent temperature transition except for 
a time lag in responses between cross sections examined. 
Provided a uniform joint constraints and a constant sec-
tion geometry, stresses and strains in the weld can be 
represented on the plane of the cross section. The appli-
cation of the two-dimensional (2D) model in the weld-
ing simulation can remarkably diminish the computa-
tional difficulty arising from the 3D model of the large 
welded structures. On the other hand, it has been shown 
that the welding residual stresses and distortion can be 
elastically estimated if the incompatible strains accu-
mulated in the weld region are known12-14). The elastic 
approach in the welding distortion analysis will much 
enlarge the size of the model to be solved in a real scale 
since the iterative non-linear structural behaviors can be 
linearly treated.
  Michaleris et al.15) proposed a two-step analysis pro-
cedure to predict the buckling distortion of welded thin 
plate panels. The 2D finite element model was adopted 
from the cross section of the weld to determine the 
transient temperature and residual stresses. The residual 
stress distribution calculated from the 2D model was 
used to derive a load pattern for the eigenvalue buck-

ling prediction performed on the 3D panel model. Deng 
et al.16) and Wang et al.17) suggested another two-step 
approach to predict the welding-induced buckling dis-
tortion in a large thin plate panel. A series of 2D ther-
mal elastic-plastic analyses were firstly implemented to 
obtain the inherent strain distributions individually 
from each cross section of the weld joints. From the 
first step, the inherent shrinkages were calculated 
through integrating the relevant component of the in-
herent strains over the cross section of the weld. The 
welding-induced buckling distortion was then elasti-
cally predicted by introducing the inherent shrinkages 
as the driving forces to the 3D panel model at the sec-
ond step.
  In this study, the 2D thermal elastic-plastic analysis 
was performed for the cross section model of the weld 
joint applied to the panel assembly to numerically de-
rive the plastic strains in the weld, which is equivalent 
to the incompatible strains. As an instance of the 2D 
analysis, Fig. 5 illustrates the colored fringe pattern of 

the longitudinal plastic strain, , in the single-sided 
fillet weld of the 3mm thick throat, and Fig. 6 shows 

the distribution of  along the line AB drawn in Fig. 
5. The width of the plastic zone in the plate was about 
31.0mm.
  In order to evaluate the buckling sensitivity of the 

Welding
Process

Groove
Current

(A)
Voltage

(V)
Speed

(mm/sec)

SAW(Butt 1) Square 550 36 8.33

FCAW(Butt 2) Single V 320 34 10.0

 

    (a) Square groove                 (b) Single V groove

Fig. 4 Macrographs of the butt welds

Table 2  Butt welding conditions
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Fig. 5 in the fillet weld of 3mm thick throat
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welded panel, the eigenvalue analysis was carried out 
on the 3D panel model composed of 4-node shell 
elements. The perturbation load pattern (T) for the ei-
genvalue analysis was determined from Eq. (1) where 

the normalized distribution of  through the thickness 
in the weld region, excluding the weld reinforcement, is 

divided by the plastic strain in the fusion zone ( ). 
The letter, h, in Eq. (1) represents the plate thickness. 
The application of Eq. (1) over the cross section gives 
the load pattern distributed between 0 and 1.0 for each 
weld. The load pattern was applied as the thermal load 
distribution to the nodes of the corresponding weld 
joint in the 3D panel model.

                      (1)

2.3 Buckling sensitivity index (%BSI)

  As a simple indicator of the buckling instability, the 
buckling sensitivity index (abbreviated to %BSI) is de-
fined as the percentage given by Eq. (2)18,19). The nu-
merator in Eq. (2) represents the weld load in temper-

ature scale, which is given by the fraction of  
divided by the thermal expansion coefficient of the 
material. The denominator in Eq. (2) is the lowest ei-
genvalue from the analysis, which is equivalent to the 
buckling strength of the analyzed model. If the %BSI 
by Eq. (2) exceeds 100, it is the indication of the buck-
ling instability. In the case of the %BSI less than 100, a 
stable condition is prescribed.

    (2)

2.4 Buckling sensitivity of the welded panels

  Fig. 7 exemplifies the mode shape of the buckling dis-
tortion in the panel predicted by the eigenvalue analysis. 
In the analysis, the width of the free edge, w, was 
345mm, and the welding condition of Butt 1 in Table 2 

was considered for the butt joint. The %BSI in this case 
was 112, implying that the buckling instability is ex-
pected in the panel. The primary mode of buckling was 
generated in the interior of the panel whilst the higher 
mode prevailed in the region of the free edges.
  Fig. 8 shows the variation of the buckling sensitivity 
of the panel as the functions of the welding heat input 
and the width of the free edge, w. Two butt welding 
conditions in Table 2 were respectively considered. The 
%BSI due to the fillet welding of the longitudinal stiff-
eners was also estimated. The %BSI commonly in-
creases as the free edge becomes wider in all welding 
conditions. At the fillet welding stage, the analysis esti-
mated the %BSI under 100 unless the width of the free 
edge is extended over 700mm. It implies that the plate 
will remain stable up to the 700mm width of the free 
edge. For the analysis of the butt welding stage, the 
load patterns incurred due to both fillet and butt weld-
ing were simultaneously applied to the model. The be-
havior of the %BSI is similar as the fillet welding stage 
where butt welding was conducted with the lower heat 
input, Butt 2, in Table 2. The result implies that the fil-
let welding will govern the buckling propensity when 
the butt joint can be designed to restrict the heat input 
under the certain level, and there exists the combination 
of the welding heat input and the width of the free edge 
to prevent the buckling distortion of the panel through-
out the assembling process when the heat input in the 
butt weld is minimized. On the other hand, the buckling 
instability was expected regardless of the edge width if 
the higher heat input such as Butt 1 in Table 2 was giv-
en to the butt joint.
  Fig. 9 illustrates the buckling sensitivity of the panel 
where the 7mm thick plate was introduced in the 
analysis. Compared with the result of those for the 
6mm thick plate in Fig. 8, thickening by 1mm further 
dropped the %BSI so that the panel could be immune to 
buckling within the whole range of the free edge con-
sidered in the analysis.Fig. 7 Buckling mode at the lowest eigenvalue (%BSI=112)
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  From Fig. 8 and Fig. 9, it is clearly seen that the buck-
ling sensitivity of the welded thin plate panels is influ-
enced both by the structural design and welding varia-
bles, and thus the possibility of buckling in welded pan-
els should be assessed not only from the point of the 
structural stiffness but from the view of the welding 
process adopted to the panel assembly. Further, the ana-
lytical scheme proposed in this study can be a proactive 
methodology to assess the fitness of the structural and 
welding design of the thin plate panels against buck-
ling, which can be utilized in the early design stage.

3. Experiments

  Experiments were performed to observe the welding 
distortion from the test panels. The configuration and 
dimension of the panel was the same as that illustrated 
in Fig. 1, specifically arranging the 400mm width of 
the free edge equally at both sides. Fig. 10 shows the 
appearance of the test panel. The fillet welding con-
dition in Table 1 was applied to the stiffener joints. 
Each of the welding conditions, Butt 1 and 2, in Table 2 
was applied to the separate test panel.
  Fig. 11 shows the morphological map of the out-of-plane 
distortion measured on the top surface of the panel 
welded by Butt 1. As can be seen, the distortion pre-
vailed mainly in the region of the free edges while a 
shallow wavy pattern was also shown in the inner re-
gion of the plate. It was revealed during the test that the 
distortion in the edge region increased after butt 

welding. Referring to the analysis result shown in Fig. 8, 
the buckling instability in the test panel is to be caused 
by butt welding. Furthermore, the shape of the dis-
tortion measured is in close proximity to the buckling 
mode shape predicted, as shown in Fig. 7. Therefore, it 
is reasonable to conclude that the distortion observed 
from the edge region of the test panel is produced by 
buckling of the plate caused during butt welding.
  Fig. 12 compares the distortion measured at the mid-length 
cross section of the panels butt-welded by Butt 1 and 2 
respectively. It is seen that the higher heat input to the 
butt joint induces the larger distortion in the thin plate. 
A half wavy patterns of the distortion in between longi-
tudinal stiffeners, which might be the angular change 
caused by fillet welding, is seen in the panel welded by 
Butt 2. In the panel welded by Butt 1, the distortion 
tends to be an asymmetric full wave pattern with re-
spect to the butt joint due to buckling of the plate.

4. Conclusions

  In this study, a stepwise analytical scheme to predict 
the welding-induced buckling sensitivity in the thin plate 
panels was proposed. The eigenvalue analysis was adopt-
ed into the scheme to estimate the critical buckling state 
in the welding assembly of the thin plate panel. The Fig. 10 Configuration of the test panel
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perturbation load patterns for the analysis were derived 
from the longitudinal plastic strains in the welds, which 
were determined from the 2D thermal elastic-plastic 
analysis for the cross sections of the welds. In order to 
quantitatively evaluate the effect of design and welding 
parameters on the buckling sensitivity of the panels, the 
%BSI was defined as the indicator of whether or not the 
buckling instability might be expected due to a specific 
change in design and welding parameters. The effect of 
the plate thickness, the width of the free edge, the fab-
rication stage, and the welding heat input on the buck-
ling instability was specifically investigated. If the dis-
tribution of longitudinal plastic strains in welds is ac-
quired by any means, the proposed scheme can numeri-
cally estimate the buckling propensity of the welded 
thin plate panels.
  To verify the buckling distortion predicted by the anal-
ysis, the welding assembly of the test panels was also 
carried out. The heat input in butt welding governed the 
buckling region and the buckling mode shape in the test 
panels. Higher heat input might cause the buckling in-
stability, and thus leave the higher magnitude of the 
distortion in the region of the free edges. Through the 
experiments, the prediction scheme proposed in this 
study has been reasonably validated.
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