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Prediction of Welding Distortion

A two-step numerical analysis technique was developed to predict welding
induced distortion and the structural integrity of large and complex structures

ABSTRACT. This paper presents a nu
merical analysis technique for predicting
welding-induced distortion. The tech
nique combines two-dimensional weld
ing simulations with three-dimen:;ional
structural analyses in a decoupied ap
proach. The numerical technique is par
ticularized on evaluating welding-in
duced buckling. The numerical
predictions can be utilized either as a de
sign evaluation or manufacturing analy·
sis tool. As a design tool. the effect of the
welding procedures can be determined
and incorporated into the evaluation and
optimization of the design configura
tions. As a manufacturing analysis tool,
for a fixed design, different welding
proc""ses and procedures can be evalu
ated to minimize w~ld!ng distortion. Ex
perimental results obtained from small
and large-scale mock-up panels verify
the numerical modeling approach.

Introduction

Conventional design methodologies
either ignore or use empirical techniques
to evaluate the effects of welding on the
structural integrity and dimensional con
trol of welded structures. To efficiently
assess the effects of welding on structural
performance and effectively implement
various mitigation techniques to control
or counteract welding distortion, a
methodology for predicting the distortion
due to welding is necessary.

Masubuchi (Ref. 1) discusses the var
ious types of welding-induced distortion,
including control and mitigation tech
niques. In thin-section structures as fre
quently used in the shipbuilding, rail
road, aerospace and automotive
industries, buckling is a common type of
distortion. When it occurs, the magni~

tude of distortion tends to be very large.
Furthermore, buckling instabilities re
duce the structural integrity of a welded
structure. Use of predictive analysis tools
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can determine the susceptibility of a de
sign to the various types of distortion and
assist the selection of geometry configu
ration and manufacturing processes that
minimize distortion.

Currently, control of weld distortion is
implemented empirically with experi
ments performed under a range of con
ditions. The experimental results are
used to develop correlations parametriz
ing the effects of various welding and
geometric factors and then establish sets
of welding procedures that allow for the
production of acceptable structures (Ref.
2). These types of experimentally derived
criteria are applicable only for the tested
range of geometric configurations and
welding conditions. To evaluate modi
fied geometries and conditions, addi
tional tests are required. Masubuchi (Ref.
11 presents simplified closed form ana
lytical solutions for the evaluation of
welding conditions susceptible to buck
ling, but these solutions are available
only for simplified geometries (i.e., no
stiffeners).

Over the past 1S years, the finite ele
ment method has been used in an at
tempt to predict distortion and residual
stress due to welding (Refs. 3-10). More
recent developments involve the inclu
sion of phase transformations and trans
formation plasticity in the analyses (Refs.
11-14). The majority of these simulations
focuses on simple structural components
in the area immediately adjacent to the
weld and investigates residual stress,
local distortion and microstructure.
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Brown and Song (Ref. 15) show that
the interaction between the weld zone
and the structure can have a dramatic ef·
fect on the accumulated distortion. In
many cases, the contribution of the struc
ture dominates the state of distortion and
stress, a state that is much difierent from
the one predicted by a simulation of the
weld zone alone. Some distortion
modes, most notably buckling caused by
longitudinal stresses, cannot be repre
sented by two-dimensional models in the
plane perpendicular to the welding di
rection. However, the use of a fully three
dimensional model to perform the ther
momechanical weld simulations of
complex structures is impractical and
computationally prohibitive. Daniewicz
(Ref. 1b) presents a hybrid (experimental
numerical) approach to predict weld dis
tortion of large offshore structures. The
weld joints are represented by ·weld el
ements'" to simulate the shrinkage caused
by welding, which is determined experi
mentally. The approach yields only
quantitatively accurate results, which
can be attributed to the experimental de
termination of weld shrinkage.

This paper presents a two-step nu
merical analysis technique for predicting
welding-induced distortion and assess
ing the structural integrity of large and
complex structures. The technique com
bines two-dimensional welding simula
tions with three-dimensional structural
analyses in a decoupled approach. The
predicted residual stress from a two-di
mensional welding simulation is used to
determine the loading for the three-di
mensional structural analysis, which can
include elastic buckling and/or large de
formation analyses. The two-dimen
sional welding simulations ensure that
the welding load of the structural analy
sis is determined accurately in a predic
tive manner using limited computer re
sources. The structural analyses simulate
the response of the large structure, in
cluding instabilities such as buckling.

The numerical methodology is ap
plied on stiffened panel structures and
particularized on evaluating welding-in
duced buckling. Experimental results ob-



Fig. 2 - FinUe element analysis mesh of welding simulations.

Fig. 1 - Experimental mock~up configurations.

I
i

t
.10m

Support Plate
-...

Shipyard
Mock-Up

2,~, 2'~ 2' 2'

II II Ii
II II II
II II II
II II II
II II II
II II II

" II II
10'II II II

II II II
II II II
II II II
II II II
II II II
II II II
II II II

... ·fl··· ·11·· ·11·· .. 6
II II II
II II II
II II II
II II "II II "" " "" II " 10'" " "" " "" " "II " "II II "II II II
II II "II II "

-... Stiffener

the loads are applied on the undeformed
geometry. Small deformation analyses re
quire limited computational resources,
cannot account for buckling benavior,
and are used in this work only to scale the
weld load from a welding simulation to
the structural analysis. Eigenvalue analy
ses here refer to the elastic instability
problem defined as follows:

del(K + AKcI = 0 (1)

where K and ICc are the linear and non
lin~ar strain stiffness matrices, respec
tively (Rers. 18, 19). Eigenvalue analyses
are easy to implement and are used here
to provide an estimate of a structure's crit
ical buckling load and its distorted shape.
Incremental large deformation analyses
determine both the critical buckling load
and distortion magnitude accurately.
However, they "!re computationally in-
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Welding Simulation

Two-dimensional thermomechanical
welding simulations are performed to de
termine the residual stresses. The welding
simulations follow the work of previous in
vestigators (Refs. 4, 5, 17). Phase transfor
mations are not considered in this study.

and following modifications without the
need of performing any additional weld
ing simulations.

Siructural Analysis

To evaluate the response of a welded
structure, elastic small deformation,
eigenvalue and incremental large defor
mation analyses are considered. A small
deformation analysis assumes that the
displacements are infinitesimal and that
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the predidive methodology.

Distortion Prediction

Decoupling of Weldintl Simulation and
Strueturoill Analysis

Welding in large unrestrained struc~

tures, can cause significant distortions in
modes that simplified two-dimensioflal
analyses of the weld region may not cap
ture (Ref. 151. Specifically, the parts may
move relative to each other and the weld
may be placed in a different location than
that of the undeformed configuration.
This type of response necessitates the use
of fully coupled three-dimensional ther
mornechanical analyses. In general
welding practice, however, the parts are
tack welded and/or mechanically re
strained prior to weldir:g. Therefore, the
part5 stay stationary relative to each other
and the welds are placed on the prede
termined configuration, relaxing the fully
coupled requirement.

Two-dimensional models on the
plane perpendicular 10 the welding di
rection offer good residual stress approx
imations for continuous welds of rela
lively high weld speeds (Refs. 4. 5. 171.
Large structures, however, may buckle
due to residual stresses parallel to the
welding direction. In a section perpen
dicular to the welding direction, the lon
gitudinal stresses during welding are
compressive at the weld zone and tensile
elsewhere. This stress state is not suscep
lible 10 buckling. As the section cools
down, the stress pattern reverses and
buckling may occur. Furthermore, most
of the plastic deformations occur during
welding and only in the vicinity of the
weld region. Therefore, the structural re
sponse of a large structure to welding
may be evaluated in two steps. First, a
two-dimensional welding simulation can
be performed to determine the residual
stress distribution. The model may be
limited to a portion of the structure that
represents the mechanical restraints that
are u~ed. Then a three-dimensional
structural (elastic) analysis can be per
formed using the stress distribution of the
welding simulations as loading to deter~

mine if the structure will buckle and the
corresponding mode and/or magnitude
of deformation.

The advantage of a decoupled ap
proach is computational simplicity and
efficiency. Complex three-dimensional
welding simulations are not performed.
Moreover, for several weld sizes or heat
inputs, the residual stresses, which here
are considered as loads on a structure,
can be computed independently from
the structural response. The approach al
lows the evaluation of the initial design



FiR· J - Thermal conouclivit)', SfX:.c;(;C heM ,md convection coe,"-icient.

Fig. 4 - Young~ modulus, Poisson's ratio and rhermall>xpans;on coefficient.

Thermal Analysis

Welding Simulations

tensive and so are used only to further val
idate the predictive methodology,

Implementation and Experimental
Verification

The decoupled computational ap
proach is implemented on welding of
stiffened panels typical of those used in
shipbuilding. The methodology is pre
sented as applied in the determination 0:
the welding conditions that cause buck
ling of the panels_ Finite element analy
ses and corresponding experiments are
pedormed to investigate the develop
ment of distortion and verify the compu
tational approach. The experimental
measurements focus on verifying the ac
curacy of the welding simulation, the
ability to predict the conditions that
cause buckling and the ability to predict
the distortion magnitude. Additional de
tails on the experimental procedures <Ire
presented in Condardy (Rei. 201. Both
small (laboratory) and l<Hge (shipY<Hdl
scale mock-up panels made oi AH-36
steel are used in the experimental study.
The use of two panels sizes is necessary
to ensure the scalability of results.

A panel thickness of Y, •. in. 14.7&25
mOl) is selected, as this thickness is ob
served in shipyards to have the most dis
tortion. The size of the panels is set to 4
x 4 ft 11.22 x 1.22 m) for laboratory mock
ups and 20 x 8 ft 1&.10 x 2.44 m) for the
shIpyard mock·ups. The shipyard panels
are constructed by butt joint welding two
lOx 8 ft plates together. The longitudinal
stiffener size is 4 x 4 in. x 5 Ib, which is
typical for panels of this thickness. The
longitudinal stiffener spacing for the lab
oratory and shipyard mock-ups is 27 in.
1&85.8 mm) and 24 in. 1&09.& mm), re
spectively. Typically, stiffened panels
also contain transverse stiffeners along
with the longitudinals. However, early
experiments concluded that inclusion of
the transverse stiffeners was unnecessary
to study buckling. The resulting mock-up
panel geometries are illustrated in Fig. 1.

Typical welding procedures are used
to fillet weld the longitudinal stiffeners to
the panels. Double fillet welds are pro
duced automatically using the flux cored
arc welding process. Nominal longitudi
nal stiffener fillet weld sizes for YH.-in.
thick panels are seJected, with fillet leg
lengths ranging from 'I:i to Jl.b in. 0.175 to
4.7625 0101). These size welds corre
spond to heat inputs of 7.8-18.2 k)/in.
(307.1-717 Jim) per torch. The torches
are offset by 3.5 in. (88.9 mm).
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Fig. 5 - Yield strength. Two-dimensional nonlinear transient
heat flow finite element analyses are per-
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Thermocouple measurements are

finite element analyses are performed
using ten node, quadratic, reduced inte
gration, quadrilateral elements
IABAQUS CGPE1OR). The mesh is iden
tical to that used for the thermal analysis,
excluding the support plate. Symmetry
boundary conditions are used on the left
edge of all models - Fig. 2.

Elastic-plastic material response is as
sumed with kinematic work hardening.
Figures 4 and 5 illustrate the tempera
ture-dependent mechanical properties.
All mechanical properties except yield
strength are those of mild steel, again be
cause minor variations in alloy content
for structural steels have negligible influ
ence on these properties. The plastic
hardening modulus is taken from
Mizukami (Ref. 23), All other properties
are taken from Goldak IRef. 24).

Results and Verification
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Mechanical Analysis

tion ,and convection boundary condi
tions are assigned for all free surfaces. A
temperature.dependent free convection
coefficient is used here and is plotted in
Fig. 3 (Ref. 15). Theemissivily is settoO.2
IRef. 15). Material properties for mild

. steel (i.e., SAE 1020) are used in this
study because minor variations in alloy
content for structural steels have negligi
ble influence on these properties. The
temperature-dependent thermal conduc
tivity K, and specific heal Cp are also plot
ted in Fig. 3 (Ref. 21). The thermal con
ductivity is increased artificially for
temperatures above the melting point to
simulate the convective heat transfer of
the weld pool IRefs. 4, 17). The latent
heat of fusion is setto 247 kVlkgooCj (Ref.
n) and the density to 7.86 x 103 kg/m'
IRef. 21).
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Fig. 8 - COfre/ation of longitudinal residual stresses on bottom surface
for 18.2 k}/in. (717 Vm) welds.

formed in the plane perpendicular to the
welding direction. Figure 2 illustrates a
typical model, consisting of 9338 nodes
2nd 3018 elements. Heat conduction,
quadratic, quadrilateral elements
(ABAQUS DC2D8) are used. The stiff
ener web and flange are assumed to be
of a uniform ll..._in. (4.7625-mm) thick
ness. To simulate the heat losses to the
support during welding, a support plate
connected to the panel with gap con·
ductivity elements IABAQUS DINTER3)
is added in the model. The gap conduc
tivity is back-calculated for each case in
vestigated to correlate computed tem
peratures to measured values. For
simplicity, the criterion (or the back cal
culation is a visual best fit.

The heat generated by the welding
process is modeled with a "double ellip
soid" heal source model (Ref. 17) for
each fillet, where the heat generated by
welding is simulated with a power den
sity moving along with the torch. Radia-
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fig. 11- Finite element models of mock-ups.

performed to determine the gap conduc
tance of the interface elements (fig. 2)
and to verify the thermal analysis. Figure
6 illustrates the correlation of computed
and measured temperatures for the 18.2
Win. per torch fillet welds. Since the gap
conductivity is adjusted to obtain the best
fit of computed and me2sured tempera
tures, the correl~tionof Fig. 6 verifies the
analyses only in the sense that a set of
transient measurements at several loca
tions is matched by varying one variable
- the gap conductivity. In general, good
agreement is obtained with the exception
of temperatures at the weld region.
which are slightly overpredicted. This
observation is consistent with the use of
a two-dimensional model, which does
not consider the heat flow in the welding
direction (Ref. 25). The correlations for
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other weld heat inputs are similar.
figure 7 illustrates the computed lon

gitudinal residual stress distribution for
the 18.2 Win. fillet welds. Atlhe weld re
gion. the residual stresses are tensile and
of yield magnitude. At locations remote
to the weld, compressive residual
stresses are developed, equilibrating the
tensile stresses of the weld zone. Surface
residual stress measurements by the
blind hole drilling method verify the
computations. Figures 8 and 9 present
correlations of computed and measured
residual stresses for the 18.2 and 10.2
kJ/in. heat input welds, respectively.
Good agreement is observed. Further
more, the simulation correctly predicts
the size of the area under tensile residual
stress. The correlations for other weld
heat inputs. are similar. Finally, the ex-

perimental results confirm that the longi
tudinal residual stress distribution is in
dependent of the panel size, validating
the generalized plane strain assumption.

Solution Stability

SensitiVity analyses are performed to
determine the stability of the solution
with respect to variations of the geome
try and the material properties. The weld
ing simulation is repeated on a modified
stiffener R,eometry reflecting typical vari
ations in stiffener dimensions. Acompar
ison of the resulting residual stress pro
files shows them to be virtually identical.

The most sensitive material property
to alloy content and process variations is
the yield strength. The temperature.de
pendent yield strength used in the weld
ing simulations (Fig. 5) is the specified
minimum for AH-36, which for room
temperature is 345 Mra (50 ksi). How
ever, the actual plates used in this inves
tigation exceed the specified minimum
yield strength as shown in fig. 10. The ef
fect of these differences on the results of
the welding simulation is investigated by
performing analyses for three different
variations on the yield strength vs. tem
perature shown in Fig. 10. In variation 1.
the room temperature yield strength is in
creased from 345 to 445 Mra (50 to 64
ksi) (30%). In variation 2, the yield
strength at both room temperature and
elevated temperatures (450-800 0

(

(842-1472°F» is increased, and in varia
tion 3, the yield strength is increased only
at elevated temperatures. The corre
sponding residual stresses for an 18.2
k)/in. weld are illustrated in fig. 11. As
seen in the figure, variations of the yield
strength at elevated temperatures have
no effect on the computed residual stress
profile. However, increasing the room
temperature yield strength decreases the
width and increases the magnitude of the

- -"'""r""'~.' ...
. ,J... _...:.1.:~: .



Experimental
Results

I

tEigenvalue
Solution

Weld Load
Applied to
Shaded
Region

ing a strain as load. A thermal load is
used here as it is easily applied in the fi
nite element code used (ABAQUS). The
loaded area is illustrated in Fig. 13. A
combination of orthotopic thermal ex
pansion coefficients and a uniform tem~

perature load is used. The use of ortho
topic properties allows for different levels
of loading in the longitudinal and trans·
verse directions. In this study, only the
thermal expansion coefficient in the
weld direcfion is nonzero. A value of 1.0
x 10·~ in/(in.-OF) (5.6 x lO-~ m!(m-OC) is
used. Further studies are planned to in
clude the effect of angular distortion by
using nonzero thermal expansion coeffi·
dents in additional directions.

To determine the weld load, the re
sulting longitudinal residual stress pre-

Fig. 15 - Comparison of predicted mode shape and experimental re
sults for shipy.ard mock-up.

Fig. 13 - Weld load application area.

only directly beneath the stiffener's ends.
In-plane displacements are not restricted
except as necessary to remove rigid body
motions.

The computed residual stress field
from the welding simulation is applied as
loading on a structural analysis. Rather
than a direct mapping of residual stress
that would require the use of complex
routines and limit implementation, a sim
plified methodology is developed here.

To develop a stress field similar to the
one computed by the welding simula
tion, the weld region is subjected to a
thermal loading. Similar residual stress
distributions can be generated by impos-

Applied Weld Load

Experimental
Resub,

Fig. '4 - Comparison of predicted mode shape and experimental re
sults for laboratory mock-up.

The continuum models consist of 20
noded reduced integration elements
(ABAQUS C3D20R) representing the
plate and stiffener, and 15 noded prism
elements (ABAQUS C3D15) represent
ing the fillet welds. Each model contains
only one stiffener, as both initial numeri
cal and expeiimental tests indicate that
buckling o(Curs during the welding of
the first stiffener. The finite element mod
els are illustrated in Fig. 12. The labora
tory mock-up model consists of 2508 el
ements and 18,019 nodes, while the
shipyard mock-up consists of 4160 ele
ments and 28,903 nodes. Constant room
temperature material properties are used,
with an Elastic Modulus of 30.0 x 10'· psi
(206.9 GPa) and Poisson's ratio of 0.29.
On the shipyard panel, one foot at each
end of the stiffener is left unconnected to
represent the "leave looseN condition
employed at the shipyard. The models
are constrained by assuming that the out
of-plane displacement of the base plate
directly under the stiffener is restricted by
the stiffener's weight. To allow bending
of the stiffener, this constraint is imposed

Continuum Model

; To assess a structure's propensity to
buckle under a given set of welding con
ditions, the structure's critical buckling
load is compared to the appl ied load as
induced by the welding residual stresses.
Three-dimensional finite element models
of the laboratory and shipyard mock-ups
are evaluated using both continuum and
structural models.

quence, the compressive stress between
stiffeners increases from 51.2 to 53.0
MPa (7.42 to 7.69 ksi) (3.6%l.

. Budding _ion



The predicted mode shape and corre
sponding measured distorted shape for
the laboratory mock-up panel is shown
in Fig. 14. The predicted eigenmpde cor
relates well with the observed shape. A
direct comparison of the results between
the predicted and measured distortion on
the shipyard panel cannot be made, be·
cause the model contains only one stiff
ener while the measured data are for a
panel with all three longitudinal stiffen·
ers welded in place. However, compari
son of the first few predicted mode
shapes with the actual panel data shows
that the fourth mode is dominant. The

size is negligible. For a given weld size,
however, the critical buckling load in
creases with plate thickness. Furthermore,
an increase in plate thickness has a large
influence on the overall stiffness of the
structure, thus increasing its critical buck
ling load. finally, it is seen that for a given
plate thickness and weld size, the critical
buckling load decreases as overall panel
size increases.

Results and Verification

h~O.5':_~STIFFENER LOCATION

I2"7';;: 48"
I 1.22rn

48" l+
(1.22rn

Fig. 17 - Finite element model for structural analysis of 4 x 4-ft (1.22 x
1.22-mJ mock-up.

Critical Buckling load

The calculated AWL values for the weld
simulation analyses performed are listed
in Table 1.

The panel's critical buckling load
under welding is determined by an
eigenvalue analysis. A unit temperature
load of L\T, = _1°F (O.56°C) is imposed
over the weld load application volume
- Fig. 1J. The panel's critical buckling
load CBl is then defined as

CBl = AEAaL\T, (4)

where A is the minimum positive eigen
value. The corresponding eigenmode for
each eigenvalue represents the r1istorted
shape of the panel.

Table 1 contains the computed CBl for
various panel geometries. The table shows
that for a given plate thickness, the CBl is
insensitive to weld size. Although the
eigenvalues are different, they are in
versely proportional to the loaded cross
sectional area, so the product AEAa6.T, re
mains relatively constant. This is due to
the fact that the change in the overall
structural stiffness with respect to weld

Common Node
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Stress.t plate midspan in 3D model under 1000d 611

where aT l is a unit temperature load.
In an effort to define a load scale in

dependent of the material properties
used and the area where the thermal load
is applied, the applied weld load (AWL)
is defined as the product of the elastic
modulus E, applied load cross-sectional
area A, thermal expansion coefficient a,
and temperature loading ATAPf':

AWL = EAaL\T." (3)

Fig. 16 - Schematic ofstif(em.'Ci pdnel model using shell. beam and
truss '*'nenr5.

dictions from the weld simulation analy
ses are compared to a small deformation
elastic analysis performed on the contin
uum model with a known thermal load.
A small deformation analysis is imple
mented here because it does not account
for buckling, which is consistent with the
two-dimensional (2-0) welding simula
tion. The longitudinal compressive stress
at the plate mid-span resulting from the
thermal load is then compared to the
compressive residual stress predicted by
the weld simulation analysis. Since the
small defonmation analysis is linear, the
applied thenmalload necessary to match
the predicted residual stress, ATAPP; is eas
ily obtained by scaling the thermal load
as follows:

......................................... ;

Table 1 The Comparison between the Predicted and ~rved Results for the Continuum Model

Heat Input Nominal Applied Weld
Panel Size Plate Thickness per Torch Weld Size load Critical Buckling Buckling Buckling

(ft) (in.) (klAn.) (in.) AWL lib) load C8l IIbl Predided Observed

- 4x4 3/16 7.88 1/8 23,902 35,248 No No
/ 4x4 3116 10.2 5/32 31,736 36,740 No No

4x4 3/16 18.2 3/t 6 40,929 36,439 Yes Yes
8 x 20 3116 9.9 5/32 30,936 18,067 Yes Yes
8 x 20 7/32 9.9 5/32 30,936 22,815 Yes Yes
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Table 2 - The Comparison between the Predicted and Observed Results for Structural Model

Heat Input Nominal Applied Weld
Panel Size Plate Thickness per Torch Weld Size load Critical Buckling Buckling Buckling

(ttl (in.) (kJnn.) (in.) AWL IIbl load C8l Ilbl Predicted Observed

4x4 3/16 7.88 1/8 28.082 39.865 No No
4x4 3/16 10.2 5/32 37.296 39.895 No No
4 x 4 3/16 18.2 3/16 48,011 39,925 Yes Yes

'x' 7/32 18.2 3/16 48.011 56.911 No

Fig. , 8 - Predicted distortions ilt the transverse midplane for large
deformatiofJ im.llysis.

Dislortion Magnilude Prediction

An incremental large deflection
analysis is performed on the model de
veloped for the laboratory mock-up

change one number in the input deck,
that corresponding to the cross-sectional
area o( the truss. To change the plate
thickness requires only slightly more ef
fort, changing one value representing the
shell thickness and also adjusting some
constants associated with the stiffener to
change the heam local axis and the
height of the stiffener above Ihe plate
midplane.

Table 2 also compares the pred ictions
based on the structural model to ob·
served results. As with the continuum
model, the predictions are in direct
agreement with the observed resu Its. No
comparison between predicted and ob-
served buckling is available for the ~~u-in.

(S.5563-mm) plate, because no experi
ment is performed with this geometry.

To assess the effect of the-stiffener, an
eigenvalue solution is obtained with the
beam elements representing the stiffener
removed. For the Jf,~_in. (4.7625-mm)
weld, removing the stiffener decreases
the CBL to 19,037 Ib (84.68 kN). This is
approximately one-half the value deter
mined when the stiffener is inel uded,
showing the need to include the stiffener
in the models.

The finite element
model developed for
the laboratory mock-
up panel is shown in Fig. 17. The sim
plicity of the model is obvious from the
figure. The model contains 2400 shell el
ements (ABAQUS S8R5), 48 beam ele
ments, and 48 truss elements (ABAQUS
B32 and n03, respectively). Although
approximately the same number of ele~

ments are used for the continuum model,
the mesh density for the plate has been
increased by approximately 25%. Addi
tionally, the structural model contains
only 7397 nodes as compared to 18,019
for the continuum model. Therefore, for
the same number of elements, the struc
tural model analysis is completed in ap
proximately one-half the time.

in defining the beam
kN

60 120 180
elements (Ref. 26). 0.5

1/4 Span :The same nodes are
_,.

1/2 Span
also used to define ~ 0.'

I
the truss elements,

••••• _314 Span I - 10
0

Imaking the only re- ~
strictiun on the model

~
0.' I - 8

geometry be that a Critical Buckling Load: :

• / - 6 ~line of nodes corre- 0
.!! 0.' I : ,

sponding to the loca- 1 I: ,: ,
tion of the stiffener : , - •f ,
centerline be present.

,, 0.1 ,
This modeling proce-

0 .A - •
dure is illustrated in o. I
Fig. 16. 10,000 20.000 30,000 "U,1oRJU 0

Applied Weld load lib]

Model Description

Applied and critical weld loads are de
tennined in a manner similar to that used
for the continuum model. The resulting
AWL and CBl values are listed in Table 2.
These values are somewhat higher than
those predicted for the continuum model.
These differences are attributed to the ad
ditional restraint built in the model by off
setting the beam elements. Modeling the
stiffeners with shell elements also is ex
pected to improve the results.

The ease with which the analysis
input deck is modified to reflect the dif
ferent configurations shown in Table 2
should be emphasized. To evaluate dif
ferent weld sizes, it is only necessary to

The 3·0 continuum model utilized in
the preceding discussions is useful in pre
diCling the critical buckling load for stiff
ened panels. However, in terms of a de
sign tool, construction of the 3-D model is
tedious and time consuming ahd does not
lend itself to making quick changes to the
geometry. Additionally, due to the re
quirement that the mesh be continuous,
the element size in this area must be at
leasl on Ihe order of the weld fillet leg and
stiffener web thickness. This leads to large
models that require excessive run times.

In an effort to provide a more robust
design tool, a model constructed of struc
tural elements is utilized. The model uses
shell elements for the plate and beam el
ements for the stiffener. The weld load is
applied using truss elements. With these
types of elements, geometric features
such as plate thickness, stiffener web and
flange lengths, stiffener web and flange
thickness, and applied weld load area are
not explicitly modeled, but instead are
input as properties of the respective ele
ments. A special feature in the ABAQUS
bp.am section properties definition al
lows for the origin of the beam local
cross-section axis to be placed anywhere
on the beam symmetry line, allowing the

may be suppressed for a· variety of re~·
sons, including the weight of the panel
and stiffeners and the restraining effects
of the additional stiffeners. A comparison
of the predicted fourth mode shape and
the measured panel is given in Fig. 15.

The resulting applied welding loads
are compared to the critical buckling
loads to predict whether buckling should
occur. If the driving force supplied by
welding is greater than the structure's crit
ical buckling load, buckling should be
observed in the corresponding mock-ups.
The results of this comparison, along with
the observed results, are given in Table 1.
Since buckling results in fairly large out
of-ptane distortions, observation of the
welded panels is deemed sufficient to de
termine if buckling has occurred. As seen
in the table, the predictions of the
melhodology described here are in direct
agreement with the observed results for
all experimental cases.

Structural Model

,~, ..... ,..... ..... .- n ... ,.. ..... "'''-'''''' ......... ~ .. - •. _ •• _-



panel- Fig. 1. Small imperfections, with
a maximum imperfection equal to 1% of
the plate thickness, are introduced to the
geometry using the predicted mode
shape from the eigenvalue solution. The
introduction of the imperfections assures

~ that there is always some response in the
collapse mode(s) (Ref. 26). All other ma
terial properties and boundary condi
tions are identical to those used in the
eigenvalue analysis. The thermal load is
then applied incrementally up to and
through the critica: value.

Figure 18 shows the predicted out-of
plane deflection jor the 'l., 1/~ and %span
locations at the transverse midplane of
the plate. The figure shows that the re
sponse is linear until a load close to the
CBL is reached. After this point. the de
flection increases rapidly as the load is
increased, indicating thitt the critical
load has been exceeded. The criiical
load predicled by the large deflection
analysis is slightly lower than the CBl, a
consequence of seeding the model with
the initial imperfections.

Examination of experimental results
shows for the corresponding laboratory
mock·up, the measured excursion along
the transverse midplane between the '14
and %span points is approximalely 0.211
in. 15.36 mOl). As seen in Table 1.lhe ap
plied welding load for thi, panel is
40.926 lb 1182 kN). Examination of Fig.
18 shows that, al this Iaad, Ihe predicted
excursion between these two locations is
approximately 0.2 in. 15.08 mOl), in good
agreement with the measured value.

large deflection analysis can also be
used to incorporate the effects on weld
ing into the overall response of the struc
ture. An initial load step consisting of the
weld load and appropriate boundary
conditions can be made, followed by a
second load step containing externally
applied loads and modified boundary
·conditions (if necessary).

Summary

A methodology for predicting weld
ing distortion and assessing the structural
integrity of welded structures is pre
sented. Thermo-elastic-plastic finite ele
ment analysis for welding simulation
along with three-dimens.ional elastic and
eigenvalue finite element analyses are
performed to predict both the appl ied
weld load and the structure's critical
buckling load. The approach is particu
larized on evaluating buckling under
longitudinal stresses and implemented
on panel structures for shipbuilding.

The methodology presented i, effi
cient and effective. The utilization of
two-dimensional analyses for the weld
ing simulations reduces the computa
tional time and cost. Decoupling of the
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weld simulation from the 3-D analyses
permits these analyses to be performed
elastically, which allows for them to be
solved quickly and efficiently. Utilizing
structural elements in the 3-D analyses
further enhances the efficiency of the
model and allows for geometry chan:-:~5

to be implemented easily.
The predictive approach can be im

plemented at various stages in the design
and production cycle. In the design
stage, welding procedures can be set,
and then various geometric configura
tions investigated. For example, to eval
uate welding-induced buckling on panel
structures, the plate thickness, stiffener
size and stiffener spacing are altered until
the structure's critical buckling load is
greater than the applied load computed
for the given welding procedure. The
methodology can also be used to control
distortion for established designs. In this
case, the structure's critical buckling load
is determined from a single eigenvalue
analysis. Different welding processes
and procedures are then examined to see
if conditions can be established where
the applied weld load is less than the es
tablished critical buckling load.

This method can also be used to assess
the effectiveness of and establish the oper
ating parameters for distortion mitigation
techniques. Under certain conditions or
constraints, it may not be possible to es
tablish conditions where, under standard
conditions, the applied weld load can be
kept lower than the structure's critical
buckling load. This could be the case for
an established design that requires a mini
mum weld size or in cases where, due to
weight limitations, it is not possible to in
crease the plate thickness sufficiently to
avoid buckling. In these circumstances,
the only way to avoid buckling is to em
ploy proactive distortion mitigation tech
niques. For example, Michaleris and Sun
IRef. 27) demonstrate thermal tensioning
to be an effective method for eliminating
buckling in thin panel fabrication. Proper
thermal tensioning parameters for various
panel geometries can then be determined
to ensure that buckling will be avoided. A
similar methodology can be used for olher
proactive distortion mitigation techniques.
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