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Determination of Residual Stresses in 
Thick-Section Weldments 

The time and cost of analyzing stresses in a thick multipass weldment 
are reduced with the use of a reliable numerical model 
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ABSTRACT. The purpose of this study is 
to develop an analytical method for pre
dicting through thickness distribution of 
residual stresses in a thick plate with a 
multipass welding process. The analysis 
was carried out in two steps. The first 
step was to develop a thermal model for 
heat f low analysis in a two-dimensional 
cross-section of the plate. For a model
ing of the heat input to the cross-section, 
a ramp heat input was used to avoid nu
merical instability and to include the ef
fect of a moving arc. The best ramp time 
was selected by an analysis of the root 
pass on a lA-in. (1 2.7-mm) thick plate and 
comparing it with experiments. 

The next step was to develop a struc
tural model to predict stress distribution 
using the thermal loading obtained in 
the first step. A generalized plane strain 
assumption was used in the stress anal
ysis. A lumped pass model was devel
oped to reduce the total computational 
time and cost. Each layer of weld bead 
was assumed as one lumped pass in this 
model. The heat input for every pass in 
that layer was added and applied on the 
top surface of a weld layer. The results 
by the lumped model showed good 
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agreement with the experiment and the 
results of another model, which ana
lyzed every weld pass separately. 

Introduction 

Residual stress is developed as a re
sult of manufacturing and fabricating a 
steel structure. It can be a major factor 
for cracking and fracture problems in 
heavy structures (Ref. 1). In welded struc
tures, nonlinear thermal loading cycles 
are created by a welding arc. This ther
mally induced loading produces nonlin
ear thermal strains which result in resid-

KEY W O R D S 

Residual Stresses 
Thick-Section Weldment 
Thick Plate 
Thermal Model 
Heat Flow Analysis 
2-D Model 
Structural Model 
Stress Distribution 
Structural Welding 
Multipass Welds 

ual stresses after welding. There are prac
tical difficulties in measuring through 
thickness residual stresses, because 
through thickness stress measurement 
techniques are destructive and require 
lots of time. Therefore, numerical anal
ysis is a very effective method in predict
ing residual stress distribution through 
the thickness. 

As the plate thickness increases, the 
number of weld passes required for a 
complete joint penetration weld also in
creases. Consequently, the plate is sub
jected to more complex thermal cycles 
and more complex inelastic strain pat
terns. Currently, little data are available 
pertaining to the magnitude and nature 
of residual stresses in multipass welding, 
especially in the through thickness d i 
rection. As the plate thickness increases, 
the number of weld passes also in
creases, which requires a longer com
putational time to determine stresses. 
Therefore, it is necessary to develop an 
analytical model to reduce the compu
tational time. The objective of this study 
is to develop a numerical evaluation 
methodology for thermal and residual 
stress fields created by welding of thick 
plates and to verify the results experi
mentally. 

The thermal and stress responses of 
weldments are three-dimensional prob
lems that may require a considerable 
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Pass Sequence Pass No. 
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Weld ing Parameters 

Current Voltage Speed 
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6.6 

Fig. I — Schematics of pass sequences along with welding parameters for each pass. 

amount of computing time and cost. 
Therefore, it is almost impossible to an
alyze multipass welding in a thick plate 
with three-dimensional modeling. Fre
quently, symmetry along the cross-sec
tion is assumed to reduce the problem 
to a two-dimensional plane strain anal
ysis. Adequate results with the plane 
strain assumption have been reported 
by many investigators (Refs. 2, 3). In 
multipass welding of thick plates with a 
free boundary condition, plane strain as
sumptions may not adequately represent 
the constraint along the welding direc
tion. A generalized plane strain assump
tion was implemented in this study to 
consider the strain of the cross-section 
in the welding direction. Many commer
cial finite element packages have been 
successfully employed in the analysis of 
welding problems (Refs. 2, 4). This study 
was performed with the help of 
ABAQUS, a commercial finite element 
analysis package (Ref. 5). 

Temperature profiles were obtained 
through the use of thermocouples and a 
data-acquisition system developed at the 
Department of Welding Engineering, 
Ohio State University (Ref. 6). Residual 

stresses at the surface of the plates were 
measured using the blind-hole dr i l l ing 
method. The plates were annealed be
fore welding to minimize the influence 
of pre-existing stress from prior cutting 
or rol l ing. The experimental tempera
ture fields and residual stresses were 
compared with finite element results. 

Experiment 

The experimental tests were directed 
toward collecting temperature and stress 
information on the surface of the weld
ments. The experimental results were 
used for a comparison and verification 
of the finite element model. 

The data-acquisition system was de
signed to measure the temperature and 
strain changes during welding. It was 
also developed to monitor strain relax
ation during bl ind-hole dr i l l ing for a 
residual stress measurement. It was com
posed of four major components: an IBM 
AT computer, an HP3497A data-acqui
sit ion/control unit, an IBM graphic 
printer, and an HP62J4B power supply. 
The overall maximum speed of the sys
tem was about ten channels per second. 

Generally, this speed was fast enough 
for monitoring the temperature changes 
and the strain changes during welding. 

Thermocouples were used to record 
the surface temperature changes during 
welding. Quantitative data at certain lo
cations were collected via thermocou
ples for a local comparison with the f i 
nite element results. Surface tempera
tures were measured on 'A-in. (12.7-mm) 
and 1-in. (25.4-mm) thick plates using 
ANSI Type K thermocouples. All ther
mocouples were mounted around the 
middle of the transverse cross-section of 
the specimens. 

The bl ind-hole dri l l ing method was 
used to experimentally determine the 
surface residual stresses in the weldment 
(Refs. 7, 8). The strain gauges used were 
designed and manufactured for the blind-
hole dr i l l ing method by Measurement 
Group, Inc. (gauge pattern: EA-06-
062RE-120). A high-speed air turbine 
drill was used to reduce the dri l l ing-in
duced stress. The strain relaxation data 
used to convert strains to residual stresses 
were those taken when the hole depth 
reached 1.2 times the hole diameter, as 
recommended by the strain gauge man
ufacturer. To obtain accurate blind-hole 
dr i l l ing results which reflect only the 
residual stress from welding, the drill ing 
must be performed slowly with minimal 
pressure, otherwise additional thermal 
and mechanical strains from drilling wil l 
be superimposed. To achieve this goal, 
the drilling process usually took approx
imately six minutes to complete. Resid
ual stress measurements were obtained 
at locations around the middle transverse 
cross-section of the specimens. 

The test specimens were prepared 
using a ASTM A36 plate. A single bevel 
butt joint was prepared for the '^-in-thick 
plate, and both single- and double-V-
grooves were prepared for the 1 -in.-thick 
plate. Pass sequences and welding pa
rameters are shown in Fig. 1. In order to 
remove pre-existing residual stresses, the 
1 -in.-thick plate was stress relieve an
nealed prior to welding. Thermocouples 
were attached after locally polishing the 
surface of the specimens. 

A GMAW system and BUG-O auto
matic traveling unit were combined to 
make an automatic process system. To 
accurately measure heat input, a volt
meter and ampere meter were attached 
to the welding system. An E70S-3-type 
electrode was used. The shielding gas 
was composed of 98% Ar - 2% 0 2 . 

Finite Element Model 

Thermal Model 

The material properties used in this 
research were from ASTM A36 mild 
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steel. The temperature-dependent ther
mal and mechanical properties are 
shown in Fig. 2 (Ref. 9). 

In this study, symmetry along the 
cross-section was assumed to reduce the 
problem to a two-dimensional analysis, 
where heat f low was limited to a cross-
section perpendicular to the welding di
rection, with an assumption of steady-
state conditions. Since plastic deforma
tion has a negligible effect on the weld
ing temperature f ield, an uncoupled 
thermomechanical analysis was per
formed. This implies that the thermal 
analysis was initially performed, and the 
temperature history from that analysis 
was used as the loading input for the 
subsequent stress analysis. The finite el
ement mesh and time steps were identi
cal for both the heat f low analysis and 
the stress analysis. 

The size of the finite element mesh 
has a great effect on the accuracy of the 

results and computational cost. The 
trade off between mesh size and com
putational cost must be considered. 
From previous experience (Ref. 10), the 
element size used for the weld area was 
smaller than or equal to the depth of the 
weld bead. Since a butt jo int welded 
plate was symmetric about the weld line, 
only one half of the plate was modeled. 
A two-dimensional finite element mesh 
shown in Fig. 3 was used for both the 
heat transfer and stress analysis. The area 
wi th obl ique lines represents layers of 
weld bead. It was determined from the 
actual weld bead shown in Fig. 1. Eight-
node rectangular elements were used 
for both thermal and stress analysis. 

The fusion zone mesh was stair-
stepped to numerically represent the in
dividual weld beads. Elements repre
senting each weld bead were init ial ly 
removed and activated for each pass to 
simulate a deposition of the weld beads. 

A heat flux was applied to these newly 
activated elements to generate a heat 
input. The size of the time increments 
used was dependent on the magnitude 
of the temperature gradients. The maxi
mum allowable temperature change be
tween time increments was limited to 
200°F (111 °C). The temperature data for 
each time increment were saved as input 
to the stress analysis. An arc efficiency 
of 85% was used for a net heat input to 
the plate. 

A heat flux was applied to the model 
gradually by using a ramp heat input 
model that was developed to allow vari
able ramp times. The ramp heat input 
model was developed to avoid numeri
cal convergence problems due to an in
stantaneous increase in temperature 
near the fusion zone and to include the 
effect of a moving arc in the two-dimen
sional plane. A general amplitude-time 
curve shape for the ramp input model is 
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Fig. 3 — Clockwise from top left: Finite element mesh for 'A-in. -thick plate; finite element mesh for I -in. -thick plate with a double V-groove; fi
nite element mesh for l-in.-thick plate with a single V-groove ; finite element mesh for 2-in.-thick plate. 
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Fig. 4 — Numerical model of heat flux input. 

Time (sec) 

C_> 

Cu 

Pd 

TIME (sec) 
Fig. 5 — Effect of ramp times for the first pass of 'A-in.-thick plate CA 
in. from centerline at the top). 

shown in Fig. 4. It shows the variation 
of heat flux with t ime. The total weld
ing time for the arc to travel across a unit 
thickness of the finite element model 
was t1 +t2. Ramp times (t1 and t3) from 
10 to 100% of the total actual heat input 
time (t1 +t2) were considered in the study 
of ramp time effect. The total area under 
these various ramp heat curves was kept 
constant to insure that the same total 
heat input to the model was maintained. 

The thermal analysis temperature his
tory results for the '/j-in.-thick plate were 
compared with the experimental data to 
achieve the best ramp heat input model. 
Figure 5 shows the temperature profiles 
at 'A in. (6.4 mm) from the joint edge 
preparation for the first pass of the '/:-\n.-
thick plate with various ramp heat input 
models. The general trend was for larger 
ramp times to decrease peak tempera
tures and cooling rates. The temperature 

profiles for large ramp times were shifted 
to the right indicating more time was re
quired to reach a peak temperature. The 
maximum difference in times to reach a 
peak temperature was about 2 s. The 
maximum temperature difference dur
ing the heating cycle was about 180°F 
(1 00°C). The temperature difference dur
ing the cool ing cycle was very small 
compared wi th the heating cycle. Nu
merical temperature profiles were also 
compared with experimental data at % 
in. from the edge preparation at the top 
surface of the plate as shown in Fig. 6. 
General trends were the same as the 
temperature profiles at 'A in. (6.4 mm) 
from the edge, but the effect of ramp 
time was less dominating as the distance 
from the edge increased. Generally, a 
ramp time of 20% of the total weld time 
(t1 +L2) gave the best correlation with the 
experimental data. Consequently, this 

Fig. 6 — Effect of 
ramp times for the 
first pass of A-in.-
thick plate CA in. 

from centerline at 
the top). 

Pd 
E— 

TIME ( sec ) 

value was used for the temperature anal
ysis of 1-in. and 2-in. (50.8-mm) thick 
plates. 

Mechanical Model 

A generalized plane strain theory was 
used for the stress analysis to consider 
the strain of the cross-section in the di
rection of welding (Ref. 11). The gener
alized plane strain theory assumed that 
the model between two initially paral
lel planes in the thickness direction may 
move as rigid bodies wi th respect to 
each other, so strains vary linearly 
throughout the cross-section. The same 
finite element mesh and time increments 
were used for both the thermal and struc
tural analysis. 

The fusion zone elements were in
crementally activated to model the weld 
passes as they were deposited. The tem
perature history obtained from the ther
mal analysis was input as a thermal load
ing into the structural model to calcu
late thermal strains and stresses for each 
time increment. These thermal strains 
and stresses were accumulated to pro
duce the final state of residual stresses. 

Free boundary conditions were used 
for the free surfaces except at the cen
terline of the cross-section, where a sym
metry condit ion was used. Volume 
changes due to phase transformations 
were neglected. Initial stresses and 
strains were zero, since the test speci
mens were stress relaxed before weld
ing. The mass of the plate was not in
cluded in the analysis, which was neg
ligible compared to thermal stresses. 

Two models were used for the stress 
analysis of 1 - and 2-in. thick plates. The 
first model assumed a heat flux of an in
dividual pass, and was distributed over 
the top surface of one layer of weld bead. 
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Fig. 7 — Left: Temperature profiles for the first pass of 'Ai-in.-thick plate ('A in. from centerline at the top); right: temperature profiles for the first 
pass of A-in.-thick plate ('A in. from centerline at the top). 

The result of temperature analysis for 
each pass was used as thermal loading 
in the stress analysis. Analysis was re
peated for each pass needed to com
plete one layer. The second model 
(lumped model) used lumped passes. 
Each layer of weld bead was considered 
as one lumped pass in this model. Heat 
fluxes for each pass in that layer were 
added and distributed over the top sur
face of the layer. This is a very efficient 
method for reducing the computational 
cost for both thermal and stress analy
sis, especially for thick plates. A total of 
11 passes were lumped into 6 passes in 
1 -in.-thick plate with a double V-groove, 
1 7 passes were lumped into 7 passes in 
1 -in.-thick plate with a single V-groove, 
and 32 passes were lumped into 14 

passes in 2-in.-thick plate with a double 
V-groove. The results of stress analysis 
for both models were compared with ex
perimental data. 

Results and Discussion 

Thermal Analysis 

Figure 7 shows the numerically cal
culated temperature vs. time plots for 
the first pass of the '/Wn.-thick plate at 'A 
and Vi in. from the centerline on the top 
surface. Experimental results from the 
thermocouples were also plotted for a 
comparison. The temperature profiles 
from the analysis showed good correla
tion with the experimental data near the 
weld. This is important since high tem
perature in this area usually results in 

large plastic strains and thermal stresses. 
Generally, the differences between the 
peak temperatures calculated by the 
thermal analysis and the experimental 
results were less than 50°F (28°C) 
(+10%). A ramp time consisting of 20% 
of the total heat input time was used, 
which was determined from the study 
of a ramp time effect. 

Figure 8 shows the temperature pro
files for the first pass of the 1 -in.-thick 
plate with a double V-groove at a '/> in. 
and a % in. (19.1 mm) from the center-
line on the top surface. The maximum 
difference in the peak temperature be
tween two results was less than 70°F 
(39°C). The results showed similar trends 
as in the '/d-in.-thick plate. Each pass mod
eled in the thermal analysis was divided 
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Fig. 8 — Left: Temperature profiles for the first pass of I -in. -thick plate ('A in. from centerline at the top); right: temperature profiles for the first 
pass ofl-in.-thick plate ('A in. from centerline at the top). 
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Fig. 9 — Left: Longitudinal stress at the top surface of I-in.-thick plate with a double V-groove; right: transverse stress at the top surface of 1-in. 
thick plate with a double V-groove. 

into small time increments, such that the 
maximum temperature change between 
any two time increments was less than 
200°F (111 °C). The temperature data for 
each increment were saved and used as 
a thermal loading to the stress analysis. 

Stress Analysis 

Figure 9 shows the longitudinal 
(welding direction) and transverse (per
pendicular to welding direction) stresses 
at the top surface of the 1 -in.-thick plate 
with a double V-groove. The first model 
(not-lumped) analyzed every welding 
pass. The heat flux was distributed over 
one layer of weld bead. The second 
model (lumped) used lumped passes. A 
total of 11 passes were lumped into 6 
passes. The results of both analysis were 

compared with experimental data. Both 
results show tensile yield stress around 
the weld centerline, but the tensile zone 
was increased by about 'A in. (8.5 mm) 
in the lumped model. The lumped model 
showed higher longitudinal compres
sive stress outside the weld area than the 
not-lumped model. Generally, experi
mental data fall between two analytical 
results in a longitudinal stress distribu
t ion. The first model (not-lumped) 
showed higher tensile transverse stress 
around the weld centerline than the 
lumped model. Experimental results 
showed good agreement wi th the first 
model. 

Figure 10 shows the longitudinal and 
transverse stresses at the top surface of 
the 1-in.-thick plate with a single V-
groove. Seventeen passes were reduced 

to 7 lumped passes in the lumped model. 
The lumped model showed slightly 
lower tensile longitudinal stress around 
the weld centerline. Longitudinal ten
sile stress zone was increased by about 
'A in. in the lumped model. Transverse 
stresses were also reduced and the ten
sile zone was increased in the lumped 
model. General trends were similar to 
the results of 1 -in.-thick plate with a dou
ble V-groove. 

The longitudinal and transverse 
stresses at the top surface of the 2-in.-
thick plate with a double V-groove are 
shown in Fig. 11. Thirty-two passes were 
reduced to 14 passes in the lumped 
model. The maximum stress difference 
in the two models was less than 1 0 ksi 
(69 MPa) and longitudinal tensile stress 
zone was increased by about 'A in. in the 
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Fig. 10 — Left: Longitudinal stress at the top surface of i-in.-thick plate with a single Vgroove; right: transverse stress at the top surface of 1-in. 
thick plate with a single V-groove. 

310-s I SEPTEMBER 1992 



60 

1 2 3 4 5 6 7 

Distance from centerl ine (inch) 

-20 

-40 

Not Lumped 
Lumped 

1 2 3 4 5 6 7 

Distance from centerline (inch) 

Fig. 11 — Left: Longitudinal stress at the top surface of 2-in.-thick plate with a double V-groove; right: transverse stress at the top surface oi 2-in.-
thick plate with a double V-groove. 

lumped model. General trends were 
similar to the 1 -in.-thick plates, but ten
sile zones were increased compared to 
the 1 -in.-thick plates. 

The good agreement between theo
retical analysis and experimental results 
for both transverse and longitudinal 
stresses built confidence in the applica
tion of the generalized plane strain the
ory to the calculation of residual stresses 
in multipass weldments. Also, the stress 
distributions of the lumped model 
showed very close results to the not-
lumped model. Thus, we could use the 
lumped model with reasonable results 
of stresses in thick plates. 

Figure 1 2 shows the longitudinal and 
transverse stress variations at the weld 
centerline through the thickness of the 
2-in.-thick plate with a double V-groove. 

As shown in the figure, the lumped 
model showed lower tensile longitudi
nal stress through the thickness than the 
first model. The tensile transverse stress 
at both surface areas was balanced by 
compressive stress in the middle of the 
plate. Both transverse and longitudinal 
stress distributions showed a similar 
shape. The maximum tensile stress ex
isted near the surfaces of the plate and 
was gradually decreased at the middle 
of the plate. 

Conclusions 

The finite element method was used 
to analyze temperature and residual 
stress field in a plate with multipass 
welding. The results were compared 
with experimental data containing tem

perature and residual stress. A ramp heat 
input was used to include the effect of 
a moving arc. Various ramp times were 
studied in the first pass of '/2-in-thickplate. 
The results of this study showed that 
20% of the actual heat input time gave 
the best correlation with the experi
ments, and it was used for the rest of the 
analysis. 

A generalized plane strain assump
tion gave reasonable stress distribution 
in both longitudinal and transverse di
rections, which was confirmed by ex
perimental data. The lumped-pass 
model was developed to reduce com
putational cost. Each layer of weld bead 
was considered as one lumped pass. The 
result was compared with another model 
that analyzed every weld pass individu
ally. The result of the analysis using the 
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Fig. 12 — Left: Longitudinal through thickness stress for 2-in.-thick plate with a double V-groove at weld centerline; right: transverse through 
thickness stress for 2-in.-thick plate with a double V-groove at weld centerline. 

W E L D I N G RESEARCH SUPPLEMENT I 311-s 



lumped model showed reliable data 
compared with both not-lumped model 
and experimental data. 

The effect of joint geometry on the 
residual stress distribution was studied 
for 1-in.-thick plate with two different 
grooves: a single V-groove and a dou
ble V-groove. The results showed that 
the joint geometry was not a sensitive 
parameter as far as residual stress was 
concerned. 

The stress field through the thickness 
was investigated and showed that the 
maximum stress existed near the surface. 
The longitudinal stress showed high-ten
sile stress through the thickness, but the 
transverse stress changed from tensile 
stress at the surface to compression near 
the middle of the thickness. 
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Structural components designed by various countries that were found to be successful for long-term elevated-
temperature operation are included. 

Publication of this bulletin was sponsored by the Committee on Elevated Temperature Design of the Pressure 
Vessel Research Council. The price of WRC Bulletin 362 is $45.00 per copy, plus $5.00 for U.S. and $10.00 for 
overseas, postage and handling. Orders should be sent with payment to the Welding Research Council, Room 
1301, 345 E. 47th St., New York, NY 10017. 
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