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ABSTRACT. Axis shift distortion is one 
type of distortion encountered during the 
circumferential welding of large, thin 
pipes. The result of this is the loss of coax- 
iality of the pipes. This type of distortion 
is caused by the time lag in the solidifi- 
cation of various segments of weld metal 
around the circumference. The develop- 
ment of shrinkage forces in the weld 
metal especially in the axial direction is 
nonuniform due to the time lag, and this 
causes axis shift for the pipes. The devel- 
opment of a mathematical model using 
the finite element method for prediction 
of axis shift distortion in thin pipes is de- 
scribed in this work. Thermal analysis 
and subsequent elastic-plastic stress 
analysis for the pipe are performed using 
four-noded, bilinear degenerated shell 
elements. In addition to axis shift distor- 
tion, axial and circumferential stress dis- 
tributions in the pipe are also determined 
by the model. The model is validated by 
conducting partial welding on the cir- 
cumference of a thin pipe and measuring 
the transient thermal history and root 
opening at the bottom. Details of thermal 
and elastic-plastic analyses, welding tri- 
als, thermal and displacement results and 
axial and circumferential stress results 
are presented in this paper. 

Introduction 

Distortion is an inevitable result of 
welding and is an undesirable deviation 
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in the design dimensions and shape of 
the component after welding The root 
cause for the phenomenon is the nonuni- 
form plastic deformation around the re- 
gions of the weld and contraction of the 
weld metal and plasticized zones during 
cooling. Depending on the shape of the 
component welded and the location and 
orientation of the weld, distortion occurs 
in several forms. During circumferential 
welding of thin shells, distortion occurs 
in the form of radial contraction in the 
weld plane and axis shift for the pipes. 
The two pipes, which are originally coax- 
ial, lose the coaxiality after welding, and 
the axes of the pipes become shifted as 
shown in Fig. 1. This type of distortion is 
termed axis shift distortion. 

Axis shift distortion is caused by the 
time lag between the thermal cycles at 
various segments of the weld metal along 
the circumference. If the time lag is great, 
then shrinkage of the weld metal along 
the axial direction will not be uniform, 
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and this differential shrinkage leads to the 
axis shift distortion. Thus, intuitively it 
can be realized that for this form of dis- 
tortion to occur, the time taken for the cir- 
cumferential welding must be great. In 
addition, the pipe must have less stiffness 
to resist the shrinkage forces. Hence, this 
type of distortion will be experienced in 
the case of thin-walled, large-diameter 
pipes welded with conventional welding 
speeds. This type of distortion was faced 
during the fabrication of a nuclear steam 
generator shell and was reported by Gu- 
runathan, et al. (Ref. 1). The axis shift dis- 
tortion was found to pose problems in 
achieving the required clearances be- 
tween the subassemblies of 235-MW 
pressurized heavy water type steam gen- 
erators. Thus, in places where accurate 
alignments are required, this form of dis- 
tortion is highly undesirable. 

An effective analysis of this type of 
distortion uses the finite element method, 
which incorporates various phenomena 
associated with welding. The analysis of 
the welding distortion must be of elastic- 
plastic type because the localized plastic 
deformation around the weld, which 
produces incompatible strains, is the 
prime cause for distortion in the pipes. As 
the plastic strain accumulates during the 
loading path, the accurate determination 
of plastic strains is possible only with a 
transient analysis with suitable time in- 
crements. The analysis cannot be carried 
out using axisymmetric elements, as the 
condition of axisymmetry assumes that 
the stress distribution is rotationally sym- 
metric and neglects the differential 
shrinkage of the weld metal around the 
circumference. So the analysis should in- 
clude the circumferential variation of 
stresses. There are many reports on ther- 
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Fig. 1 - -  Axis shift distortion in a thin pipe. 
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Fig. 2 - -  Four-noded shell element used in the thermal analysis. 
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Fig. 3 - -  Temperature-dependent thermal properties of low-carbon 
steel (Ref. 3). 

mal and elastic-plastic 
analyses on linear sec- 
tions, but there are a 
few reports on the 
analysis of circumfer- 
ential welds. A brief 
survey of the thermal 
and elastic- plastic 
stress analyses is pre- 
sented below. 

Friedman (Ref. 2), 
Krutz and Sergerlind 
(Ref. 3), Goldak, et al. 
(Ref. 4), and Elijah 
Kannatey-Asibu, Jr., et 
al. (Ref. 5), have suc- 
cessfully employed 
nonlinear transient fi- 
nite element analysis 
for the prediction of 
thermal cycles in 
plates incorporating 
various phenomena, 
such as convection 
and radiation heat 
transfer, latent heat of 
fusion, temperature- 
dependent material 
properties and distrib- 
uted arc heat, energy in 
the model. While 
Friedman has pro- 
posed a Gaussian 
model for the distrib- 
uted arc energy, 
Goldak, et al., has pro- 
posed a more accurate 
double ellipsoid model 
for the power density of 

the arc and has obtained the closest re- 
suits. Goldak, et al. (Ref. 6), has com- 
pared the three-dimensional and two-di- 
mensional transient thermal analyses 
and opines that while the 3-D analysis is 
very expensive, the 2-D in-plane analy- 
sis can be quite accurate for thin-section 
welds or regions farther from the arc 
where through thickness heat flow be- 
comes insignificant. Karlsson, et al. (Ref. 
7), who has analyzed the single-pass 
welding of a pipe using three-dimen- 
sional analysis, has reported that in the 
case of circumferential welding, due to 
the heat flowing backward from the be- 
ginning of the weld, the surroundings of 
the end of the groove become preheated. 
This preheating effect wil l be absent 
when the analysis for plates is extended 
for the case of pipes. 

The elastic-plastic analysis using the 
finite element method has been reported 
by many leading researchers for linear 
sections. Friedman (Ref. 2) has presented 
a thermomechanical analysis on Inconel 
Alloy 600 weldment and has predicted 
weld-induced transient and residual 
stresses and distortion. Goldak, et al. 
(Ref. 8), have presented a nonlinear ther- 
mal elastic-plastic analysis for the com- 
putation of three-dimensional transient 
stresses, strains and displacement around 
a tack weld in a butt joint, and have 
shown that the assumption of plane strain 
condition in the stress model for a thick 
weldment is invalid. This conclusion 
when extended to the case of a pipe 
would imply that the choice of an ax- 
isymmetric model for the stress analysis 

40-s I JANUARY 1997 



S Z '  

Four  n o d e d  shel l  e l e m e n t  
! 

Z ! 

y 

X 

R o t a t i o n  a b o u t  loca l  ax is  

x ' - - -  Xl | _ y,  

R o t a t i o n  of  n o r m a l  due to oC 2' and  eC 1' 
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is also invalid. Leung, et al. (Ref. 9), has 
analyzed the residual stress distribution 
in a single-pass stainless steel weld and 
has described the development of a 
model indicating the necessary modeling 
features. Tekriwal and Mazumder (Ref. 
10) have employed a rate-independent 
plasticity model with kinematic harden- 
ing rule and have discussed the choice of 
a suitable cut-off temperature for the 
analysis. 

The stress analysis of circumferential 
welding of a pipe is more complicated 
than the analysis of a plate due to the 
geometric factor. Vaidyanathan, et al., 
(Refs. 11, 12), has computed the final 
state of stress and radial displacements in 
circumferentially welded cylinders, by 
first determining the stress distribution in 
a plate and wrapping the final plate into 
a cylinder. Then the cylinder is allowed 
to deform, and the final configuration is 
determined from the condition that the 
elastic strain energy would be a mini- 
mum. Temperature distribution is ob- 
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Fig. 5 - -  Changes in the physical and mechanical properties of  steel with 
temperature (Ref. 23). 

tained using a proce- 
dure similar to that de- 
scribed by Wells for a 
single-pass groove 
weld. The agreement 
between the experi- 
mental stress results in 
circumferentially 
welded thin hemi- 
spheres and the pre- 
dicted values is found to 
be satisfactory 

Rybicki, et al. (Ref. 
13), has undertaken studies for the pre- 
diction of residual stresses during the 
welding of small-diameter 304 stainless 
steel pipes used mainly in the boiling 
water reactor piping systems. He has 
used the Rosenthal's analytical equation 
for the quasi-steady-state thermal solu- 
tion with a point heat source. The resid- 
ual stress analysis model is the finite ele- 
ment based elastic-plastic model with 
the assumption of axisymmetry. The 
model recognizes temperature-depen- 
dent elastic-plastic constitutive behavior, 
elastic unloading in the nonlinear stress 
strain range and changes in geometry 
due to deformation of each weld pass. 
There is a good correlation between the 
measured and computed temperatures, 
residual stresses and distortion. 

Scaramangas (Ref. 14) has developed 
a computational model for predicting the 
local pattern of weld shrinkage stresses 
in multipass girth groove welds in pipes. 
He treats both thermal and elastic-plastic 
analysis as axisymmetric. The thermal 

model is based on the finite difference 
method with specified temperature dis- 
tribution at the start of welding for the 
molten pool area. The stress-strain re- 
sponse to applied thermal load is evalu- 
ated from equations of equilibrium and 
compatibility using a stress function ap- 
proach. The accumulation of plasticity is 
followed using the method of successive 
elastic solutions. The emphasis is on 
through-thickness stress distribution in 
the weld itself. 

Chandra (Ref. 15), in his state of the 
art review paper, has described the 
closed form solutions and finite element 
solutions for the thermal and stress analy- 
ses. He mentions that in the finite ele- 
ment analyses, the condition of axisym- 
metry is generally assumed by 
researchers and for reasons of conve- 
nience and economy this approximation 
is considered satisfactory though the ex- 
perimental evidence indicates that this is 
not generally the case. He has also pre- 
sented some important results of experi- 
mental studies of residual stresses and 
has found that the axial variation of resid- 
ual stress is very steep and the circumfer- 
ential variation of axial stress is also sig- 
nificant, which contradicts the 
assumption of axisymmetry. 

Jonsson, et al. (Ref. 16), has measured 
the axial and hoop stresses developed 
during welding with the help of strain 
gauges and has reported that the hoop 
stress component is reasonably rotation- 
ally symmetric, whereas the axial stress 
component is found to vary in the cir- 
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Fig. 6 - -  Close-up view of  the tack-welded pipe. 
Fig. 7 - -  Measurement of  opening by feeler gauge. 

cumferential direction. Lindgren, et al. 
(Ref. 17), has calculated the deforma- 
tions and stresses during the welding of a 
shell structure. He has employed a de- 
generated shell element for the finite el- 
ement method (FEM) analysis. The ther- 
mal analysis is carried out using 
analytical method and using the thermal 
elastic-plastic model, and the change in 
root width during welding of a plate is 
studied. His group has also calculated 
the residual stresses in a welded pipe and 
has compared the results with experi- 
mental data available in literature. 

Josefson, eta l .  (Ref. 18), has discussed 

the development of stresses in a single- 
pass thin-walled groove-welded pipe. 
The calculated results from three differ- 
ent numerical FEM analyses, viz., a rota- 
tionally symmetric, a fully three-dimen- 
sional and a shell model are compared 
with experimental results. He has re- 
ported that the stress field is not rotation- 
ally symmetric. Karlsson, et al. (Ref. 7), 
has analyzed the temperatures, stresses 
and deformations during single-pass 
welding of a pipe using a full three-di- 
mensional model. The results show that 
the transient stress pattern in a section 
perpendicular to the weld interface is 

regular with respect to the hoop position 
except in the start and end regions of the 
weld. The hoop stresses in the weld are 
found to be of compressive nature. 

From the survey, it is seen that with 
improvements in the power of comput- 
ing, the assumption of axisymmetry for 
the analysis of pipe welding is no longer 
made and the trend is toward the use of 
shell elements and three-dimensional 
models. A full fledged three-dimensional 
model can be used for the analysis of axis 
shift distortion, but it will be very expen- 
sive and time consuming If the radial 
stress variation can be neglected, which 
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Fig. 9 - -  Close-up view of the welding setup. 

is true for thin pipes, the analysis can be 
conducted using shell elements that will 
be cost effective. Hence, a FEM model 
using four-noded bilinear degenerated 
shell elements has been proposed for the 
prediction of axis shift distortion during 
welding of thin-walled pipes. 

Fig. 10 - -  Opening of the gap at the bottom of the pipe. 

Finite Element Analysis 

In the finite element analysis, the ther- 
mal and the mechanical aspects of the 
problem are uncoupled as the dimen- 
sional changes during welding are negli- 
gible and the mechanical work done dur- 
ing welding is insignificant compared to 
thermal energy change. Thus, the thermal 
analysis is conducted first and the com- 
plete thermal history at all points is deter- 
mined for various time intervals. Subse- 
quently, the stress analysis is conducted 
taking the nodal temperatures as input. 

Thermal Analysis 
Stress Analysis 

The thermal analysis is conducted 
using a four-noded bilinear degenerated 

shell element, which is shown in Fig 2. 
The element is adapted from the one pro- 
posed by Kanok-Nukulchai (Ref. 19) for 
stress analysis. The assumption in the use 
of the element is that the heat flow nor- 
mal to the midsurface is zero. At the mid- 
surface of the element, an orthogonal set 
of local coordinate axes is constructed 
and, using the local coordinates of the 
nodes, the elemental calculations are 
carried out. The governing transient heat 
flow equation in the FEM is written as 
(Ref. 20) 

[C] {dT/dt} + [K] IT} = {F} 

where [C ] = the thermal capacitance ma- 
trix; 
[K ] = the thermal conductivity matrix; 

{F} = the thermal load matrix; and t = 
time. 

The physical properties required for 
the calculation of the two matrices, viz. ,  
the thermal conductivity and the specific 
heat, are assumed to be temperature de- 
pendent. The material of the pipe is taken 

to be carbon steel, and the temperature 
dependency of the physical properties 
for the material is given in Fig. 3 (Ref. 3). 
The nodal arc heat is obtained by assum- 
ing that the arc heat distribution is as per 
Gaussian distribution (Reg. 2, 3). At each 
time interval, the nodes that receive the 
arc heat are identified and the corre- 
sponding heat values are calculated. The 
radiation and convection heat losses and 
the latent heat effects are accounted for 
in the model. The nodal temperatures are 
calculated for various time intervals from 
the temperature data for the previous 
time step through Galerkin's time step- 
ping scheme. The time interval is kept 
constant during the welding phase. 
When the arc travels around the circum- 
ference, and in the cooling phase, the 
time steps are progressively increased as 
the thermal gradient slows down. 

9o" 

Analysis Using Degenerated Shell Element 

The elastic-plastic stress analysis is 

Free end 
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Fig. 11 - -  Discret izat ion o f  the part ia l ly welded pipe (developed view). 
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Fig. 12 - -  Boundary condit ions employed for the partial ly welded 
pipe. 

conducted with 
the help of a 
four-noded bi- 
linear degener- 
ated shell ele- 
ment having six 
nodal degrees 
of freedom as 
shown in Fig. 4, 
which is pre- 
sented by 
Kanok-Nukul- 
chai (Refs. 19, 
21, 22). The de- 
grees of free- 
dom include 
three transla- 
tions along the 
axes and three 
rotations about 
the axes. The el- 
ement is based 
on Mindlin's 
theory, which 
assumes that 
straight lines 
originally nor- 
mal to the mid- 
surface before 
deformation re- 
main straight 
but not neces- 
sarily normal to 
the deformed 
midsurface. 
Thus, the aver- 

age rotation of the section may be taken 
as the rotation in which normals remain 
perpendicular to the midsurface plus an 
additional rotation due to transverse 
shear. In addition, the element assumes 
that the stresses normal to the midsurface 
are zero. Thus, the element assumes five 
stress components in the local coordi- 
nates, i. e., o x, o'y ~:xy, ~yx and "l:zx. 

The displacernent variation is ex- 
pressed as a function of nodal displace- 
ments and the relative displacements 
produced by the rotation of the normal at 
the nodes. At a point on the midsurface, 
an orthogonal set of local axes is con- 
structed as shown in Fig. 4, and the rela- 
tive displacement components along the 
three axes in the local coordinates pro- 
duced by the normal rotations are deter- 
mined. The element stiffness matrix is 
constructed after determining the bend- 
ing and membrane effects and the trans- 
verse shear effects. A lower order of inte- 
gration is employed in the computation 
to avoid the shear locking effect (Ref. 19). 
Appropriate boundary conditions are as- 
sumed to prevent the rigid body motion 
of the pipe. 

Elastic-Plastic Analysis 

The elastic-plastic analysis is per- 
formed assuming that isotropic hardening 
rule is obeyed by the material. The model 
assumes von Mises equivalent stress for 
checking the condition of yielding and as- 
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sociated flow rule for relating plastic 
strain and stress. The total strain incre- 
ment experienced by the weldment is the 
summation of the thermal, elastic and the 
plastic strain increments. The constitutive 
equation is written in the form 

[K] {d} = IF} 
where [K] = the element stiffness matrix 
given by J" [ B IT. [Dp] • [B ] dV; [B] = the 

strain displacement matrix; [Dp] = the 
elastic plastic stress strain matrix; {d} = 
the nodal displacements for the load 
step; F = the nodal thermal forces given 
by J" [B]T.[Dp].{o~ dT} dV; cx = the coeffi- 

cient of thermal expansion in mm/(mm 
°C); dT = the incremental temperature for 
the load step in °C. 

In the model, the material of the pipe 
is taken as carbon steel and the tempera- 
ture dependency of the material proper- 
ties are assumed as given in Ref. 23, 
which is shown in Fig. 5. The yield 
strength of the material is assumed to be 
zero above 750°C (1382°F) and the 
Young's modulus is assumed to be zero 
above 1190°C (2174°F). However, for 
the formulation of the stiffness matrix, a 
small value is assumed for the Young's 
modulus when the temperature exceeds 
1190°C as the assumption of zero value 
leads to errors in computation. The ratio 
of plastic modulus to Young's modulus is 
assumed to be constant at all tempera- 
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tures as suggested by Leung, et al. (Ref. 
9). If the temperature of the element ex- 
ceeds 1540°C (2804°F), then the stress 
and strain are assumed to be zero. On 
resolidification, the material would be 
damage free. 

The analysis is conducted for a num- 
ber of time steps from the start to the end 
of welding. Within each increment, the 
above analysis is performed and the dis- 
placements and stresses are determined 
through the Newton-Raphson iterative 
scheme. For the first iteration, the stiff- 
ness matrix is calculated on the basic of 
elastic assumption only and if the equiv- 
alent stress at any Gauss point exceeds 
the yield strength at that temperature, 
then the elastic-plastic stiffness matrix is 
recalculated and the displacements and 
stresses are determined through the iter- 
ative scheme. The iterations are repeated 
until convergence is achieved. For 
checking the convergence, residual 
forces and residual work done are 
checked against the values determined at 
the beginning of the step. If the residual 
values are within 0.1% of the original 
values, then convergence is assumed to 
be achieved. The limit of 0.1% has been 
suggested by Tekriwal and Mazumder 
(Ref. 10) for getting accurate results. 

In the analysis, the thermal loads 
above a cut-off temperature are assumed 
to be zero, and the value of the cut-off 
temperature is 750°C, whereas Goldak 

(Ref. 8) and Tekri- 
wal and Mazurnd- 
cri (Ref. 10) have 
assumed a cut-off 
temperature of 
600°C (1112°F) in 
their works. With- 
out a cut-off tem- 
perature, the model 
becomes unstable 
and gives excessive 
deflections. The 
cut-off temperature 
of 750°C is selected 
since the model as- 
sumes zero value of 
yield strength at 
temperatures be- 
yond 750°C. 

Two com- 
puter programs 
have been devel- 
oped for the analy- 
sis of transient ther- 
mal history and 
displacement his- 
tory of the pipes 
(Ref. 24). The pro- 
grams are written in 
C language and run 
on a PC with 80486 

configuration and a clock speed of 25 
MHz. Due to the limitation of 640 kB 
RAM size for the computer, an out-of- 
core solution based on the method of 
substructuring is followed for handling 
problems of reasonable size. 

E x p e r i m e n t a l  V a l i d a t i o n  

Experimental  Trials 

For validating the developed models, 
experiments have been conducted on a 
160 mm (6.3 in.) diameter (circumfer- 
ence of 500 mm(20 in.), 5 mm (0.2 in.) 
thick carbon steel pipe conforming to the 
ASTM standard SA 135 Grade B (Ref. 24). 
As the measurement of axis shift distor- 
tion in a fully welded pipe is difficult, the 
welding has been conducted only for a 
circumferential segment of 100 mm (4 
in.) on the pipe. Prior to welding, the 
pipes with machined edges have been 
tack welded only in the 100-mm segment 
marked for welding. The length of each 
tack weld is kept to a minimum, and the 
total length of the three tack welds is only 
12 mm (0.5 in.). The tack-welded pipe is 
shown in Fig 6, but it has been noted that 
even in the tack-welded condition, there 
is a significant root opening in the oppo- 
site segment. This value has been accu- 
rately measured using feeler gauges as 
shown in Fig. 7. 

After tack welding, chromel alumel 
thermocouples with a diameter of 0.5 
mm (0.02 in.) are affixed at nine locations 
on the surface of the pipe as shown in the 
developed view of the pipe surface in Fig. 
8 (Refs. 24, 25). The thermocouples are 
connected to a multichannel digital data 
acquisition system, which acquires and 
records the temperature data from ther- 
mocouples at an interval of 1 s. 

The tack-welded pipe is mounted on 
a rotary positioner, and the gas tungsten 
arc welding (GTAW) setup employed for 
the trial is shown in Fig. 9. The speed of 
rotation is adjusted to obtain a linear 
welding speed of 3 mm/s (7 in./min). The 
GTAW process is employed without any 
filler metal, and the power input is 480 
W. A lower value of power input is em- 
ployed to avoid any possible melt 
through. The arc has been initiated with- 
out the conventional high-frequency 
start, as this might affect the data acqui- 
sition system. After the arc is initiated 
using touch start, the rotary positioner is 
activated and the welding on the pipe is 
performed. The temperature data are 
recorded up to a time of 400 s from the 
weld start time. 

After the complete cooling of the 
pipe, the root opening at the bottom of 
the pipe is found to open out as shown in 
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Fig. 14 - -  A - -  Transient displacement history in the partially welded pipe; B - -  transient displacement history in the partially welded pipe. 

Fig. 10. This opening is measured accu- 
rately with the help of feeler gauges after 
welding• To eliminate any experimental 
error and to ensure consistency, the trial 
was repeated on one more set of pipe. 

T h e r m a l  and  Stress Analyses 

The thermal and stress analyses were 
performed for the above case of partially 
welded pipe to validate the model• The 
thermal and stress analyses employ the 
four-noded bilinear degenerated shell 
element• The pipe is discretized as 
shown in Fig. 11, and the total numbers 
of nodes and elements are 360 and 324, 
respectively (Ref. 25). Due to the as- 
sumption of symmetry, only one-half of 
the pipe is taken for the analysis. The 
analysis assumes that the pipe is station- 
ary during welding• The location at the 

12 o'clock position is taken as 0-deg ori- 
entation. During welding, the arc moves 
from -36 deg, which is the weld start 
point, to +36 deg orientation, which is 
the weld end point• 

The thermal problem is conducted for 
various time intervals, and the time step 
employed during the welding phase is 
0.33 s, which corresponds to 1-mm 
(0.04-in.) movement of the arc for each 
step. After the completion of welding, the 
time interval is progressively increased 
up to a time of 2000 s when the pipe 
cools down to near room temperature• 
Subsequent to the thermal analysis, the 
stress analysis is performed• The size of 
the problem in stress analysis is 2160 as 
there are six nodal degrees of freedom for 
the element• 

The boundary conditions adopted for 
the stress model are shown in Fig. 12. 

The condition assumes that the nodes 
lying in the weld interface on the plane 
of symmetry cannot move axially as the 
weld is intact and keeps the weld to- 
gether. Thus, the axial movement of the 
nodes lying on the 100-mm weld seg- 
ment are arrested• In addition, three more 
conditions are imposed to prevent any 
rigid body motion of the pipe. Additional 
boundary conditions have to be imposed 
during the welding period when the arc 
is moving along the circumference• Dur- 
ing this time, due to the expansion of the 
pipe in the top segment, the points at the 
bottom segment try to move into the 
plane of symmetry as shown in Fig. 12, 
but actually this movement into the plane 
of symmetry is not possible• Hence dur- 
ing the welding period, the axial move- 
ment of all the points lying on the plane 
of symmetry is suppressed• However, 
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after the completion of welding, the pipe 
starts cooling and the movement of the 
bottom points will be in the opposite di- 
rection, i.e., away from the plane of sym- 
metry, and these additional boundary 
conditions are not applied during the 
cooling phase. 

The analyses have been run using a 
PC with 80486 configuration and 25 
MHz clock speed. The time taken by the 
PC for one step of thermal analysis is 
around 10-15 s, whereas the time taken 
for one step of stress analysis is nearly 45 
min. As the time taken for the stress 
analysis is much higher compared to the 
time taken for thermal analysis, during 
the welding period, the stress analysis 
considers temperature distribution corre- 
sponding to every fifth time step during 
the welding time. In the cooling period 
when the shrinkage strains develop, the 

analysis is conducted every thermal step. 

R e s u l t s  a n d  D i s c u s s i o n  

Thermal  Results 

The comparison between experimen- 
tally measured and computed tempera- 
ture results for the nine locations are 
shown in Fig. 13A, B and C (Reg. 24, 25). 
The agreement is found to be good in 
most of the cases, The locations P1 and 
P2 are behind the starting point of the arc 
and get heated due to the backward flow 
of heat from the weld. While the agree- 
ment is good for point P1, at point P2 the 
computed results are less than the exper- 
imental values. This deviation is due to 
the unavoidable time lag between the 
initiation of the arc and the start of the ro- 
tary positioner, which results in more 

heat flow initially. This excess heat af- 
fects the results in point P2, but at a far- 
ther point P1, the effect is not felt much. 
Similarly, there is a deviation for the point 
P7, which lies ahead of the end point of 
welding, that can be attributed to the 
weld crater turbulence. 

The thermal results for point P3, 
which is 5 mm from the weld interface, 
show that the computed results are less 
than the experimental values by about 
24%. The deviation could be due to the 
uncertainties of thermal properties at high 
temperatures and the assumption in the 
model that the thermal gradient is negli- 
gible along the thickness for the shell el- 
ement. Thus, the experimentally mea- 
sured temperatures at the top surface of 
the pipe are higher than the average tem- 
perature computed at the midpoint along 
the thickness. For points P4, P5 and P6, 
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Fig. 16 - -  Circumferential distribution of circumferential stress in the 
partially welded pipe. 

which are at 7.5, 17.5 and 27.5 mm (0.3, 
0.7 and 1.1 in.) from the weld interface, 
the matching of the result is within 9, 7 
and 4%, respectively. This agrees well 
with Ref. 7, which mentions that the sta- 
ble thermal gradient for a pipe of 8-mm 
(0.35 in.) thickness is reached after 8 mm 
from the weld interface. The overall 
agreement between the computed and 
measured thermal results shows that the 
thermal model is validated. 

Displacement Results 

The experimental size of the opening 
at the bottom of the partially welded pipe 
is 1.75 and 1.9 mm (0.07 and 0.075 in.) 
for the first and second welding trials, re- 
spectively, whereas the corresponding 
root opening values after the tack- 
welded stage are 0.9 and 0.95 mm 

(0.035 and 0.037 in.), respectively. Thus, 
the deflection of the pipes due to weld- 
ing is only 0.85 (0.033 in.) and 0.95 mm, 
respectively, giving an average value of 
0.9 mm. The deflection value obtained 
from theoretical study for one symmetri- 
cal half is 0.324 mm (0.012 in.), giving 
a total deflection value of 0.648 mm 
(0.025 in.). The results are of the same 
trend, and the agreement in the magni- 
tude is of the order of 72%. 

The deviation between the predicted 
and experimentally measured results 
could be due to the increased heat input, 
especially at the start and end of welding, 
caused by the time delay between the arc 
striking and the positioner rotation. In ad- 
dition, the coarse mesh and the uncer- 
tainties in material properties at high 
temperatures could also have caused the 
deviation. However, the correlation be- 

tween the computed and experimental 
values is reasonably good, which shows 
that the elastic-plastic model is validated. 

The transient deflections in the X, Y 
and Z directions at four sections along 
the circumference of the pipe are shown 
in Fig. 14A, B, C and D. In each graph, 
the deflection history at the free end of 
the pipe, along with the corresponding 
deflection history for the weld joint end, 
is given. The graph reveals that the de- 
flection in the axial direction (denoted as 
the X direction) in all orientations, except 
the 0-deg orientation, is nearly zero ini- 
tially, during the heating phase (up to a 
time of 33 s), but once the arc heating is 
over, the deflections at the 90-, 180- and 
270-deg segments (3 o'clock, 6 o'clock 
and 9 o'clock positions, respectively) rise 
rapidly to the steady-state value. In the 0- 
deg segment, the free end has a positive 
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deflection value during heating but the 
value comes nearly back to zero after 
complete cooling. The deflection in the 
0-deg orientation is in response to the arc 
heating, and the zero deflection in other 
locations is due to the boundary condi- 
tions assumed in the model. 

The transient Y and Z deflections for 
the above orientations are also given in 
the figures. It is seen that the Y movement 
(vertical movement) in the 0-deg orienta- 
tion at the free end and at the weld end 
is of opposite trend during the welding 
period. During this period, the free end 
moves down due to the thermal expan- 
sion in the top layers and, as a result, the 
weld end moves up because of the 
boundary conditions that are applied to 
the weld start and stop points (i.e., -36- 
deg and +36-deg orientations). In the 
180-deg orientation, both the weld end 

andthe free end move down during the 
heating period due to the thermal expan- 
sion of the pipe. But during cooling, the 
free end moves to the positive Y direction 
with the weld end remaining on the neg- 
ative side. The trends in the 90-deg seg- 
ment and 270-deg segment are not iden- 
tical with the steady-state Y deflection in 
the free end, being negative for the 90- 
deg segment and near zero for the 270- 
deg segment. 

The Z displacement (horizontal 
movement) at all the points is in the pos- 
itive direction as the welding starts in the 
-36-deg orientation, and the thermal ex- 
pansion of the pipe causes the movement 
the of free end in the positive Z direction. 
As the arc crosses the 0-deg orientation, 
the trend is reversed, and the movement 
is in the negative direction. This is due to 
the combined effect of expansion in the 

positive Z segments and shrinkage in the 
negative Z segments. After cooling the 
deflection remains on the negative side. 

Thermal and Residual Stress Results 

The axial and circumferential stresses 
are determined at the Gauss points, 
which lie in the local r-s plane, and the 
circumferential distribution of axial and 
circumferential stresses for various time 
intervals is shown in Figs. 15 and 16, re- 
spectively. The stresses are compressive 
at the point of welding and tensile at the 
locations that have been covered by the 
arc. After complete cooling, the stresses 
in the weld region are tensile, and in the 
rest of the pipe, the stresses are negligi- 
ble. The stresses close to the weld are of 
high magnitude, but at 3 mm (0.12 in.) 
from the weld, the stresses are signifi- 
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Fig. 19 - -  Discretization of the fully welded cylindrical pipe (developed view). 

cantly less. The trend of the circumferen- 
tial stress is also similar to that of the axial 
stress. The circumferential distribution of 
the axial stresses does not violate the 
equations of equilibrium as the equations 
of equilibrium in the theory of elasticity 
state that the condition of equilibrium is 
achieved by the combined action of nor- 
mal and shear stresses. The degenerated 
shell element takes the transverse shear 
stresses into consideration, and hence, 
there is no violation of the equations of 
equilibrium. 

The axial variation of the axial stress 
and the circumferential stress at various 
segments along the circumference for 
various time intervals is presented in Figs. 
17 and 18, respectively. The trend is sim- 
ilar in both cases. Compressive stresses 
are induced when the arc is crossing a lo- 
cation, and after cooling, the stresses be- 
come tensile. The trend is, however, op- 
posite in the weld end point (+36-deg 

orientation). The axial variation of the 
stress is gradual when the section is 
heated by the arc, but after cooling, the 
axial variation is very steep and points 
beyond 20 mm (0.8 in.) from the weld 
have negligible residual stresses. 

Analysis  of  a Pipe W e l d e d  
C i r c u m f e r e n t i a l l y  

To analyze the axis shift distortion in 
the case of fully welded pipe, the analy- 
sis has been conducted on a pipe having 
a circumferential length of 250 mm (10 
in.) and a wall thickness of 1 mm (0.04 
in.). The material of the pipe is assumed 
to be carbon steel having the thermal 
characteristics as given in Fig. 3. Figure 
19 shows the discretization adopted for 
the pipe. Due to the assumption of sym- 
metry, only one-half of the pipe is taken 
for the analysis. The discretization is the 
same for both the thermal and stress 

Plane of symmetry 

¥ I 
0" .~, 

• ! 
27 0 

1 

~ x  

Fig. 20 - -  Boundary conditions employed for the fully welded cylindrical pipe. 

analyses. The total number of nodes and 
elements are 500 and 450, respectively. 
The analysis assumes that the pipe re- 
mains stationary during the circumferen- 
tial welding and that the welding arc 
travels around the pipe in the clockwise 
direction. The weld is assumed to start 
from the 12 o'clock position, which is 
taken as the 0-deg orientation. The weld- 
ing process is assumed to be GTA with an 
arc energy of 500 W and a welding speed 
of 1 mm/s (2.4 in./min). 

The thermal analysis is conducted 
using a time increment of 1 s for the pe- 
riod when the arc travels around the cir- 
cumference. After the completion of 
welding, the time increment is increased 
progressively up to a time of 3800 s and 
the analysis is conducted for a total of 
300 thermal steps. 

Subsequent to the thermal analysis, 
the elastic-plastic stress analysis is con- 
ducted on the pipe to determine the axis 
shift distortion. The same discretization 
as the one used for the thermal analysis 
is employed here, and the total number 
of nodes and elements are 500 and 450, 
respectively. But the total size of the 
problem is 3000, as there are six nodal 
degrees of freedom. The boundary con- 
ditions followed for the stress analysis are 
given in Fig. 20. The axial movement of 
all the nodes lying on the plane of sym- 
metry is suppressed. In addition, three 
more conditions are imposed in the Y 
and Z directions to prevent any rigid 
body motion of the pipe. The boundary 
conditions imply that the pipe is tack 
welded securely before welding and the 
tack welds prevent any movement of the 
nodes lying on the plane of symmetry. 

As the time taken for the stress analy- 
sis is much higher compared to the time 
taken for the thermal analysis, the stress 
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analysis is performed by taking every fifth 
set of temperatures during the welding 
phase. However, during the cooling 
phase, the stress analysis is conducted at 
each thermal step. Thus, there are totally 
100 steps for the stress analysis. The 
analyses have been run using a PC with 
80486 configuration and 25 MHz clock 
speed. The time taken by the PC for one 
step of thermal analysis is around 10-15 
s, whereas the time taken for one step of 
stress analysis is nearly 60 min. Thus, for 
the complete elastic-plastic analysis of 
circumferentially welded cylindrical 
pipe, the total time taken is nearly 100 h 
on the personal computer. 

Results and Discussion 

Thermal Results 
Figure 21 shows the circumferential 

temperature distribution corresponding 
to weld line at 2.5 mm from the weld in- 
terface and 5 mm from the weld for var- 
ious time intervals (Ref. 25). The temper- 
ature distribution shows that the peak 
temperatures are experienced at a point 
on the weld when the arc crosses that 
point. The temperature gradient ahead of 
the arc is very steep, whereas the gradi- 
ent behind the arc is steep to begin with 
but less steep later, indicating fast cool- 

ing of the weld initially and slower cool- 
ing later. 

The temperature distribution at a sec- 
tion away from the weld centerline is 
similar in trend but with less magnitude. 
The peak temperatures drop exponen- 
tially from the weld line along the axial 
direction. The thermal gradients ahead 
and behind the peak position at locations 
away from the weld line are not as steep, 
as in the case corresponding to the weld 
line. Similarly, the time for peak temper- 
ature also varies with distance from the 
weld. At the weld centerline, the peak 
temperature occurs at the time when the 
arc crosses that section. But at some dis- 
tance away, the peak occurs some time 
after the arc has crossed the section. The 
temperatures in the weld around the cir- 
cumference are not uniform when the arc 
has nearly covered one rotation. But at a 
distance of 5 mm from the weld interface, 
the temperatures are more uniform when 
the arc is about to complete one rotation. 

The analysis is able to predict the flow 
of heat in the backward direction also. 
The thermal cycles at the 288-deg orien- 
tation reveal significant preheating ef- 
fect, which is only marginal for the pre- 
vious sections. Thus, the analysis is able 
to compute the temperature at all points 
in the pipe for various time intervals suc- 
cessfully. 

Displacement Results 

The results of the transient deflection 
at the free and weld ends at various seg- 
ments along the circumference in the 
three directions are shown in Fig. 22A- 
E. The result for axial deflection (denoted 
as the X direction) for a plane at 0 deg, as 
shown in Fig. 22A, shows that the rate of 
the movement is high initially but that the 
rate gradually comes down as the section 
cools down. But as the arc approaches 
the plane once again toward the end of 
welding, the rate of the axial movement 
increases once again. After the welding is 
completed at 250 s, the rate still increases 
due to the conduction of heat from the 
weld and falls gradually thereafter, 
reaching a slightly negative value in the 
end. The axial movement at the 144-deg, 
and 216-deg segments shows that the de- 
flection starts after some time lapse, 
which is the time lag for the arc to ap- 
proach the plane. But the segment at 288 
deg does not show this lag due to the heat 
received from the backward flow from 
the arc and the deflection in the 0-deg 
orientation. 

The deflection at the free end in the Y 
direction shows that the movement is 
cyclic during the welding phase. The 
movement is negative to begin with 
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Fig. 22- -  A - -  Transient displacement history in the fully welded cylindrical pipe; B - -  Transient displacement history in the fully welded cylindri- 
cal pipe. 

when the arc is atthe 12 o'clock position. 
But when the arc comes to the 6 o'clock 
position, the trend is reversed and the 
movement is in the positive Y direction. 
When the arc goes to the 12 o'clock po- 
sition again, the trend is once again neg- 
ative. The initial displacement trend at 
the weld end is in the negative Y direc- 
tion due to thermal expansion, but sub- 
sequently the trend for the weld end is 
just opposite to that for the free end, as 
shown in the figures. 

The explanation for the difference be- 
tween the behavior for the weld end and 
that for the free end is that when the arc 
is present at the 12 o'clock position, the 
top layers expand and, as a result, the 
pipe experiences a bending moment. 
Due to this moment, the free end at the 
bottom segment moves down but the 
weld end in the bottom segment moves 

up. Similarly when the arc comes down, 
the free end at the bottom layer moves up 
while the weld end moves down. But 
once the welding is completed, the bot- 
tom segment moves down due to the 
thermal expansion and the trend of the 
weld end thereafter is similar to that of 
the free end. After complete cooling, the 
free end has some differential Y dis- 
placement with respect to the weld end. 

Similar behavior is experienced for 
the Z deflection also, but here the trend 
at the free end is negative for a longer 
time, i.e., from the time when the arc is 
at the 12 o'clock position to a time when 
the arc is at the 6 o'clock position. When 
the arc moves further, the trend in the Z 
deflection is reversed. The behavior of 
the weld end during this period is oppo- 
site to that of the free end as in the case 
of Y deflection. 

The deflections in the Y and Z direc- 
tions corresponding to the weld end and 
free end show variations until about 
1000 s. Beyond 1000 s, the difference in 
the deflections between the weld end 
and the free end remains steady. Beyond 
that time the two deflections move back 
toward the zero value as the pipe cools 
down and the thermal strain value be- 
comes smaller. 

The peak value of the Y deflection in 
the 144-deg and 216-deg orientations is 
slightly more than that in the 72-deg and 
288-deg orientations. This is because of 
the boundary conditions assumed in the 
model, which assume the point in the 0- 
deg orientation to be fixed. Hence, due 
to thermal expansion of the pipe, the 
points in the lower side move down to a 
greater extent. Similarly, the peak Z de- 
flection of the 72-deg and 288-deg ori- 
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Fig. 22- -  C - -  transient displacement history in the fully welded cylindrical pipe; D - -  transient displacement history in the fully welded cylindri- 
cal pipe. 

entations is more than the values for the 
144-deg and 216-deg orientations. This 
is due to the higher Z coordinate value 
for the 72-deg and 288-deg segments. 

Thermal and Residual Stress Results 

The circumferential distribution of the 
axial stresses for sections closest to the 
weld at various time intervals shows that 
the stresses in the welded region are zero 
when the temperature remains higher 
than the cut-off temperature of 750°C. 
Once the point cools down below the 
cut-off temperature, stresses of tensile na- 
ture are induced in the weld. 

The arc region is heated up rapidly, 
but, due to the higher temperatures, the 
stresses are also lower. However, at points 
ahead of the arc, which are still at tem- 
peratures close to the ambient value, high 

tensile stresses are induced due to the ex- 
panding metal in the arc region. In a small 
region behind the weld start point, the 
flow of heat in the backward direction 
causes compressive stresses due to the 
constraints on the expanding metal by the 
surrounding metal. Beyond this region, 
tensile stresses are induced in the initial 
period up to about 100 s. This is due to 
the bending of the pipe due to arc heat- 
ing. Beyond 100 s, the stress in this region 
becomes less. The final steady-state resid- 
ual axial stress distribution is not axisym- 
metric as shown in the figure. 

The circumferential distribution of the 
stresses for sections closest to the weld at 
various time intervals shows that the 
magnitude of the circumferential stress is 
much less than that of the axial stress. 
This shows that the pipe offers little re- 
straint for the thermal expansion in the 

circumferential direction. After complete 
cooling of the pipe, unlike the axial 
stresses, the circumferential stresses are 
more or less axisymmetric, except in the 
weld start location. This is in agreement 
with the experimental finding in Ref. 16. 
The circumferential stresses in the weld 
after complete cooling are compressive, 
which has also been reported in Ref. 7. 

Conclusions 

A finite element methodology has 
been successfully developed for the 
analysis of axis shift distortion and stress 
buildup during the circumferential weld- 
ing of thin-walled, large-diameter pipes. 
The analyses have been successfully 
performed using a four-noded bilinear 
degenerated shell element. The satisfac- 
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tory performance of the shell element 
shows that the assumption made by the 
element, viz., that the gradient of the 
field variables (temperature and stress ) 
is negligible in the local thickness direc- 
t ion, is reasonable for the cases ana- 
lyzed. The validation of the thermal re- 
sults through experiments conducted on 
the partially welded pipe shows that the 
various phenomena are reasonably in- 
corporated in the model. The deviation 
between the predicted and computed 
temperatures decreases gradually with 
distance from the weld. The agreement 
between the predicted and experimen- 
tal ly measured opening in a partial ly 
welded pipe shows the efficacy of the 
elastic-plastic stress model. The tran- 
sient displacement history in the case of 
a ful ly welded pipe shows that the pipe 
exhibits bending behavior due to the arc 
heating. The movement at the weld end 

and the free end shows differences, 
which ult imately manifest as axis shift 
distortion of the pipe. The circumferen- 
tial residual stress field is more uniform 
around the circumference than the axial 
residual stress field. 
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