
Computer Modeling of Transverse Residua 
Stresses in Repair Welds 

Transverse stress distributions are found to display almost yield magnitude 
at the repair surface, but decrease to zero with depth 

BY R. H . LEGGATT 

ABSTRACT. A theoretical investiga
tion of the effects of structural restraint, 
repair depth and wall thickness on the 
distribution of transverse residual 
stresses at repair welds in heavy-section 
plates and cylindrical structures has been 
conducted using a computer program. 
The applicabi l i ty of the program was 
demonstrated by comparison with ex
perimental measurements at a 28-mm-
deep repair weld in a 75-mm-thick car
bon-manganese steel test panel. The 
computed stresses were in good agree
ment with the experimental results, and 
the analysis showed why the net mem
brane stress in the panel at the repair 
weld was compressive. 

The program was then used to inves
tigate the effects on the residual stress 
distribution of the different levels of re
straint present at repairs of various 
lengths in flat plates, and at ful l length 
axial repairs, full circumferential repairs 
and part-circumferential repairs in cylin
ders. It was also used to investigate the 
effects of repair depth and wall thick
ness. In nearly all cases, the stresses were 
computed to be of yield magnitude in 
tension at the repaired surface and to de
crease with depth from the surface. 

Introduction 

Knowledge of the residual stress dis
tribution in repair welds is necessary in 
order to make an accurate determina
tion of the tolerable size of any remain
ing defects, and to assess the risk of crack 
growth in service. Defects in the repair 
weld or its heat-affected zone, or unre
paired defects in the original weld, are 
most commonly oriented parallel to the 
welding direct ion. Hence, residual 
stresses transverse to the repair weld are 
of particular interest. This paper de
scribes the results of a parametric study 
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of the effects on the distribution of trans
verse residual stresses in repair welds of 
restraint, repair length and depth, plate 
thickness and vessel curvature. The study 
was carried out using The Welding In
stitute computer program TRAN1, which 
models the development of transverse 
stresses during the deposition of succes
sive weld passes. Program TRAN1 pro
vides a simplified one-dimensional 
model of the complex thermomechani
cal elastic-plastic processes occurring 
during welding. It requires experimental 
validation under conditions relevant to 
the materials, geometry and welding 
conditions being investigated. In the pre
sent project, this validation was provided 
by modeling the deposition of an exper
imental repair weld in which the resid
ual stress distribution had previously 
been measured (Ref. 1). 

Computer Program TRAN1 

TRAN1 is an in-house The Welding 
Institute computer program that models 
the development of transverse stress and 
strain during the deposition of a re
strained multipass butt joint weld. The 
weld is represented in the model by a 
one-dimensional array of bar elements 
each of which transmits a uniform trans
verse stress across the joint. This sim
plif ication of the actual three-dimen-
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sional stress state is necessary in order 
to reach a solution for a series of time 
steps during each pass of a multipass 
welding procedure within a reasonable 
computing t ime. Al l those factors that 
were believed by the author to have a 
significant effect in controlling the trans
verse stresses were al lowed for in the 
model, including the heat f low due to 
the weld; the mechanical response of the 
heated metal under conditions of chang
ing strain, temperature and loading di
rection; external restraint due to the 
configuration of the structure being 
welded; internal restraint due to differ
ential distortions between sections 
ahead of and behind the weld pool; and 
yield interaction between longitudinal 
and transverse stress. The program was 
originally written to calculate stresses at 
long welds in flat plates subject to uni
form restraint, but can be used to model 
other welding configurations, such as re
pair welds or welds in cylinders by ap
plying an appropriate level of restraint. 

TRAN1 has previously been validated 
by comparison with experimental mea
surements of residual stresses and dis
tortions at welded butt joints in 50-mm 
(2-in.) thick austenitic stainless steel 
plate (Ref. 2). The program was found to 
give good agreement with experimental 
results for a wide range of heat inputs, 
numbers of passes, degrees of restraint, 
and edge preparations for both sub
merged arc and shielded metal arc mul
tipass groove welds. Where differences 
between computed and measured 
stresses occurred, the program generally 
gave conservative estimates of the dis
tortions or stresses. 

In the present project, TRAN1 has 
been used to calculate residual stresses 
at repair welds in carbon-manganese 
and low-alloy steels. As these conditions 
were significantly different from the orig
inal validation data, it was necessary to 
provide additional validation for the pro
gram with respect to internal residual 
stresses measured in a repair weld in C-
Mn steel. 
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Experimental Validation of TRAN1 
by Comparison with Data from 
Panel W 2 0 

Repair-Welded Panel W20 

The distribution of residual stresses in 
a repair weld in a panel designated W20 
was used to demonstrate the applicabil
ity of program TRAN1 with respect to re
pair welds in C-Mn steels. The base plate 
for W20 was 75-mm (3-in.) BS 1 501:224 
Grade 430 LT50 aluminum-treated car
bon-manganese steel. The panel geom
etry is shown in Fig. 1 and a cross-sec
tion of the original weld and repair weld 
is shown in Fig. 2. The original weld was 
a full length double V-groove submerged 
arc weld made using Oerlikon SD3 wire 
and OP41TT flux. After welding, the 
panel was fitted with three strongbacks 
and heat treated at 600°C (111 2°F) for 
six hours. The repair cavity was then ex
cavated by air carbon arc gouging fo l 
lowed by hand grinding to a maximum 
depth of 27 mm (1.06 in.). The cavity 
was filled in the overhead position using 
the "two-layer" (Refs. 3-5) technique to 
refine the HAZ microstructure. Carbon-
manganese Tenacito R electrodes 
(E701 8 type) of 3.2- and 4-mm ('/»- and 
%2-in.) diameters were used. A total of 
84 weld passes was required to fill the 
cavity and deposit a layer of temper 
beads at the surface. The temper beads, 
whose purpose was to reheat the under
lying passes, were subsequently ground 
off to leave a flat surface. The material 
compositions, mechanical properties 
and welding conditions are summarized 
in Tables 1 to 3. 

The through-thickness distributions 
of internal residual stresses in Panel W20 
were measured at 1 3 different locations 
at various positions along the length and 
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across the width of the repair weld. The 
residual stresses were measured by a sec-
t ioning method, based on a procedure 
described by Rosenthal and Norton (Ref. 
6), which involves the splitting and lay
ering of strain gauged blocks removed 
from the specimen. It is diff icult to ob
tain a rigorous estimate of the accuracy 
of this procedure. In the author's expe
rience, internal residual stress measure
ments usually contain scatter or appar
ent inconsistencies of up to 15% of the 
peak measured stress. The majority of 
this is thought to be due to inherent vari
ability of the stress rather than experi
mental error. 

The transverse residual stresses were 
found to vary only slightly across the 
width of the repair weld, wi th the high
est values on the weld centerline. The 
internal stress distributions were found 
to be fairly constant along the length of 
the weld, except near the ends where 
the depth of the cavity and of the tensile 
stress zone both decreased. The mea
sured distributions of internal transverse 
stresses in the central portion of the weld 
length (at 80 and 240 mm — 3.1 and 9.5 
in.— from the middle of the panel) were 
used as a basis for assessing the validity 
of the theoretical transverse stress distri
bution calculated by program TRAN1. 

Thermal Properties 

The temperature calculation subpro
gram in TRAN1 uses an analytical solu
tion for the f low of heat from a point 
source moving at a constant velocity 
across the surface of a body of finite 
thickness. The solution assumes that the 
conductivity and volumetric specific 
heat of the body vary linearly with tem
perature as follows (Ref. 7): 

iOO i00 

K = K 0 { l + m ( T - T 0 ) } (1) 

p c = p c 0 { l + m ( T - T 0 ) } (2) 

where 

K = conductivity, j / m m ° C s; 

pc = volumetric specific heat, 

J /mm' °C 

T = temperature ,CC 

T 0 = reference temperature ,°C 

K0 =conductivity at Tn, J/mm°C s 

pc0 = volumetric specific heat at T0, 

) / m m ' ° C 

= thermal property gradient, °C~' m 

Fig. 1 — Panel W20 schematic. 

The fo l lowing values, taken in con
junction with an assumed arc efficiency 
of r) = 0.55, were found to give good 
agreement wi th previously published 
data (Ref. 8) on peak temperatures at 
welds in C-Mn steel specimens: T0 = 
20°C; K0 = 0.023 J/mm°C s; pc0 = 0.004 
J/mm5'oC;m = 0.0015oC-1. 

The reference values of conductivity 
and volumetric specific heat are typical 
values for C-Mn steels at ambient tem
perature. The values of m and r\ have 
been selected to give a good fit with mea
sured peak temperature data, and do not 
necessarily correspond wi th the actual 
values of these quantities. 

Mechanical Properties 

The temperature dependent stress-
strain curve of the material in the repair 
weld was assumed to have the general 
form shown In Fig. 3. The curve was 
defined in terms of the five idealized 
properties o"n, cr,, E, E,, e, shown on 
f ig .1 . The model permits each of these 
properties to be varied with temperature. 
The nonlinear strain range parameter e, 
was assumed to have a constant value 
of 0.005 at all temperatures. The as
sumed variation with temperature of the 
remaining parameters is shown in Fig. 
4. The room-temperature values of these 
properties were based on the measured 
properties of C-Mn weld metal deposited 
using Tenacito R electrodes. No mea
surements of the elevated temperature 
mechanical properties were available, 
so their assumed variation with temper
ature was based on that observed in car
bon and C-Mn base metals (Ref. 8). 

The assumed variation with tempera
ture of the coefficient of thermal expan
sion is shown in Fig. 5. Two different sets 
of values were investigated. The "stan
dard" values (solid line) were represen
tative of typical values for carbon-man
ganese steel (Ref. 8), with a drop in the 
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Table 1—Composition of Materials 

Material C S P 

Base plate 
Original weld 
Repair weld 

0.14 
0.07 
0.08 

0.019 
0.006 
0.008 

0.007 
0.015 
0.010 

Si 

0.26 
0.23 
0.43 

Mn 

0.89 
1.41 
1.56 

Ni 

0.02 
0.08 
0.02 

Cr 

0.05 
0.06 
0.02 

Mo 

<0.01 
0.01 
0.005 

Cu 

<0.03 
0.13 
0.02 

<0.003 
0.006 
0.007 

Al 

0.023 
0.018 

<0.003 

O N 

0.003 0.007 
0.034 0.012 
0.034 0.008 

2 
a 
o 

Table 2—Summary of Mechanical Properties 

Region 

Base plate 
Original weld 
Repair weld 

Number of 
Specimens 

0.2% Proof 
Strength, 
N/mm 2 

288 
371 
517 

Tensile 
Strength, 
N/mm 2 

433 
494 
599 

Elongation 

31 
23 
19 

Table 3—Summary of Welding Conditions 

Reduction 
of Area 

66 
71 
65 

Original Weld 

Type of weld 
Included angle, 

side 1, deg 
Included angle, 

side 2, deg 
Root opening, mm 

Root face, mm 
Preheat, °C 
Interpass, °C 

Restraint 
Fill passes, current, A 

Fill passes, voltage, V 
Fill passes, travel speed, 
mm/min 

Fill passes, arc energy 
k) /mm 

Heat treatment, hours at 
temp/°C 

Double V 
60 (2/3) 

90(1/3) 

0-2 

0-2 
125 
75-150 

Strongbacks 
700 

32+ 
380 

3.4 

6/600 

Repair Weld 

Process 
Preheat, °C 

Interpass, °C 

First layer, electrode 
diameter mm 

First layer, current, A 
First layer, voltage, V 
First layer, arc energy, 
k j /mm 

First layer, number of runs 
Subsequent runs, electrode 

diameter mm 
Subsequent runs, current, A 
Subsequent runs, voltage, V 

Subsequent runs, arc energy 
k j /mm 

Subsequent runs, number 
of runs 

SMA 
150 

150 

3.2 

120 
21-23 
0.5-0.8 

21 
4.0 

160 
22-24 

1.2-1.6 

63 

T 
Gradient f; 

'Gradient E 

Fig. 3 — Generalized linear-elliptic-linear stress-strain curve. 
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Fig. 2 — Cross-section of repair weld and original weld in Panel W20. 
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coefficient of expansion in the tempera
ture range 700° to 800°C (1292° to 
1472°F) caused by a phase change in 
that range. The "standard" values were 
used for all the parametric computations 
presented in this report. The alternative 
values were used in one trial run to 
demonstrate the possible effects of a low-
temperature phase change in the weld 
metal in the temperature range 400° to 
600°C(752°to 1112°F). 

Welding Conditions 

The assumed welding conditions for 
the first and subsequent layers of weld 
passes were equal to the average values 
recorded for the weld repair in Panel 
W20, as listed in Table 3. The program 

can model the stress and strain changes 
during each pass of the welding proce
dure. In practice, it is found that only the 
first pass in each layer produces 
significant changes in the stress distribu
tion. Hence, considerable time savings 
were achieved by only modeling the 
thermal and stress cycles during one pass 
of each layer. 

loint Geometry 

The typical weld cross-section shown 
in Fig. 6A was modeled by the simplified 
element layout shown in Fig. 6B. Joint 
Element 1 represented the temper bead 
layer. Elements 2 to 9 represented lay
ers of fill passes. Element 1 0 represented 
the first layer of weld passes. Note that 

the model is essentially one-dimensional 
and cannot represent the effect of "but
tering" the sides of the cavity with low 
heat input passes. Elements 11 to 1 6 rep
resented the base metal underneath the 
repair. At the start of the computer run, 
only Elements 10 to 16 were assumed to 
be present. Subsequent elements were 
added at the start of successive weld lay
ers as appropriate. The effect of remov
ing Element 1, the temper bead layer, 
after completion of welding, was also in
cluded in the model. The depth from the 
repaired face to the bottom of the fusion 
zone of the repair weld was 28 mm (1.1 
in.). 

Structural Restraint 

The structural restraint due to the 
strongbacks in Panel W20 was defined 
in the model by the fol lowing relation
ships: 

o-m=p<5 + 0f t (3) 

OJ, = vS + i//ft (4) 

where 

0"m = net membrane stress at 

section AA (see Figs . 6 

and 7), N/mnT 

CTb = net bending stress at section 

AA, N /mm" 

5 = transverse shrinkage at mid -

depth, mm 

6 = angular distortion, radians 

p = membrane restraint coefficient, 

N / m m ' 

i// = bending restraint coefficient, 

N /mnv 

</> = membrane /rotation restraint 

coefficient, N / m m ' 

T = bending /shrinkage restraint 

coefficient, N /mm 3 

t = plate thickness, mm 

Satoh and Matsui (Ref. 9) have sug
gested a system of notation for restraint 
at welded joints. The terms p and I// 
above correspond to the parameters IT 
and H'M, respectively, in Satoh and Mat-
sui's terminology. The cross terms <p and 
T have been introduced in the present 
project to allow for the interactive mem
brane/bending effects that occur when 
the restraint is applied by strongbacks to 
one face of the welded specimen. 

The values of all four restraint 
coefficients were determined using a 
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finite element model of the weld panel 
cross-section — Fig. 7. As the model was 
two-dimensional, the effect of the strong-
backs was effectively "smeared" along 
the length of the panel. This 
simplif ication was justified by the fact 
that there did not appear to be any lon
gitudinal variations In the measured 
transverse residual stresses at the strong-
back positions in Panel W20 (Ref. 1). 
Two load cases were run, one with uni
form displacement at AA and one with 
uniform rotation. The values of the re
straint coefficients were derived from the 
computed net forces and moments on 
AA, and had the following values: 

p = 92.5 N / m m ' 

0 = -81 N / m m 3 

r = -486 N / m m 3 

i// = 669 N / m m ! 

Results and Discussion 

The computed through-thickness dis
tribution of transverse residual stresses 
on the repair weld centerline is plotted 
in Fig. 8 and compared wi th distribu
tions measured at two locations in Panel 
W20(Ref. 1). It can be seen that the over
all shape of the computed distribution 
agrees well wi th that of the measured 
stresses, and that there is also very good 
agreement on the level of stress in the 
compressive region and on the depth of 
the tensile region. On the other hand, 
the program has overpredicted the ten
sile stresses, both in the repair weld and 
at the back of the plate. 

The alternative computed distribution 
assuming a low-temperature phase 
change was very similar to that com
puted using "standard" material behav
ior. There was a slight reduction in the 
tensile stresses in the weld, probably 
caused by the reduced thermal strains 
in the range 400° to 800°C (752° to 
1472°F). However, the assumed phase 
change temperature range was not low 
enough to reduce the peak stress at the 
surface significantly below yield. Better 
agreement with the experimental results 
in this region could have been obtained 
either by assuming a lower phase change 
temperature or by taking a lower value 
for the stress parameter o v which cor
responds approximately to the weld 
metal yield or proof strength. However, 
measurements on the repair surface after 
removal of the temper beads showed that 
localized peak stresses up to weld metal 
yield could occur. Hence, for the pur
poses of providing an upper bound to 
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Fig. 6 — A — Profile of original and repair welds in Panel W20; B — representation of repair 
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Fig. 9 — Computed residual stresses at midlength of repair on infinite plate (repair depth 28-
mm, wall thickness 75 mm). 

these localized stresses, it is appropriate 
to continue to use the weld metal yield 
strength and the "standard" coefficient 
of expansion in the computer model. 

The low level of measured stresses at 
the back of the plate may have been 
caused by stresses remaining in the plate 
after postweld heat treatment (PWHT) 
and before repair welding. The stress 
level in this region is not relevant to the 
integrity of the repair weld. 

Due to the presence of external re
straint, the stress distributions shown in 
Fig. 8 are not balanced across the sec
tion thickness. They have the fol lowing 
net reaction components: measured 
membrane stress -50 N/mm2, computed 
membrane stress -17 N/mm2, measured 
bending stress +184 N/mm2, computed 
bending stress +180 N/mm2. 

The computed bending stress agreed 
closely wi th the measured value, 
whereas the computed membrane stress 
was less compressive than the measured 
value due to the overprediction of ten
sile stresses in certain regions, as dis
cussed above. It is interesting to note 
that, despite this discrepancy, both mea
sured and computed values of the mem
brane stress across the repaired section 
were compressive. At the time the origi
nal measurements were made, it was not 
apparent to the author how there could 
be a net compressive force across the 
weld. The present analysis shows that 
this was made possible by the fact that 
the membrane/rotation coefficient (j) had 
a negative value. The positive angular 
distortion at the repair generated a com
pressive membrane stress that out
weighed the tensile membrane stresses 
due to transverse shrinkage. The predic
tion of negative membrane stresses by 
the program is an example of how such 
models are capable not only of provid
ing quantitative comparisons wi th ex
perimental results, but also of giving a 
qualitative insight into previously unex
plained phenomena. 

Parametric Survey 

Introduction 

The abil i ty of computer program 
TRAN1 to model the stress distribution 
at a 28-mm-deep repair weld in a 75-
mm-thick panel restrained by strong-
backs was demonstrated in the previous 
section of this paper. In this section, the 
use of the program to calculate the resid
ual stress distribution for a range of re
straint conditions representative of those 
that might be found at a repair in a pres
sure vessel w i l l be described. The pro
gram was first used to model the type of 
restraint present at the center of a repair 
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of finite length in an infinite flat plate. It 
was then used to investigate the effects 
of curvature at a repair in a vessel wal l . 
Finally, it was used to consider the ef
fect of repair depth and wal l thickness 
on the residual stress distribution. 

Effect of Repair Length 

The restraint at a weld of finite length 
in an infinite flat plate is a function of 
the weld length and varies along the 
length of the weld. The local restraint 
coefficients at a distance x from the mid
dle of the length of the repair is defined 
below. 

The membrane restraint coefficient 
p(x) is equal to the reciprocal of the trans
verse shrinkage 8(x) at x due to uniform 
unit membrane stress across the weld 
over its entire length. 

The bending restraint coefficient \|/(x) 
is equal to the reciprocal of the product 
of the plate thickness t and the angular 
distortion 6(x) at x due to uniform unit 
bending stress across the weld over its 
entire length. 

Hence: •400 -200 0 200 400 
Transverse residual stress, N/mm? 

p(x) 'FB = 
Six) 

(5a) Fig. 10 — Computed residual stresses at full length axial repair in cylinder (repair depth 28 
mm, wall thickness 75 mm). 
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The r terms are the equivalent param
eters in the restraint terminology sug
gested in (Ref. 9). It should be noted that 
for the purposes of the above definitions 
the repaired structure is considered to 
be divided into two parts: the repair re
gion, including the underlying base 
metal and original weld metal; and the 
surrounding structure. The restraint 
coefficients describe the elastic behav
ior of the surrounding structure, and they 
are independent of the depth of the re
pair weld. In the case of a repair in a flat 
plate, the membrane stresses in the sur
rounding structure due to the in-plane 
displacements at the edge of the repaired 
region are analogous wi th those in a 
through-cracked panel due to displace
ments of the crack face. The membrane 
restraint coefficient at a repair weld can 
be evaluated using existing solutions for 
the displacement at the crack face due 
to uniform crack face pressure. These 
displacements can in turn be shown, 
using the principle of superposition, to 

-400 400 600 -200 0 200 
Transverse residual stress, N/mm? 

Fig. 11 — Computed residual stresses at full circumferential repair in cylinder (repair depth 28 
mm, wall thickness 75 mm). 
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be equal to those caused by an exter
nally applied uniform membrane stress 
equal to the crack face pressure. The 
crack face displacement at a through-
thickness crack in an infinite plate under 
uniform membrane stress is given by 
Westergaard (Ref. 10): 

that the membrane and bending bound
ary conditions are equivalent. This 
would be the case in an infinite flat plate. 
Hence: 

i//(x) 
3A/C2 - x 2 

(8) 

8(X.): 
4cr Vc 

E' 
if,) 

where E' is E under plane stress condi
tions, c is the crack or repair half length, 
and x is the distance along the crack from 
its center. 

Hence, by combining (5a) and (6), 

At the middle of a repair weld, x = 0, 
and; 

piO) = 2W(0) = -^ = ^-
4c 2L 

(9) 

p(x) = 
iVc2 

(7) 

There does not appear to be a read
ily available solution for the local bend
ing restraint. However, for certain sim
ple loading conditions, it can be shown 
that the bending restraint coefficient is 
equal to half the membrane restraint 
coefficient. These conditions include the 
restraints at a ring weld in a flat plate, 
and at a full width weld in a plate whose 
edges parallel with the weld are fully re
strained and whose edges perpendicu
lar to the weld are restrained against 
movement perpendicular to the weld. 
The general solutions for membrane and 
bending stresses in flat plates are closely 
analogous. It is here assumed that the 
bending restraint is in general equal to 
half the membrane restraint, provided 

Program TRAN1 has been used to cal
culate stress distributions at the middle 
of repair welds of various lengths be
tween 50 mm and infinity. The weld 
depth, plate thickness, welding proce
dure and repair weld metal properties 
were identical to those previously used 
for the validation exercises, as previously 
described. The computed residual 
stresses for repairs in infinite flat plates 
are plotted In Fig. 9. It can be seen that 
the distributions all have a tension-com
pression-tension pattern, wi th stresses 
tending to the repair weld metal yield 
strength, 520 N/mm2 (75.4 ksi), at the 
repaired surface, and then fallingoff with 
depth from the surface. The stress gradi
ent decreases and the depth of tensile 
zone increases as the repair length de
creases. 

Effect of Vessel Radius and 
Repair Orientation 

The effect of vessel radius on the re
straint, and hence on the residual stress 

-200 0 200 
Transverse residual stress, N/mm? 

Fig. 12 — Computed residual stresses at 200-mm-long part-circumferential repair in 
(repair depth 28 mm, wall thickness 75 mm). 

600 

cylinder 

distribution at a repair weld in a cyl in
drical vessel, has been investigated for 
three repair configurations: 1) full length 
axial repair, 2) full circumferential re
pair, and 3) part-circumferential repair; 
length L = 200 mm (7.9 in.). 

The formulas used to evaluate the re
straint coefficients for each configura
tion are summarized in Table 4. The for
mulas for the restraint coefficients at a 
full length axial repair were obtained 
using simple bending theory, assuming 
that radial/axial planes remained planes. 
Although all four restraint coefficients 
are nonzero, only \\i is significant for thin-
walled cylinders. For full circumferen
tial repairs, only \\i is nonzero. Its value 
was determined on the basis of elastic 
thin cylinder theory (Ref. 11), and is valid 
for R > 1 Ot. The restraint at the midpoint 
of a part-circumferential flaw was ob
tained by simply adding together the for
mulas for a short defect in a flat plate 
and for a full circumferential defect in a 
cylinder. The combined formulas tend 
to the appropriate values for the limiting 
cases as R or L tend to infinity, but may 
overestimate the total restraint present 
when the two components are of com
parable magnitude. 

Program TRAN1 was used to calcu
late the residual stress distributions for 
the standard 28-mm-deep repair in 75-
mm wall thickness vessels of radii be
tween 750 mm (29.5 in.) and infinity. 
The computed stress distributions for full 
length axial repairs are shown in Fig. 1 0. 
The restraint at this type of repair is low, 
and hence the residual stresses are simi
lar to those in an unrestrained weld, and 
are insensitive to vessel radius. The re
straint is higher at a full circumferential 
repair, due to the inherent bending stiff
ness of the cylinder in the axial direc
t ion, and the depth of the tensile zone 
increases as the cylinder radius de
creases — Fig. 11 . At a short part-cir
cumferential repair (Fig. 12), the restraint 
due to weld length is more significant 
than that due to the bending stiffness of 
the cylinder, and there is a deep tensile 
zone regardless of the vessel radius. 

The depth of tensile zone for the three 
types of repair are plotted on Fig. 1 3 as 
a function of vessel radius. The figure 
shows that, even for the worst possible 
case of a short part-circumferential re
pair in a cylinder with a small radius, the 
tensile zone was always computed to be 
less deep than the repair weld, for a 28-
mm-deep repair in 75-mm wall thick
ness. Figures 1 0 to 12 show that, for all 
cases considered, the transverse stresses 
varied approximately linearly with depth 
from the repair weld metal yield stress 
at the surface to the point (within the 
depth of the repair) where they fall to 
zero. 
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Table 4—Formulaes Used to Calculate Restraint Coefficients 

Coefficient 

In-plane, p 

Out-of-plane. 4> 

Membrane 
rotation, </> 

Bending 
shrinkage, r 

Midpoint 
of Repair 

in Flat 
Plate 

_F_ 

2L 

_E_ 

4L 

0 

Full Length 
Axial Repair 
in Cylinder 

Et2 

1 2 T R 3 ( 1 - v2) 

3E 

4TTR (1 - i>2) 

-Et 

12TTR2(1 - « 2 ) 

-Et 

2TTR2(1 - C 2 ) 

Full 
Circumferential 

Repair in 
Cylinder 

0 

E[3(1-n 2 ) ] ' / ' 

4(1 - i/1) (Rt)'/2 

0 

0 

Midpoint 
of Part 

Circumferential 
Repair in 
Cylinder 

_!_ 
2L 

E E [3(1 - r2)f< 

4L 4(1 - v1) (Rt)l/! 

0 

Effect of Wall Thickness 

C o m p u t e r p rog ram T R A N 1 has been 
used to ca lcu la te the transverse residual 
stresses fo r 2 8 - m m - d e e p repa i r w e l d s 
w i t h wa l l thicknesses of 28 , 50 , 75, 1 50 
and 3 0 0 m m ( 1 . 1 , 2 , 3, 6 and 11.8 in.). 
A repair con f igu ra t ion was selected that 
gave the h ighes t p rac t i ca l leve l o f re
straint, namely , a 2 0 0 - m m - l o n g part-cir
cumfe ren t i a l repair in a c y l i n d r i c a l ves
sel o f radius equa l to ten t imes the wa l l 
t h i ckness . A l l w e l d i n g c o n d i t i o n s and 
mater ia l proper t ies we re as used for the 
va l ida t ion run descr ibed prev ious ly . 

The c o m p u t e d stress d is t r ibu t ions for 
the f ive wa l l thicknesses invest igated are 
shown in Fig.14. For all thicknesses, ex
cep t 2 8 m m , the d i s t r i b u t i o n s s h o w e d 
the usual o v e r a l l pa t te rn o f tens i le 
stresses in the repai r , w i t h compress ive 
stresses at m i d - d e p t h and tens ion at the 
back face . In the m e d i u m th i ckness 
plates (50 a n d 75 m m ) , the stresses de 
creased app rox ima te l y l inear ly f r om the 
repa i r w e l d meta l y i e l d s t rength at the 
repaired surface to zero close to the bot
tom of the repair. The stresses were more 
tensi le in the very th i ck plates (1 50 and 
300 mm) , decreasing gradual ly w i t h dis
tance f r o m the sur face a n d t h e n d r o p 
p ing rap id ly at the bo t tom of the repair. 

The c o m p u t e d stresses for the 2 8 - m m -
th i ck c y l i n d e r i l lus t ra te the type o f d is 
t r i b u t i o n to be expec ted at a fu l l dep th 
repa i r under h i gh rest ra in t . The tens i le 
zones at t he back and f r on t sur face o f 
the plate in teracted, such that there was 
no compress ive zone at m id -dep th , even 
though the stresses fel l more rap id ly near 
the f r on t sur face than w a s the case in 
th icker mater ia l . 

The results in F ig. 14 represent the 
stresses associated w i t h the highest prac
t i ca l leve l o f res t ra in t at repa i r w e l d s . 
The compu ta t i ons for thicknesses o f 28, 
75 a n d 3 0 0 m m w e r e repea ted for fu l l 
length axia l repairs in large radius c y l i n 
ders, w h i c h may be regarded as g i v i n g 
the lowest pract ical level of restraint. The 

radius was set at 40 t imes the w a l l th ick
ness. The c o m p u t e d d i s t r i b u t i o n s are 
s h o w n o n Fig. 1 5. The d i s t r i b u t i o n fo r 
t he 3 0 0 - m m - t h i c k case was v i r t u a l l y 
ident ica l t o that for the h igh ly restrained 
case. This occur red because the internal 
restraint d u e to the massive th ickness o f 
the mater ia l under the w e l d was so large 
that ex te rna l s t ruc tura l restra int was ir
re levan t . T h e stress d i s t r i b u t i o n in the 
7 5 - m m - t h i c k c y l i n d e r under l o w re
s t ra in t w a s t y p i c a l o f those s h o w n in 
F ig .10 and d iscussed p rev ious l y . In the 
2 8 - m m - t h i c k cy l inder , there was no ma
ter ia l under the w e l d and the stress d is
t r i b u t i o n was sens i t ive to ex te rna l re
straint . The fu l l l eng th , fu l l dep th repair 
w a s e f f ec t i ve l y a s ing le -s ided g roove 

w e l d , and the c o m p u t e d d is t r ibu t ion was 
t y p i c a l of those f o u n d in l i gh t l y re
strained g roove we lds . There was a ten
s i le peak at the repa i red sur face, b a l 
a n c e d b y c o m p r e s s i v e stresses at m i d -
dep th and ano the r tens i le peak at the 
back face. 

Effect of Repair Depth 

The program was used to c ompu te the 
t ransverse res idua l stresses fo r repai rs 
10, 28 and 46 m m (0.4, 1.1 and 1.8 in.) 
deep in 7 5 - m m - t h i c k mater ia l . As in the 
p rev ious s e c t i o n , the ana lys is was a p 
p l i e d to the h i g h l y res t ra ined case o f a 
shor t , p a r t - c i r c u m f e r e n t i a l repai r in a 
vessel o f rad ius equa l to ten t imes the 
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Depth of repair = 28 mm 
„ 

Part circumferential 
repair, length 200mm 
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Full axial repair ——-

-

Minimum depth of tensile zone 
15- 4 mm ( for zero restrai nt) 

J _ 
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Fig. 13 — Variation of computed depth of tensile zone with cylinder radius for 28-mm-deep 
repair in 75-mm wall thickness. 
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wall thickness, 75 mm. The repair 
lengths were assumed to be 70, 200 and 
300 mm (2.8, 7.9 and 11.8 in.), giving 
in each case an aspect ratio of about 7:1. 
The repair widths were also scaled in 
proportion with the depths, giving a 
width-to-depth ratio of approximately 
2:1 in each case. The welding proce
dures were based on those used previ
ously, wi th three layers of weld passes 
plus the temper bead layer in the 10-
mm-deep repair, and fifteen layers plus 
the temper bead layer in the 46-mm-
deep repair. 

The computed stress distributions are 
shown in Fig. 1 6. It can be seen that the 
depth of the tensile zone increased as 
the depth of repair increased, though not 
necessarily proportionately. The stresses 
in the 1 0-mm-deep repair were at ten
sile yield strength of the repair weld 
metal at the surface, and decreased 
slowly with the depth to about 360 
N/mm2 (52.2 ksi) at the bottom of the re
pair, fal l ing to zero 3 mm (0.12 in.) 
below the repair. The stresses in the 46-
mm-deep repair were below yield at the 
surface at about 370 N/mm2 (53.6 ksi). 
It is not known why this occurred, but it 
may have been associated with the par
ticular repair depth to plate thickness 
ratio for this case. The stresses decreased 
slowly with depth, and retained a 
significant tensile value (over 100 

N/mm2 - 14.5 ksi) to within 4 mm (0.16 
in.) of the bottom of the repair. 

Discussion 

The computed stress distributions de
scribed previously indicated that the 
transverse residual stresses at a 28-mm-
deep repair in 75-mm-thick material de
creased approximately linearly with 
depth from the repaired surface, and al
ways fell to zero within the depth of the 
repair, regardless of the level of restraint 
at the joint. Unfortunately, the results 
from subsequent sections suggested that 
this conclusion could not be generalized 
to include other depth-to-thickness com
binations. For repair welds with depths 
less than 30% or more than 50% of the 
plate thickness, in most cases the stresses 
did not decrease linearly wi th in the 
depth of the repair, and retained a 
significant tensile value near to the bot
tom of the repair. 

The results suggested that the occur
rence of stress distributions which var
ied approximately linearly within the re
pair depth is limited to a small range of 
repair depth-to-thickness ratios, possi
bly 0.3 < d/t < 0.5. The generation of 
guidelines for stress distributions at re
pair welds outside this range would re
quire additional investigation using the 
computer model, supported by some ad

ditional experimental studies of relevant 
repair geometries. 

It is possible that some of the predic
tions of the computer model are pes
simistic and that future measurements 
wil l show that the transverse stresses are 
less tensile than the computed results. A 
number of conservatisms have been built 
into the model itself and into the as
sumed values of the material properties 
and restraint coefficients. Rigid bound
aries were assumed to exist at the edges 
of the repair weld (Fig. 6B), which tended 
to inhibit the redistribution of stresses in 
the section, and hence, effectively in
creased the restraint. The transverse 
residual stresses were allowed to have a 
maximum value equal to the weld metal 
yield strength, even though it was known 
from previous results (Ref. 1) that yield 
magnitude stresses only occur in prac
tice at very localized positions, and can
not exist as a bulk value over a significant 
depth, due to yielding of the adjacent 
base metal. The calculated restraint 
coefficients at part-circumferential re
pair welds may also have been conser
vative. 

Despite these conservatisms, and the 
lack of direct experimental evidence to 
validate the prediction for very shallow 
or very deep repairs, the present results 
are supported by experimental measure
ments in analogous welding configura
tions. The deposition of a thin layer of 

-iOO -200 0 200 WO 
Transverse residual stress. N/mm2 

Fig. 14 — Variation of residual stress distribution with wall thickness 
at 28 mm. 

0 200 WO 
Transverse residual stress. N/mm2 

Fig. 15 — Variation of residual stress distribution with wall thickness 
at 28-mm-deep repair with low restraint. 
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cladding on thick pressure vessels has 
similarities with the case of a large, shal
low repair in a thick base material. Mea
surements of residual stresses, (Refs. 12, 
13) in clad specimens have shown that 
the residual stresses were tensile 
throughout the depth of the weld metal 
and for some depth in the underlying 
base metal. This supports the prediction 
that tensile transverse stress could exist 
below a shallow repair weld in a thick 
base metal — Figs. 14-16. 

Masubuchi (Ref. 14) presented mea
surements of transverse residual stresses, 
averaged through the thickness, at short 
full-depth repair welds in flat plate spec
imens which he referred to as "slit-type" 
specimens. The residual membrane 
stress across a 200-mm-long slit weld at 
the center of its length was 200 N/mm2 

( 29 ksi), which compares closely with 
the calculated mean membrane stress 
for the 200-mm-long full depth repair 
weld in 28-mm-thick material shown in 
Fig. 14, which was 194 N/mm2 (28.1 ksi). 
These observations from analogous 
welding configurations give increased 
confidence in the reliability of residual 
stress distributions computed by TRAN1 
for repair configurations for which no di
rect experimental validation is available. 

Goldak (Ref. 1 5) has published a re
view of modeling of thermal stresses and 
distortion in welds. The computer model 
described in the present paper is much 
simpler than that adopted by most other 
workers. The potential disadvantage of 
using a simple model is that there is a 
greater potential for errors associated 
with the simplifying assumptions. Exper
iments must be used to demonstrate the 
applicability of the model for each new 
class of weldments under investigation. 
The advantage of using a simple model 
is that it requires much less computing 
resources, al lowing an extensive para
metric survey to be conducted. This type 
of survey increases understanding of the 
relationship between residual stresses, 
welding conditions and structural geom
etry. In the present case, the model (with
out any recalibration or "tweaking") has 
given good agreement with a measured 
distribution, has produced results which 
are compatible with published observa
tions in related repair configurations, and 
has provided a qualitative explanation 
of a previously unexpected and unex
plained phenomenon, the occurrence of 
a compressive membrane residual stress 
in a repair weldment. 

In this investigation, TRAN1 has not 
been used to investigate the effect of ma
terial properties on residual stresses at 
repair welds because it was believed that 
there was insufficient data on elevated 
temperature properties to justify such a 
study. Addit ional ly, the program does 
not model the yield of base metal adja-
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Fig. 76 — Variation of residual stress distribution with repair depth in 75-mm wall thickness 
with high restraint. 

cent to the repair zone, which may 
influence the final stress state. As previ
ously discussed, the use of repair weld 
metal mechanical properties in the 
model gives rise to peak surface stresses 
of weld metal yield magnitude, which 
corresponded with previous experimen
tal observations (Ref. 1). The investiga
tion was based on the mechanical prop
erties of carbon-manganese weld metal. 
It is anticipated that similar analyses 
based on the properties of other metals 
would also produce peak stresses equal 
in magnitude to their respective yield 
strengths. 

One observation from the present in
vestigation that is not apparent from the 
stress plots is that, before removal of the 
temper beads, the residual stresses were 
at repair weld metal yield magnitude at 
the surface of the temper bead, and de
creased wi th depth to a lower value at 
plate surface level. However, when the 
temper beads were removed, the resid
ual stresses were redistributed such that 
the stresses at the new surface were 
raised to yield level. 

Conclusions 

Computer program TRAN1 has been 
used to investigate the effect of structural 
restraint, repair depth and plate thick
ness on transverse residual stresses at re
pair welds. The program was found to 
give good agreement with experimental 
results for a 28-mm-deep repair weld in 
a 75-mm-thick aluminum treated car
bon-manganese test panel, and also ac
counted for the experimental observa
tion that the net membrane stresses in 

the panel at the repair were compres
sive. 

Computed stress distributions for a 
particular repair procedure in a range of 
structural configurations, including re
pairs of different lengths in flat plates, 
and full length axial, full circumferential 
and part-circumferential repairs in cylin
ders, showed that the transverse resid
ual stresses decreased approximately lin
early from yield value at the repaired sur
face to zero at some point wi th in the 
depth of the repair. 

Analysis of repairs of different depths 
indicated that the above description of 
the stress field was only applicable for 
repairs whose depth was between about 
30% and 50% of the wall thickness. At 
shallower repairs, the computed trans
verse stresses had a significant tensile 
value at the bottom of the repair, due to 
the high inherent restraint of the under
lying material. At deeper repairs, there 
were increased tensile stresses at the bot
tom of the repair due to the influence of 
the secondary tensile peak stress at the 
back surface. 
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