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Abstract
This paper starts with a brief state of the art assessment on what has been learned over the last few decades in understanding
residual stress development mechanisms, particularly those uniquely associated with weld repairs. A special emphasis will be
given to how some of the residual stress features contribute to structural integrity of a component containing weld repairs. In
contrast to initial fabrication welds, residual stresses associated with finite length repair welds tend to exhibit important invariant
features, regardless of component configurations, materials, and to some degree, welding procedures. Such invariant features are
associated with the severe restraint conditions present in typical repair situations. A number of weld repair cases are examined in
this paper. In addition to highlighting important residual stress distribution features, fracture mechanics calculations are per-
formed to examine how repair weld residual stresses quantitatively contribute to crack driving force as a function of crack
location and size. One simple and effective technique for mitigating detrimental residual stress effects on structural integrity is
also demonstrated by considering overall weld repair dimensions.

Keywords Residual stress profiles . Finite element . Measurement . Fitness-for-service (FFS) . Engineering critical assessment
(ECA) . Fracture mechanics .Weld repair . Residual stressmodeling . Stress intensity factor . Repair geometry

1 Introduction

Over the last two decades, there has been a growing interest in
residual stresses caused by weld repairs and their proper treat-
ment in fitness-for-service (FFS) assessment of engineering
structures and equipment either during construction or in ser-
vice [1–9]. During construction, weld repairs may be intro-
duced tomendmanufacturing quality deviations from relevant
construction Codes and Standards (e.g., [10–12]). During ser-
vice, structures or equipment may experience certain damages
that require weld repairs to ensure that original design lives
can still be achieved or further extended for maximizing

investment returns. The latter has become an increasingly im-
portant research topic of late, in which a recommended weld
repair procedure may be required for effectively mitigating
repair weld residual stress effects on structural integrity [1,
2]. This is because it has been well established that weld re-
pairs can introduce much more significant residual stresses to
a component than initial welds due to more severe restraint
conditions in repair welds than initial welds [1, 2, 13, 14]. As a
case in point, Fig. 1 shows a well-documented example on
repair weld effects on AL 2195 wide panel strength tests (see
Fig. 1a), comparing photo-strain distributions between two
test panels under the same remote tension loading of 14 Ksi
(97 MPa) [1, 2]. The panel with only initial weld (see Fig. 1b)
shows barely noticeable straining within weld fusion zone. In
contrast, the test panel with a weld repair as indicated in Fig.
1c under the same remote loading conditions shows a rather
high level of straining accumulated within the entire repair
weld region, resulting in about 30–40% strength reduction in
wide panel test results [2].

Therefore, an improved understanding of residual stress
development mechanisms uniquely associated with weld re-
pairs, and their effects on structural integrity become critically
important. There have been numerous investigations
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employing various residual stress measurement techniques
(e.g., [1–4]) and finite element modeling methods (e.g., [1,
5–9]) for characterizing residual stresses for weld repairs in
various structural configurations, as well as treatment of such
residual stresses in fracture assessment models. To a large
extent, there has been a general agreement among most re-
searchers that residual stresses caused by weld repairs play a
much more important role to structural integrity management
than those by initial welds [2–4, 13–15] and must be properly
taken into account when performing fitness for service
assessment.

However, assessment procedures given by major FFS
Codes and Standards such as BS7910 [10], R6 [11], and
API 579 RP-1/ASME FFS-1 [12] provide rather limited guid-
ance on residual stress profiles relevant to various repair con-
ditions and how to treat repair weld residual stresses under
repair conditions, as reviewed by Dong et al. [16]. Residual
stress prescriptions in these procedures were based on inter-
pretations of experimental measurements on selected compo-
nents and/or available finite element residual stress solutions
with a level of conservatism being built-in (e.g., [3, 4]).
Without clearly establishing key controlling parameters, it is
difficult to extend some of the empirical findings obtained
from one set of repair conditions to others. Unlike initial fab-
rication welds, residual stresses in weld repairs tend to exhibit
strong three-dimensional (3D) features that are strongly de-
pendent upon repair weld dimensions in addition to compo-
nent geometry and welding procedures, etc. [3–9]. As a result,
both computational modeling and experimental measure-
ments become much more challenging in dealing with weld
repairs than with initial welds.

Through a careful observation of available residual stress
measurement data and limited 3D finite element modeling
results, certain boundary conditions could be introduced to
approximate some 3D restraint conditions by using a 2Dmod-
el. These include generalized plane strain models [2, 5] using

prescribed planar translational and rotational degrees of free-
dom for both plate and pipe components [5–8], and special
composite shell element models [8, 9]. A reasonable estimate
of residual stresses for repair welds has been obtained using
these models with a reduced dimension (see [2, 4, 6–10]), as
demonstrated by comparing finite element results with exper-
imental measurements [10]. These results have showed that
repair weld dimensions are particularly important in contrib-
uting to some residual stress distribution characteristics [6, 7,
13–16] that are of a particular importance to structural integ-
rity. As a result, it has become increasingly apparent that some
of the important residual stress distribution characteristics and
their controlling parameters can be more effectively examined
using rather simple models. As such, basic mechanics associ-
ated with repair weld residual stress generation process can be
more clearly demonstrated. Such an understanding is essential
for establishing a more reliable and consistent scheme for
estimating residual stress profiles for weld repairs in various
components, rather than relying empirical treatment on a case-
to-case basis.

Thus, the purpose of this paper is to establish some impor-
tant features in residual stress distributions uniquely associat-
ed with repair welds and the underlying mechanics, rather
than diving into a detailed discussion on computational and/
or experimental procedures for a particular case of weld repair.
This is because there have been numerous publications in the
literature dealing with detailed repair case studies [1–9],
discussed above. A further emphasis will be placed upon
quantitatively demonstrating the significance of some residual
stress features to structural integrity by comparing crack
growth behaviors in residual stress fields caused by original
fabrication weld and subsequent repair weld, respectively. To
do so, this paper starts a simple 1D (or Bone-bar^) model
under fully restrained conditions which can be readily solved
analytically to illustrate the basic thermomechanical phenom-
ena involved with a local weld repair. This will be followed by

Fig. 1 a–c Wide panel tests for
comparing strain distributions
between panels with and without
weld repair [2] (note:
1 in = 25.4 mm, 1Ksi = 6.9 MPa)
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a three-bar model confirming that fully retrained conditions
can be readily achieved in practice under typical repair condi-
tions. These quantitative findings will be used to elucidate the
underpinning mechanics associated with some of the residual
stress distribution features observed in some early investiga-
tions by this and other authors, including implications on
structural integrity.

2 Analytical residual stress modeling

The necessary and sufficient conditions for the development
of any residual stresses in a component are the presence of
localized plastic deformation. Localized plastic deformation
in case of welding is resulted from the presence of severe
temperature gradients that cause high thermal stresses beyond
yield during welding. Such residual stress development pro-
cess can be effectively demonstrated by an idealized one-
dimensional (1D) model (i.e., one-bar model discussed in
[13]) in Fig. 2 under fully restrained conditions (Fig. 2a)
which can be fulfilled when considering typical weld repair
conditions as substantiated in the next section.

2.1 One-bar model

It might be disappointing to some readers that the author has
picked a seemingly rather un-impressive residual stress prob-
lem and modeling procedure to start with in this paper. Then,
the author would like point out here that even with all ad-
vanced computational methods and computer power today, a
correct finite element solution to such a simple 1D problem in
Fig. 2 is not always guaranteed without an adequate

understanding of some of the key thermomechanical phenom-
ena involved. This can bemost effectively demonstrated using
such a simple 1D problem definition for which analytical so-
lution can be readily developed.

As shown in Fig. 2a, a fully restrained steel bar of unit
length at ambient temperature (θ = 0) is assumed subjected
to uniform heating, at first linearly increasing over time until
reaching to melting temperature (θ = θm), and then linearly
decreasing to room temperature (see Fig. 2c). It is further
assumed that bar steel follows a stress-strain behavior of elas-
tic perfectly plastic type (see Fig. 2b) with its yield strength
(SY) as a function of temperature being given in the same
figure. Based on incremental plasticity theory, any total mea-
surable strain incrementΔε can be partitioned into strain com-
ponents as follows, in incremental form:

Δε ¼ Δεe þΔεp þΔεT þΔεTr ð1Þ

where Δεe, Δεp, ΔεT, and ΔεTr are elastic, plastic, thermal, and
phase transformation-induced strain increments, respectively.

Under fully restrained conditions as shown in the lower
part of Fig. 2a, Δε = 0 must be maintained throughout the
heating and cooling stages. The resulting strain partitioning
in Eq. (1) at any moment in time only depends on the
thermomechanical process and what type of strain increments
are generated. For instance, at the beginning when tempera-
ture is low, there should be only elastic strain Δεe present in
addition to thermal strain ΔεT; Eq. (2) gives Δεe = − ΔεT or
Δσ = − αθE in terms of stress under 1D conditions, as
depicted by the shaded area in Fig. 2c. Note that α and E are
material’s thermal expansion coefficient and Young’s modu-
lus, respectively, both of which are assumed to be constant
over the entire heating and cooling cycle for simplicity. As

Fig. 2 One-bar model for
thermomechanical modeling of
residuals stress development
process
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the bar temperature continues increasing, the compressive
stress in the bar reaches to the yield strength (SY) of the mate-
rial. At this point, the corresponding compressive elastic strain
is at εY = SY/E, and the corresponding temperature at yield is
θY = εY/α. To put things in prospective, if one assumes that the
bar material is made of low carbon structural steel with the
following properties as long as temperature is below θ1:

SY ¼ 30Ksi 207MPað Þ
E ¼ 30� 103Ksi 207 GPað Þ
α ¼ 6:5� 10−6 in=in=F0 11:7� 10−6mm=mm=C0

� �

The temperature at yield θY(=εY/α) is only about 154 °F
(68 °C) under fully restrained conditions. Such conditions are
not difficult to achieve when considering a material point near
a weld repair.

Further heating beyond θY results in no change in stress
or elastic strain until θ1 is reached. However, the increase
in thermal strain with increasing temperature all goes to the
equal amount of increase in compressive plastic strain εp,
as shown in Fig. 2c. A continued increase in temperature
from θ1 to θ2, material’s yield strength decreases linearly
with the increase in temperature, approaching nil strength
state θ2. During this time, the development of plastic strain
is determined by the difference between the total thermal
strain and the elastic strain (shaded region) in Fig. 2d.
From θ2 to θm, all thermal strain becomes plastic strain that
reaches its maximum shown in Fig. 2d. At θ = θm, the ma-
terial changes its state from solid to liquid and plastic strain
definition ceases to exist, resulting in zero plastic strain
(BW/Annealing^) or returning to virgin material state upon
cooling. This phenomenon is often referred to as numerical
Bannealing^ or Bplastic strain annihilation^ in finite ele-
ment modeling context [17]. Otherwise, as shown in Fig.
2c, prior plastic strain history as material passes through
melting temperature would have been retained, as shown
by the line labeled by BW/O Annealing^. Inabilities in
dealing with such a melting or remelting phenomena in
some earlier publications in literature have been attributed
to severe over-estimations in residual stress for materials
that exhibit significant strain-hardening.

During the cooling phase starting from θm, the decrease
in thermal strain can be tracked by translating the line la-
beled as εT = αθ vertically down to the zero elastic strain
position, which marks the beginning of the shrinkage
phase (see Fig. 2d). Due to nil strength of the material,
all shrinkage strain becomes plastic strain after θm until
cooling down to θ = θ2. In the context of welding, this is
the region that is prone to hot cracking for some materials.
The continued tensile plastic strain development can be
determined by taking the difference between this line and
elastic strain lines enveloping the shaded area in Fig. 2c.

The final residual stress predicted is exactly at yield (σ =
SY = EεY) as shown in Fig. 2c, and plastic strain is tensile
and is at εp, max − εY.

Although the 1D residual stress problem illustrated in
Fig. 2 is remarkably simple which was solved graphically,
as illustrated in Fig. 1, the results are rather informative, as
summarized as follows:

(1) Localized plastic strain can readily develop in welding.
As shown in Fig. 2b, a minimum temperature differen-
tial θY = 154 °F is sufficient to induce plastic deforma-
tion on heating. Furthermore, to generate yield magni-
tude residual stress in low-carbon steel upon cooling at
room temperature, a temperature difference of twice as
much, i.e., 2θY = 308 °F is all that is needed. Therefore,
as far as thermal manufacturing processes are con-
cerned, e.g., thermal forming, cutting, and welding, the
presence of residual stresses in fabricated components is
commonplace.

(2) For steel types exhibiting strong strain hardening, resid-
ual stress components in severely restrained direction
(axial direction of bar in this case) can become signifi-
cantly higher than yield in magnitude, depending upon
hardening behavior and the extent of stress triaxiality.

(3) As far as numerical modeling is concerned, the ability to
simulate Bannealing^ effects (annihilation of plastic
strain) as material changes its state, e.g., melting, is im-
portant, as shown in Fig. 2d. Such an annealing process
at a given characteristic temperature also occurs as ma-
terial goes through phase change in solid state. It must be
pointed out that for a given steel material, an accurate
determination of the annealing temperature and the ex-
tent to which annealing occurs requires sufficient knowl-
edge of material’s metallurgical behavior under rapid
heating/cooling, which is beyond of the scope of the
present discussions.

(4) One additional important observation from the 1D exam-
ple in Fig. 2 is that to effectively relieve residual stress,
the amount of permanent tensile deformation that needs
to be introduced into the bar should can be in the order of
εY (=SY/E). This only amounts to about 0.001 in perma-
nent strain for this particular case, which can be achieved
to a large extent through creep in uniform post-weld heat
treatment (PWHT) [18], local mechanical deformation
through planishing [2], or other techniques.

Along the same line, general effects of solid-state phase
transformation (also referred to as transformation plastici-
ty) on residual stress development can be illustrated.
Consider the same bar in Fig. 2a, it may be assumed that
the bar material experiences phase change at its first criti-
cal transformation occurs, say at θ2, e.g., a transformation
from ferrite to austenite. Such a transformation will be
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accompanied by a volumetric reduction, say in terms of
volumetric reduction ΔV/V0 due to austenite’s more com-
pact face-centered cubic (FCC) lattice structure, resulting
in an unidirectional strain increment of ΔεTr ¼ ΔV

3V0
. A re-

versed transformation in terms of incremental strain at the
same temperature on cooling is shown in Fig. 3a. By the
following the same graphic solution procedure illustrated
in Fig. 2, the elastic strain (ε) or stress (Eε) history is given
as the shaded area in Fig. 3a while the plastic strain (εp) is
shown in Fig. 3b. While plastic strain history clearly indi-
cates the phase transformation effects at high-temperature
regime, the resulting residual stress at lower temperature
remains the same as the case without considering phase
transformation (Fig. 2c). Then, it can be argued that as long
as phase transformation plasticity occurs at sufficiently
high temperature at which material has a low yield
strength, its effects on final residual stresses at room tem-
perature is typically not significant.

2.2 Three-bar model

A repair weld in a large butt-welded plate is shown in
Fig. 4. As discussed in [13], one of the most unique fea-
tures associated with residual stresses in a weld repair is
the fact that there is a significant increase in transverse
residual stresses or σy, comparing with initial welds. The
development of σy can be demonstrated by considering a
three-bar model with bar orientation in y direction as
shown in Fig. 5a, in which bars 1 and 3 model the plate
regions outside of the repair length and bar 1 the region
within repair length. For simplicity, the areas of bars 1 and
3 are assumed to be the same, i.e., A1 = A2 = A which be-
comes the bar width assuming unity thickness for simplic-
ity. Note that E in Fig. 1 is material Young’s modulus of the
plate. Upon heating of bar 2, displacement conditions can
be described as Bplane-remaining-as-plane^ or simply as a
Brigid link^ conditions, as shown in Fig. 5b. These dis-
placement conditions can be written as:

δ1 ¼ δ3 ¼ δ Rigid link and symmetryð Þ
δ2 ¼ ΔLT ‐δ Deformation in Bar 2ð Þ ð2Þ

The equilibrium conditions in y can be written as:

∑Fy ¼ 0⇒F1−F2 þ F3 ¼ 0
∑M 2 ¼ 0⇒F1d−F3d ¼ 0

ð3Þ

Note that bar theory in strengths of materials gives:

F1 ¼ F3¼
EAδ
Lo

and F2¼−
EA ΔLT−δð Þ
Lo þΔLT

Solving Eqs (2) and (3) leads to:

δ ¼ δ1 ¼ δ3 ¼ A2ΔLT
2Aþ A2

ð4Þ

δ2 ¼ 2AΔLT
2Aþ A2

ð5Þ

(a)

(b)

Fig. 3 1Dmodel illustrating phase transformation effects on final residual
stress state

Fig. 4 A repair weld in a large
butt-welded plate
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in which δ2 has the largest magnitude while in compression.
The corresponding strain can be calculated by simply dividing
the displacement by L0, resulting in:

ε2 ¼ −
2Aαθ

2Aþ A2
:

As temperature in bar 2 continues to rise, the critical tem-
perature differential that leads to yielding in bar 2 can be
obtained by setting ε2 = εY. For illustration purpose, the fol-
lowing critical θYvalues can be obtained for different Avalues:

A ¼ 2A2⇒θY ¼ 193F
A ¼ 5A2⇒θY ¼ 169F
A >> A2⇒θY→154F

ð6Þ

Even at A = 5A2, θY becomes rather close to the value cor-
responding to A > > A2. This suggests that the fully restrained
conditions as depicted in Fig. 2 can be readily attained in a
typical weld repair in an actual component. The resulting ther-
mal stress distribution can be calculated by the equilibrium
conditions, i.e.,

σ2 ¼ −SY
σ1 ¼ σ3 ¼ A2SY

2Aþ A2

ð7Þ

As discussed in the previous sections, a temperature
twice as much, i.e., 2θY, is all that is needed to develop
yield magnitude residual stress upon returning to room
temperature. Beyond 2θY, 100% of thermal strain incre-
ment contributes to plastic strain increment in compres-
sion, which can be shown to be reversed into tensile plastic
strain upon cooling at room temperature (see Fig. 2d).

At room temperature, a three-bar model representation
of the repair weld shown in Fig. 5a is illustrated in Fig. 6. If
the rigid link is not detached, bar 1 and bar 2 would return
to their original positions O-O, since there is no plastic
deformation occurred in either bar 1 or bar 3 throughout
the heating and cooling process. Bar 2 would be shortened

by the amount of L0εY, since 2θY condition is assumed to be
met. The resulting residual stress distribution according to
equilibrium condition (now attaching the rigid link) can be
calculated in the same manner as in arriving at Eq. (7), as:

σ2 ¼ SY

σ1 ¼ σ3 ¼ −A2SY
2Aþ A2

ð8Þ

which gives tensile residual stress of yield magnitude with-
in bar 2 (or repair region) and compressive residual stress
outside of the repair region. For a finite size plate, δ2

' rep-
resents shrinkage of the three-bar system. Such a residual
stress distribution feature (given in Eq. 8) must be present
in an actual repair weld. Indeed, Fig. 7 shows the final
transverse residual stress distribution in a large thin plate,
which was obtained by means of a special shell element
modeling procedure with a moving welding heat source
being considered [1, 8].

2.3 Some important residual stress features

Residual stresses in repair welds are 3D problems by defini-
tion, implying a high degree of complexity in either compu-
tational modeling or measurements. However, work to date

Fig. 5 a, b Three-bar model based representation of repair weld

Fig. 6 Three-bar model based representation of repair weld at room
temperature
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suggests that characterization of repair weld residual stresses
is not as complicated as initially thought, as it turns out that
residual stress distribution characteristics remain similar re-
gardless of component geometric shape, joint type, and mate-
rial category. This is due to the fact that by definition, majority
of repair occurs at a local area and that restraint conditions at
local repair is always high regardless of component types. As
shown in Fig. 8, transverse residual stresses (perpendicular to
repair weld line) in a large aluminum-lithium vessel (Fig. 8a),
carbon steel storage tank (Fig. 8b), and stainless steel pipe
(Fig. 8c) share rather similar features. Within the repair length,
the transverse residual stresses are dominantly tensile at yield
strength magnitude for all these cases and become compres-
sive immediately outside of the repair length, suggesting a
strong influence of repair length on the extent of such a resid-
ual stress distribution. It should be noted that the repairs

considered in Fig. 8 are multi-pass welds, e.g., two passes in
Fig. 8a with a repair depth of 0.5t (plate or wall thickness), two
passes in Fig. 8b with a repair depth of 0.5, and six passes with
a repair depth of 0.8t. Although detailed residual stress distri-
bution tends to vary with respect to number of passes used and
repair weld depth, the resulting residual stress distribution
characteristics tend to be rather similar. Some specific effects
such as effects of repair weld depth will be discussed in the
ensuing section.

Indeed, as shown in Fig. 9 for a girth welded stainless pipe,
as repair weld length increases, peak transverse residual stress
is reduced from peak value of above yield strength magnitude
by about 50% for the case of long repair shown in Fig. 9d.
Note that finite element modeling results shown in Fig. 9b
corresponding to the short repair case were validated by deep
hole drilling method [3], as shown in Fig. 10.

Both repair width and length effects are shown in Figs. 10
and 11 for a weld repair in a carbon steel storage tank. An
increase in repair width from 1W to 2W results in not only an
increased peak values in residual stresses, but also in a signif-
icant increase in tensile residual stress spread. Note that W
represents the initial weld seam width as shown in Fig. 4.
Effects of repair length are consistent with those observed in
Fig. 9 in a pipe girth weld.

Figure 12 shows repair depth effects on residual stress dis-
tributions for a pipe girth weld. As can be seen, as repair depth
increases, high tensile residual stresses develop into pipe wall
thickness, particularly at inner surface.

Fig. 8 a–c Transverse (to repair
weld) residual stress distributions
in three different components
made of various material types

Fig. 7 Transverse residual stress distribution obtained by finite element
modeling [1, 7]
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3 Significance to structural integrity

3.1 Fracture mechanics treatment of residual stresses

As an example, at a first glance at Fig. 12, the differ-
ences in through-thickness residual stress distributions
seem somewhat subtle with an overall elevation of ten-
sile residual stresses across pipe wall thickness as repair

depth increases. To facilitate a quantitative comparison,
a through-thickness residual stress decomposition tech-
nique [15] is adopted here, since such a technique also
enables a direct comparison in terms of fracture driving
force, e.g., stress intensity factor (K) caused by residual
stresses. For a given through-thickness residual distribu-
tion such as those shown in Fig. 12, say at weld toe, it
can be decomposed into three parts: through-thickness

Fig. 10 a, b Comparison of through-wall residual stresses in the HAZ at mid-length of a short 20° arc repair—measurements versus modeling results

Fig. 9 a–d Effects on repair
length on transverse residual
stresses—a repair along girth
weld of a stainless steel pipe
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membrane (σm), bending (σb), and self-equilibrating
(σs. e), as:

σm ¼ 1

t
∫
t

0
σ xð Þdx

σb ¼ 6

t2
∫
t

0
σ xð Þ x−

t
2

� �
dx

σs:e: ¼ σ xð Þ−σm−σb 1−
2x
t

� � ð9Þ

where x is measured from pipe inner surface or ID and t is
component wall thickness. As discussed in [15], the three parts
given in Eq. (9) have rather different contributions to fracture
driving force, with the membrane part (σm) being the most

important, followed by the bending part (σb), and the self-
equilibrating part being the least important. By considering
only the through-thickness membrane and bending parts in
Eq. (9), the results after decomposition are shown in Fig. 13.
Now, it can be clearly seen that as repair depth increases from
0.2t to 0.6t, through-thickness membrane stress rapidly in-
creases while through-thickness bending stress decreases.

As discussed by Dong [15], through-thickness membrane
stress has a dominant effect in stress intensity factor for a grow-
ing crack in residual stress field. By considering both through
membrane and bending stresses, the stress intensity factor so-
lution following the displacement-controlled technique in [15]
is shown in Fig. 14 assuming that a circumferential crack is
situated at weld toe position at either pipe outer surface or inner

Fig. 12 Repair depth effects on
hoop and axial residual stress
distributions in a girth welded
pipe (repair length 20°angular
span; repair width 1 W; r/t = 12)

Fig. 11 Transverse residual stresses in repair weld in carbon steel storage tank: effects of repair width and repair length
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surface. Note that, as discussed in [15], the displacement-
controlled K solution enables a consideration of residual stress
relaxation effects on K as a crack extends. In both cases, a
shallower repair (say at 0.2t) tends to generate a much lower
K as a function of crack size than a deeper repair (say at 0.6t)
for a crack situated either at OD (Fig. 14a) or ID (Fig. 14b).

3.2 Elliptical surface crack

In the previous section, circumferential cracks situated in re-
pair weld residual stress fields corresponding to various
depths of weld repairs in a pipe girth weld are considered.
Small elliptical surface crack behaviors in a repair weld in
girth weld in a large diameter storage tank (see Fig. 11) are
investigated here, at which stress corrosion cracking had been
found and potential crack growth under continued service is of
particular interest [18]. Two hypothetical surface crack con-
figurations (one parallel and one transverse to weld) are ex-
amined here for the repair case shown in Fig. 11 with a repair
length of 6″, depth of 0.5t, and width of 2 W. Note that in this
particular instance, applied load is negligible. As a result, only
stresses that are possibly operative can be attributed to residual
stresses due to welding either from original weld or repair
weld. Figure 15 shows the stress intensity factor distributions
along a surface crack (length of 2a along surface and c in
depth) situated in the HAZ (parallel to weld line) by assuming
a self-similar growth. The stress intensity results are plotted

against elliptical angle with 0° being defined at surface and
90° being at the deepest point (Fig. 15a). The significant in-
crease in stress intensity factor for all crack sizes considered is
evident due to the presence of repair (Fig. 15b). At the original
weld without any weld repairs, the parallel surface crack is
unlikely to break through the inner surface (wall thickness of
0.625″) since as the crack depth is increased to c = 0.3" with
corresponding half crack length c = 0.6", stress intensity factor
K becomes negative at about 90° (Fig. 11a) In contrast, K still
remains high and stay positive at a = 0.8" and c = 0.4"

(Fig. 15b). For a transverse crack on which the longitudinal
residual stresses will be operative, the significant increase in
for all crack sizes due to repair can also be seen in Fig. 16.

In recognizing the detrimental effects on residual stresses in
weld repairs, repair weld dimensions should be carefully consid-
ered as an essential part of the residual stressmitigation strategy as
discussed in Section 2.3. Although conventional uniform post-
weld heat treatment (PWHT), e.g., placing an entire component
in a furnace, is effective as recently investigated by Dong et al.
[17], its implementation can be often difficult when dealing with
operating equipment, for which local PWHT through a local
heating may be the only option available. Unfortunately, such a
local PWHT can be rather tricky to use, more often than not
causing additional residual stresses due to significant thermal
stresses generated by the local PWHT process [19] and restraints
by surrounding structure, which can lead to complex deformation
patterns in curtain pipe and vessel components. These

Fig. 14 Comparison of normalized stress intensity factor (K=SY
ffiffi
t

p
) as a function of relative crack size (a/t) for a hypothetical circumferential crack

situated at weld toe caused by axial residual stress only (i.e., no applied external load)—repair depth effects a cracking at OD and b cracking at ID

Fig. 13 Decomposed through-
thickness membrane and bending
parts of residual stress
distributions given in Fig. 12. a
Hoop residual stress and b Axial
residual stress
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components are often associated with a large component radius to
wall thickness ratio (or r/t), in which through-wall axial residual
stress distributions typically exhibit a self-equilibrating type (see
recent results given in [19–21] for girth welds and in [22, 23] for
longitudinal seam welds by using a weld material constitutive
model similar to the one described in [24]). Any weld repairs

on this type of components will significantly increase through-
thickness membrane and bending components, as shown in
Fig. 11, on which local PWHT has been shown very difficult.
As a result, a proper consideration of repair weld dimensions can
be very beneficial for reducing repair-induced residual stresses,
rather than resorting local PWHT. As demonstrated in the

Fig. 16 a, b Comparison of stress intensity factor (K) for a growing transverse surface crack

Fig. 15 a, b Comparison of stress intensity factor (K) solutions for a growing parallel surface crack along weld toe
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previous section and this section, a desirable repair weld dimen-
sions should be as long as possible, as shallow as possible, and as
narrow as possible.

4 Concluding remarks

As quantitatively demonstrated by the one-bar and three-bar an-
alytical models presented in this paper, weld repairs are subjected
to almost equally high restraint conditions in both transverse and
longitudinal directions with respect to weld, while in original
welds, high restraint conditions typically occur in the longitudinal
direction or parallel to weld. Such unique restraint conditions
associated with weld repairs produce some invariant stress dis-
tribution characteristics that can be observed regardless of com-
ponent geometries, materials, and welding procedures as long as
repair size is small comparing with overall component dimen-
sions. One major detrimental effect of a weld repair on structural
integrity is its elevated membrane stress level, resulting in signif-
icantly increased fracture driving force, e.g., stress intensity factor
(K) for a hypothetical crack situated either in transverse and
longitudinal direction of a repair weld. One effective means for
reducing membrane stress is through a proper sizing of a weld
repair if possible. As demonstrated in this paper, a preferred
repair weld geometry should be as shallow as possible, as narrow
as possible, and as long as possible, rather than based on defect
size and shape to be repaired.
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