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Abstract
Maintaining minimum distance between repair and existing welds often becomes impractical due to the presence of com-
pact layouts, original welds of branches, nozzles, etc. on offshore structural elements, pipelines, and piping. Although some 
international codes and standards provide criteria for maintaining a minimum distance between proximity welds, most of 
them lack technical justification in relation to their effect on the structural integrity of welded components. The develop-
ment of residual stresses has a significant effect (i.e., a negative effect on tensile stresses and a positive effect on compres-
sive stresses) on the integrity of the welds fabricated at proximity. Hence, it is important to investigate the residual stress 
distribution on welds fabricated at proximity, especially at a distance away from the weld toe. This study presents findings 
on the characterization of residual stresses by neutron diffraction at the proximity region between two girth welds. The two 
welds were fabricated at proximity, using two different welding procedure specifications and at three different distances, 
on a structural steel pipe, grade S355. The three different welding distances between weld toes were maintained at 5, 10, 
and 15 mm respectively. The neutron diffraction-based residual stress distributions were investigated at the POLDI neutron 
instrument at the Swiss spallation source SINQ in Switzerland. The axial, hoop, and radial components of the residual 
stresses were experimentally investigated between proximity welds. The findings revealed that residual axial stresses at a 
5-mm proximity distance were increased beyond the yield strength of the structural steel, grade S355. The findings of this 
study enable practitioners to take remedial actions to minimize the residual stresses developed in girth welds fabricated at 
proximity. Also, the findings enable us to derive technical justification for maintaining a minimum distance and developing 
welding procedure for welds fabricated at proximity.
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1  Introduction

Welds placed at proximity have always been found to be a 
subject of debate among fabricators, inspectors, and contrac-
tors. International fabrication codes and standards often fail 
to provide technical justification for maintaining a minimum 
distance between proximity welds [1, 2]. During the replace-
ment/repair fabrication procedures of tubular structures, 
the standards provide no guidelines regarding maintaining 

minimum distances between original and repair welds [3]. 
Proximity welds’ placement should be based on practical 
experience, and shorter distances may need to be proven 
with respect to both impact on stress concentration factors 
(SCFs) and welding residual stresses’ (WRS) estimation, 
as mentioned in code [4], which is used for offshore wind 
turbines’ assessment. Detailed evaluation of this criteria has 
been performed in the past by the authors [3] for proximity 
weld configurations found in various structural fabrication 
and repair codes [3]. The challenges of welding repair joints 
on or at proximity to existing welds, leading to the develop-
ment of harmful tensile WRS development, have been well 
documented by [5–7]. These can cause failures due to stress 
corrosion cracking at a distance away from weld in welded 
austenitic steel piping. Imperfections in welds, coupled with 
high tensile WRS under high cyclic loading conditions, are 
well known for causing major weld failures in high restraint 
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proximity welds of tubular braces and offshore jackets [8], 
floating production storage and offloading (FPSOs) [9], 
and tubular bridge structures’ truss welds [10]. Hence, it is 
important to estimate the WRS distribution around the weld 
toe and proximity regions.

WRS characterization around the weld toe region has 
always been considered a subject of interest for designers, 
manufacturers, and integrity engineers, as harmful tensile 
residual stresses have been found to accelerate crack propa-
gation, in contrast to beneficial compressive stresses in 
welded joints [11]. Accurate estimation of stress intensity 
factors due to residual stresses can further help in better 
predicting the remaining fatigue life of welded joints, while 
using fracture mechanics procedures for welded joints [12]. 
In the various defect assessment procedures of fitness for 
service codes (FFS) like BS 7910 [13], API-579 [14], and 
R6 [15], WRS profiles for distances away from the weld toe 
(WT) [16], and welds placed at close proximity, like critical 
offshore brace joints, piping welds etc., are not available 
[1], often leading to conservative assessments in FFS pro-
cedures. In addition to the formation of deleterious tensile 
residual stresses between proximity welds, heat input, weld 
sequence, and restraint conditions in the employed welding 
process play a vital role in developing yield level residual 
stress at the weld center and proximity regions.

The estimation of tensile residual stresses between prox-
imity welds, fabricated with similar welding processes on a 
butt-welded plate, have previously been reported by [17], by 
the use of techniques like X-ray diffraction and incremental 
center-hole drilling. Similar findings, developed at proxim-
ity regions between proximity K-welded tubular joints, by 
the use of neutron diffraction and X-ray diffraction (XRD) 
techniques, have been reported by [18]. However, in both 
the cases, through thickness level, residual stresses were not 
measured at proximity region developed between adjacent 
weld toes, due to depth measurement limitation of XRD 
technique and use of neutron diffraction technique at weld 
toe location only. Changes in mechanical properties of prox-
imity welds like fatigue life, hardness, tensile, and impact 
tests on butt-welded plate and partial penetration K-welded 
joints of tubular offshore joints, respectively, have been 
reported by authors [2, 19] and [20] in the past. Mechanical 
test results and welding qualification for repair proximity 
welds, fabricated on a pipe, have previously been presented 
by authors [21], indicating the development of high hard-
ness and low energy values at proximity regions. However, 
in repair/replacement welds, fabrication with two different 
welding processes at different proximity distances, leading 
to the development of harmful or beneficial WRS profiles, 
needs to be investigated, for which no reported experimental 
study was found in open literature.

Therefore, the aim of the current study is to investigate 
the effect of proximity welds on WRS profiles developed 

between adjacent weld toes, fabricated with two different 
welding processes on a structural steel pipe of grade S355. 
The neutron diffraction (ND) technique was employed for 
characterizing the residual stresses between proximity welds 
on a large tubular welded mockup, with the use of the time 
of flight neutron diffractometer (POLDI, SINQ) at the Paul 
Scherrer Institute (PSI), in Switzerland. The remainder of 
the paper is structured as follows: Sect. 2 describes the 
experimental methodology, followed by the results and dis-
cussion. Subsequently, in Sect. 4, a conclusion is drawn.

2 � Experimental procedure

2.1 � Large, welded mockup samples

Proximity multi-pass girth welds were fabricated on struc-
tural steel-grade EN 10,225–09 S355G14 + N seamless pipe, 
generally used in the fabrication of offshore structural mem-
bers [8], with dimensions of 219.1 mm outside diameter and 
8.18 mm thickness. Initially, weld A was fabricated as a sin-
gle weld on a pipe Sect. 700 mm long, welded with tungsten 
inert gas (TIG), a semi-automatic welding process, and, sub-
sequently, a vee groove for weld B was machine cut. Lastly, 
weld B was welded with metal active gas (MAG), a semi-
automatic method for root pass, and Flux cored arc weld-
ing (FCAW), a semi-automatic method for the remaining 
passes after the completion of weld A. Weld proximity (WP) 
distances of 5 mm, 10 mm, and 15 mm were maintained 
between adjacent weld toes, as shown in Fig. 1 schematic.

As discussed previously, to simulate the practical situa-
tion of repair or replacement procedures, weld B was welded 
with different and faster welding processes like MAG and 
FCAW, in contrast to weld A, which was welded with TIG, 
which is a more factory-controlled welding process. Com-
plete details about the material properties, fabrication pro-
cess, welding procedure qualification record (WPQR), filler 
wire, digital weld log data, and mechanical testing results 
can be found in the authors’ previous work [21]. All neces-
sary NDTs, e.g., radiography & destructive testing (DT), 
e.g., tensile, Charpy, hardness, and bend tests to qualify 
WPQR for proximity welds were performed on all samples, 
as per the criteria mentioned in ISO EN15614-1 [22].

ISO EN15614-1 [22] code was used for the qualification 
of WPQR and adopted in this project catering for the Nor-
wegian continental shelf (NCS) and offshore welded tubular 
structures used in oil exploration and the processing indus-
try. ISO EN15614-1 is a widely accepted code for weld-
ing qualification around the world. Welding was performed 
under controlled conditions after optimizing the welding 
parameters found in [21] as per pre-qualified welding proce-
dure specification (WPS) adopted from reputable industrial 
partners. Three samples from each proximity distance of 5, 
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10, and 15 mm were finally fabricated and characterized by 
neutron diffraction, as explained in following section.

2.2 � Neutron diffraction measurements

Neutron diffraction is a nondestructive technique (NDT) that 
is capable of measuring residual strains in the bulk of multi-
pass welds and most polycrystalline metal and alloys [23]. 
Neutron diffraction measurements were performed at the 
pulse overlap diffractometer (POLDI), located at the Swiss 
Spallation Source, SINQ, at the Paul Scherrer Institute in 
Switzerland [24] as shown in Fig. 2 schematic. POLDI is 
a time-of-flight (ToF) thermal neutron diffractometer, well 
suited to measuring spatially resolved residual stresses in 
engineering components. A ToF instrument like POLDI has 
the advantage of capturing several diffraction peaks, which 
is essential for the analysis of stress in strongly textured 

materials. The obtained data were fitted using open source 
software Mantid [25]

Strain can be calculated by measuring a change in the 
atomic lattice spacing dhkl ∼ d, acting under stress when 
compared with stress-free spacing do, as per Eq. (1). Miller 
indices (hkl) are parallel to the crystallographic planes of the 
material, and its lattice spacing d can be found by Bragg’s 
law, as mentioned in Eq. (2).

The axial (perpendicular to weld), hoop (parallel to weld), 
and radial (through thickness) strain components were meas-
ured using the 211 diffraction peak for the body-centered 

(1)� =
d − do

do

(2)n� = 2dsin�

Fig. 1   Schematic of proximity 
welds at 5, 10, and 15 mm dis-
tances and neutron diffraction 
measurement points

Fig. 2   Schematic of POLDI at 
PSI, Switzerland, adapted from 
[24]
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cubic (BCC) crystal structure of the S355 alloy, as recom-
mended in ISO21432:2019 standard [26]. Residual stresses 
can be calculated using generalized Hooke’s law [26], as per 
Eqs. (3), (4), and (5) using the plane-specific elastic con-
stants E

211
= 220000MPa and Poisson’s ratio v

211
= 0.28 

[10]

where x, y, z are 3 principal orthogonal directions corre-
sponding to either axial, or hoop or radial directions in the 
sample coordinate system.

(3)�x =
E

(1 + �))(1 − 2�)

[

(1 − �)�x + �(�y + �z)
]

(4)�y =
E

(1 + �))(1 − 2�)

[

(1 − �)�y + �(�x + �z)
]

(5)�z =
E

(1 + �))(1 − 2�)

[

(1 − �)�z + �(�y + �x)
]

Measurement points started as a line scan from the center 
of weld A, along the case-specific proximity distance, mov-
ing towards the center of weld B, with a step size of 3.5 mm 
and a gauge volume of 3.8 × 3.8 × 3.8 mm3, as illustrated in 
Fig. 1. The line scan area was selected away from the weld 
start and stop positions and was performed in three differ-
ent depths, i.e., 2, 4, and 6 mm from the top of the weld cap 
into the thickness, as shown in Fig. 1. As shown in Fig. 3, 
neutron beam exit paths through window cuts are illustrated 
for hoop and axial measurements. The beam is incident at 
45° to the measurement location and exits at an angle of 90°. 
Appropriately sized window cuts were machined with a size 
of 200 × 50 mm at 90° to the line scan area, i.e., the proxim-
ity region from the center of weld A to B, during hoop stress 
measurements. A similar size window cut was also made 
at 180° to the line scan area, 150 mm away from the pipe 
center, for the beam exit during axial stress measurements. 
This was done to avoid the neutron attenuation by the beam 

Fig. 3   Neutron beam exit path schematic in hoop and axial directions
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passing through the tube wall for the second time in either 
the incident or diffracted direction.

2.3 � Stress‑free reference samples for “d0” 
measurements

A stress-free location for d0 measurements was chosen, start-
ing from center of weld A towards B, to take account of any 
chemical variation taking place due to the use of different 
welding processes, as shown in Fig. 4. The do samples were 
cut by electrical discharge machining (EDM), as thin slices 
of 1 mm thickness, to achieve a stress-free state, as previ-
ously reported by [18, 27] for tubular welded structures. The 
reference do measurement was undertaken at mid-thickness 
of do samples, i.e., at 4 mm depth from the top, starting from 
the center of weld A towards B, at five different locations, 
i.e., the center of weld A, weld toe A (WT-A), proximity 
area, weld toe B (WT-B), and center of weld B, as shown 
in Fig. 4. It was also decided to anneal do samples for 2 h 
at 1066 °C, a common stress-relieving procedure [28], and 
perform measurements at the same locations as the EDM 
cuts for various proximity distances. This was done to take 
account of any uncertainty observed when taking measure-
ments with two different techniques. It was observed that 
there is very small variation (i.e., below variation resulting 
in 100 με uncertainty) within the line scan of the d0 sam-
ples, and therefore a single d0 value was used throughout the 
analysis, i.e., a value of 1.1738 Å.

3 � Results and discussion

The diffraction spectrum, representing the intensity versus 
the scattering angle for all diffraction peaks are shown in 
Fig. 5. As explained in Sect. 2.2, the (211) peak intensity 
used for strain calculation is also highlighted for measured 
samples. The results of line scan are presented in Figs. 6, 7, 
and 8, in axial (perpendicular to the weld direction), hoop 
(parallel to the weld direction), and radial (into the thick-
ness) principal directions, respectively, when measured at 

Fig. 4   Stress-free reference samples for do measurement at specified 
locations

Fig. 5   Representative neutron 
diffraction pattern: experimen-
tal data (green circles), the fit 
profile (solid black line), and 
the residuals (solid grey line). 
The inset represents a zoom of 
the 211 diffraction peak
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2, 4, and 6 mm depths from top of the weld cap into the 
thickness, by neutron diffraction technique.

3.1 � Axial residual stress: transverse to weld 
direction

Axial residual stresses (perpendicular to weld direction– 
transverse) become more important in girth welds’ assess-
ment of piping, pipelines, and tubular structures, due to the 
dominant axial loading conditions [29]. As shown in Fig. 6, 
axial residual stress for WP 5, 10, and 15 mm distances 
are presented when measured at different depths (2, 4, and 

6 mm) from the top of the weld cap to the bottom, starting 
from the center of weld A towards B.

3.1.1 � Stress at proximity regions

At 2 mm depth from the top of the weld cap into the thick-
ness, due to the closest interaction between the adjacent weld 
cap toes, i.e., 5 mm, and maximum tempering effect due to 
the adjacent placement of weld B, axial residual stresses 
observed at the proximity region are low in magnitude, with 
a value of compressive 86 ± 18 MPa, as shown in Fig. 6a. At 
2 mm depths from the top of the weld cap into the thickness 

Fig. 6   Axial residual stress 
for WP_5mm, WP_10mm, 
WP_15mm proximity distances 
at a) 2 mm (cap) b) 4 mm (mid 
thickness) c) 6 mm depth (root), 
level respectively  
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for 10 and 15 mm weld proximity distances, the axial stress 
values are seen to become tensile, in contrast to the 5 mm 
proximity distance, due to the decreasing effect of temper-
ing, present between adjacent weld caps.

At the closest WP distance, i.e., at 5 mm, the effect on 
axial residual stress can be seen to be most dominant at 4  
and 6 mm depths, when compared with 10 and 15 mm 
proximity distances, as shown in Fig. 6b and c. This can 
be attributed to the following reasons: maximum restraint 
effect caused by adjacent weld B, higher rate of cooling 
of weld B (FCAW – low heat input process), and welding 
sequence, as weld B was fabricated after the completion of 
weld A. The closest proximity distance of 5 mm leads to an 
increase in the magnitude of axial tensile residual stresses 
from 160 ± 18 MPa to 368 ± 18 MPa, when compared at 4 
and 6 mm depths, respectively. The highest value of tensile 
axial stress of 368 ± 18 MPa, measured for 5 mm proximity 
distance at 6 mm depth from the top, is found to be higher 
than the yield strength of the parent material S355 used in 
this study, i.e., 355 MPa, which can be detrimental for the 
weld integrity, when superimposed with axial cyclic load-
ings, as observed by [18] from the neutron diffraction results 
of K-tubular proximity welds. Stresses, measured at the 
proximity region of 10 mm distance, at 4 and 6 mm depths, 
show values increasing from 181 MPa to 342 ± 18 MPa, 
respectively, in contrast to the 15 mm proximity distance, 
where values increase from 46 ± 18 MPa to 133 ± 18 MPa, 
respectively. As 15 mm is the maximum proximity distance 
used in this current study, the stress values observed between 
welds are found to be lower when compared with 5 and  
10 mm proximity cases.

As reported by [30, 31], repair welds tend to produce high 
tensile residual stress, due to the local effect developed at 
the proximity regions or around the weld toes, causing high 
restraint and stress zones. The current study of fabricating 
repair weld B adjacent to original weld A also creates the 
situation of high restraint and stresses at proximity regions. 
These regions are important, from the aspect of structural 
integrity, as, residual stress through thickness component 
of membrane stress has a dominant effect in estimating the 
stress intensity factor for a growing crack in the high tensile 
residual stress region, as investigated by [30], by the use of 
the stress decomposition technique [16]. Significant eleva-
tion in residual stress decomposed components of bending 
and membrane stress has been observed by [31] in repair 
welds.

3.1.2 � Stress at weld center

Stresses measured at 2 mm depths in the center of weld 
A for all proximity distances were found to be generally 
less in magnitude when compared with the center of weld 
B, due to the weld pass sequence effect and the high heat 

input of the TIG welding process (lower rate of cooling), 
as observed by [32] for plate butt welds. At the center of 
weld A, for 15 mm WP at 4 and 6 mm depths, a decrease 
in axial residual stress from 38 ± 18 MPa to compressive 
21 ± 18 MPa was observed, in contrast to the 5 mm proxim-
ity distance, where an increase in axial tensile residual stress 
value from 132 ± 18 to 221 ± 18 MPa was found, as shown 
in Fig. 6b and c, respectively. For the 10 mm proximity dis-
tance, an increase in values from 96 ± 18 to 126 ± 18 MPa 
was found, when measured at 4 and 6 mm depths at the 
center of weld A.

In the 15 mm WP case, the minimum interaction is present 
between proximity welds; hence, the axial residual stresses 
observed at the center of weld B at 2 mm depth from the top 
are found to be higher than the 5 and 10 mm proximities. 
However, the axial tensile residual stress magnitudes for 5 and 
10 mm proximities were found to be higher at 4 and 6 mm 
depths, in contrast to 15 mm WP. The most dominant effect is 
seen for 5 mm WP, where stresses increased from 69 ± 18 to 
371 ± 18 MPa for 2 and 6 mm depths, respectively. Stresses 
measured at the center of weld B, at 6 mm from the top, were 
found to be give an average value of more than 355 MPa, 
which is higher than the yield strength of the parent metal  
for 5 and 10 mm proximity distances, in contrast to 15 mm 
WP. This behavior can be attributed to the complex interac-
tion between the rate of cooling per unit weld pass volume of 
weld B and the high restraint present between 5 and 10 mm 
proximity welds.

3.2 � Hoop residual stress: longitudinal to weld 
direction

The maximum tensile residual stresses measured in the 
hoop direction, i.e., longitudinal, or parallel to the weld, are 
generally found to be higher in magnitude when compared 
with axial stresses, as reported by other authors [32, 33].  
As shown in Fig. 7, hoop residual stresses for 5, 10, and  
15 mm WP are presented when measured at different depths 
(i.e., 2, 4, and 6 mm) from the top of the weld cap into the 
thickness, starting from the center of weld A towards B.

3.2.1 � Stress at proximity regions

The values of hoop stresses measured at 2, 4, and 6 mm 
depths were found to be highest for the 5-mm proximity 
distance, when compared with the 10 and 15 mm proxim-
ity distances. At 2 mm depth from the weld cap into the 
thickness, a tensile hoop stress value of 177 ± 18 MPa was 
found for the 5 mm proximity distance, when compared with  
the 10 and 15 mm proximity distances, where values of 
141 ± 18 MPa and compressive 102 ± 18 MPa, respectively, 
were measured, as shown in Fig. 7a. The values measured at 
2 mm depths close to WT for all proximity cases were less 
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tensile in magnitude than for the 4 and 6 mm depths, due 
to the maximum interaction and tempering effect present 
between adjacent welds. The highest hoop stress values of 
326 ± 18 MPa and 437 ± 18 MPa were found at 4 and 6 mm 
depths, respectively, for 5 mm proximity distance between 
adjacent welds, as shown in Fig. 7b and c, respectively. In 
the case of 10 and 15 mm WPs, due to the increasing dis-
tance between tapered weld grooves along the thickness, 
hoop stresses’ values were found to be low in magnitude in 
contrast to the 5 mm WP.

At 10 mm proximity distance, stress values measured at 
the proximity region were less tensile in nature, with mag-
nitudes of 213 ± 18 MPa and 290 ± 18 MPa at 4 and 6 mm 
depths, respectively; however, these were still lower than the 
5 mm proximity distance, due to the lesser restraining effect 
of adjacent weld B. As 15 mm is the maximum distance used 
as proximity in this study, the values found between adja-
cent weld toes were found to be compressive in nature. This 
corroborates the fact that residual stresses are self-balanced 
internal stresses, where tensile stresses found at the weld 

Fig. 7   Hoop residual stress 
for WP_5 mm, WP_10 mm, 
WP_15 mm proximity distances 
at a) 2 mm (cap) b) 4 mm (mid 
thickness) c) 6 mm depth (root), 
level respectively
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center are balanced by compressive stresses [28] found gen-
erally in the heat-affected zone (HAZ) of girth welds. This 
trend was also noted in axial residual stress at the proxim-
ity region, as high tensile stresses at weld B’s center are 
balanced by less tensile or converging towards compressive 
stresses for the 15-mm proximity case, at all depths.

3.2.2 � Stress at weld center

Hoop stresses measured at the center of weld A were found 
to be considerably lower in magnitude than those meas-
ured at the center of weld B at all depths and WP distances. 
However, at the center of weld B, hoop stresses are more 
tensile in nature, with high magnitude. Stresses found at the 
center of weld B were found to be in the range of minimum 
355 ± 18 MPa and maximum 590 ± 18 MPa in magnitude, 
for all proximity distances, which was found to be more than 
the yield strength values of parent metal S355, used in this 
current study. With increasing depths, the magnitudes of 
hoop stresses at weld B center were found to be higher, due 
to through thickness stress gradient, without being affected 
by additional restraint caused by weld A, for all proxim-
ity distances. It was interesting to note that the stress value 
found at 6 mm depth of weld B center was higher than 
590 MPa, as shown in Fig. 7c, which can be attributed to 
the following reasons: (a) tensile strength of the filler wire 
used for fabricating weld B, was found to be in the range 
of 530–680 MPa as reported in [21]; (b) not using proper 
diffraction elastic constants which might be varying along 
the weld and the depth of the weld due to crystallographic 
texture and also slight chemical heterogeneities; (c) the 
chemical composition of the filler wire is slightly different 
although the cut samples did not show significant variations 
in the lattice parameter, some chemical segregation might 
locally affect the measured lattice parameter; (d) possible 
porosity in the weld which would result in measurement 
pseudo-strains.

Hoop residual stresses measured at weld B’s center for  
5 mm WP were found to be increasing with increasing 
depths, due to the complex interaction between naturally 
developed hoop direction restraint and additional restraint 
caused by the minimum proximity distance for girth welds. 
Hoop stresses observed for the 5 mm proximity region in 
the center of weld B at 4 and 6 mm depths were found to 
be higher than axial residual stresses at the same locations, 
in agreement with the general trend, as reported by [32, 33] 
for plates and [34] for tubular girth welds. However, hoop 
residual stresses at the center of weld A, were found to be 
lower in magnitude than the corresponding axial stress com-
ponents. This can be attributed to the complex interaction 
developed at weld A, due to different welding sequences and 
maximum restraint caused using two different heat inputs.

3.3 � Radial residual stress: into the weld thickness

As shown in Fig. 8, radial residual stresses for 5, 10, and  
15 mm WP are presented when measured at different depths 
(i.e., 2, 4, and 6 mm) from the top of the weld cap into the 
thickness, starting from the center of weld A towards B.\

3.3.1 � Stress at proximity regions

The values of radial stresses measured at 2, 4, and 6 mm 
depths were found to be generally lower in magnitude in 
contrast to axial and hoop components for all proxim-
ity distances. At 2 mm depth from the weld cap into the 
thickness, a tensile radial stress value of 65.3 ± 18 MPa was 
found for the 5 mm proximity distance, when compared with  
the 10 and 15 mm proximity distances, where values of 
48 ± 18 MPa and compressive 8.75 ± 18 MPa, respectively, 
were measured, as shown in Fig. 8a. The values measured at 
2 mm depths close to WT for all proximity cases were less  
tensile in magnitude than for the 4 and 6 mm depths, due 
to the maximum interaction and tempering effect present 
between adjacent welds. The highest radial stress values of  
84 ± 18 MPa were found at 4 and 6 mm depths, respec-
tively, for 5-mm proximity distance between adjacent welds,  
as shown in Fig. 8b and c, respectively. In the case of 15 mm  
WPs, due to the increasing distance between tapered weld 
grooves along the thickness, radial stresses’ values were 
found to be low in magnitude in contrast to the 5 mm WP. 
At 10 mm proximity distance, stress values measured at the 
proximity region were less tensile in nature, with magnitudes 
of 65 ± 18 MPa and 117 ± 18 MPa at 4 and 6 mm depths, 
respectively; however, these were less than the 5 mm prox-
imity for 4 mm depth and higher at 6 mm depth that can be 
attributed to complex restraining effect of adjacent weld B. 
As 15 mm is the maximum distance used as proximity in 
this study, the values found between adjacent weld toes were 
found to be compressive in nature. It should be noted that 
radial stresses become less important for estimating crack 
propagation direction in tubular restrained joints in contrast 
to its axial component [20].

3.3.2 � Stress at weld center

Radial stresses measured at the center of weld A were 
found to be considerably lower in magnitude than those 
measured at the center of weld B at all depths and WP 
distances. However, at the center of weld B, radial stresses 
are more tensile in nature, with high magnitude but less 
than its respective axial and hoop components. Stresses 
found at the center of weld B were found to be in the range 
of minimum 56 ± 18 MPa and maximum 233 ± 18 MPa in 
magnitude, for all proximity distances, which was found 
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to be less than the yield strength values of parent metal 
S355, used in this current study.

3.4 � Through thickness axial and hoop residual 
stress at proximity region

Residual stresses measured in the through thickness direc-
tion displayed an increasing trend when measured from the 
outside to the inside of the pipe at the proximity region 
for different depths, as shown in Fig. 9. When measured at 
the proximity region for 5 mm WP, residual stresses were 

found to have values equal to and higher than the yield 
strength of the parent material in the axial and hoop direc-
tions, respectively, at 6 mm depth. This region is impor-
tant for maintaining the structural integrity of proximity 
girth welds. Residual stresses at the proximity region in 
through thickness were found to be maximum for 5 mm 
WP, in contrast to the 10 and 15 mm cases, due to the 
presence of maximum restraint and complex interaction 
between the high rate of cooling at 6 mm depths. Beyond 
mid-thickness, i.e., 4 mm, the stress gradient effect is more 
pronounced when compared with 2 mm depths, having 

Fig. 8   Radial residual stress 
for WP_5 mm, WP_10 mm, 
WP_15 mm proximity distances 
at a) 2 mm (cap) b) 4 mm (mid 
thickness) c) 6 mm depth (root), 
level respectively  
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compression on the outside and tension on the inside of the 
pipe, as discussed by [29, 35], for weld toe regions of thin 
girth welds. In principle, the general trend of hoop stresses 
being higher than axial stresses was found relevant at the 
proximity regions used in this study.

4 � Conclusion

In this work, welding-induced residual stresses were meas-
ured experimentally at the proximity region of tubular girth  
welded samples of S355 steel, with 5, 10, and 15 mm  
minimum distances maintained between their weld toes, by 
the use of the neutron diffraction technique on the POLDI 
time-of-flight diffractometer at the Paul Scherrer Institute. 
The welds placed at proximity were welded with two differ-
ent welding processes, simulating the practical situation of 
a repair weld (weld B) being welded adjacent to an existing 
weld (weld A), generally fabricated during repair/replace-
ment procedures on piping, pipelines, and the high restraint 
weld geometry of offshore jacket structures. The neutron 
diffraction method is a powerful technique for measuring 
welding-induced residual stresses in the bulk of the material. 
The findings of this study enable practitioners to take reme-
dial actions to minimize the residual stresses developed in 
girth welds fabricated at proximity. Also, the findings enable 
us to derive technical justification for maintaining a mini-
mum distance and developing welding procedure for welds 
fabricated at proximity. The key findings of this experimen-
tal study are as follows:

•	 Axial residual stresses were found to be maximum at 
the proximity region of 5 mm WP, when measured at 
6 mm depth from the top for line scan measurements, 
displaying global bending behavior, i.e., compression on 
the outside and tension on the inside surface of the pipe.

•	 Tensile axial residual stresses for 5 mm WP at 6 mm 
depth, when measured at the proximity region, were 
found to be more than the yield strength of the parent 
material used in this study. This is important while per-
forming weld integrity assessments on the girth welds 
of tubular structures, due to the dominant axial loading 
conditions present in tubular welded structures.

•	 Hoop residual stresses for 5 mm WP, when measured at 
the proximity region, were found to increase with deeper 
depths of measurement and exceeding the value of the 
yield strength of the parent material used in this study at 
6 mm depth from the top of the weld cap into the thick-
ness.

•	 Hoop residual stresses measured at the center of weld 
B were found to be the highest in magnitude at 6 mm 
depth, exceeding the value of the yield strength of the 
material for all proximity distances, due to the complex 
interaction developed between the natural hoop direc-
tion restraint present in girth welds and the restraint 
developed due to minimum proximity distance between 
adjacent welds.

•	 Stresses measured (both axial and hoop) at the center 
of weld A were mainly low in magnitude (less tensile), 
due to the high heat input of TIG welding, generating 
lower cooling rates, followed by the welding sequence 

Fig. 9   Through thickness axial  
and hoop residual stress at  
proximity region of WP_5 mm,  
WP_10 mm, WP_15 mm prox-
imity distances at 2, 4, and 6 mm  
depths
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of weld B (FCAW – low heat input process), which was 
welded after the completion of weld A. The maximum 
effect of tempering was seen at 2 mm depth from the 
top of the center of the weld for all WPs.

•	 The most deleterious effect was observed at the proxim-
ity region location for the 5 mm proximity distance at 
the inner diameter of the pipe, as the maximum stress 
values of hoop and axial tensions were recorded.

•	 Radial stresses observed for all proximity distances 
were low in magnitude in contrast to hoop and axial 
components.

•	 The maximum proximity distance of 15 mm used in 
this study did not seem to indicate any deleterious 
effect between adjacent welds and followed the gen-
eral residual stresses principle of high tension being 
balanced by compression at the weld center and HAZ 
or proximity region.

Hence, stress relaxation procedures like heat treatment 
can be introduced with the utmost care, as an important part 
of welding qualification procedures for proximity welds, 
when the minimum distance between adjacent weld toes is 
less than one thickness of the joining structural member. 
In future, the authors plan to measure residual stress dis-
tribution through other NDT techniques like XRD etc. and 
compare them with numerical thermo-mechanical numerical 
models in finite element for various distances on proximity 
welds.
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