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Abstract

Over the last decade, there has been a growing interest in the life
extension of existing welded structures in offshore and renewable
industry. During this phase of extension, maintaining minimum distance
between welds in highly compact welds of piping’s, pressure vessels etc,
are highly debatable. Weld placement is a subject often contested by
contractors and inspection engineers when deciding how to maintain a
‘minimum distance’ between repair and existing welds. International
fabrication codes and standards are inconclusive in recommending
minimum distance criteria between newly fabricated welds; however, it
is completely lacking a description for this criterion for repair weld
placement. This research investigates the challenges that are encountered
due to proximity of welds on structural integrity of aging welded
structures. Case study-based research method is used to perform this
large-scale experimental study and its validation by use of non-
destructive measurement results with numerical models for estimation of
residual stresses in proximity girth welds.

Firstly, weld placement criteria for maintaining ‘minimum distance
between welds’ was investigated across various domains of fabrication
and repair codes in offshore structures, pipeline s & piping’s. A clear
lack of consensus was found when it comes to defining the criteria after
assessment of various repair and fabrication codes and no reported
technical justification was found in open literature. A detailed literature
review for residual stress profile estimations at a distance away from the
weld toe in defect assessment procedures of AP1 579, BS 7910, R6, etc.,
was conducted and which were found to be practically non-existent for
girth weldments. Key parameters like pipe geometry (radius to diameter
ratio), heat input per unit volume of weld area (J/mm?), etc. have been
identified as important parameters in determining full field residual
stress profiles at a distance away from the weld toe.

vi



Secondly, welding procedure qualification records and residual stresses
profiles were established for proximity girth weld on S355 grade pipe
weldments in a large-scale experimental study. The welding procedures
qualification record (WPQR) for proximity joints was performed as per
the EN 15614-1 & NORSOK M-101 code, which is a widely accepted
welding qualification code. Sufficient mechanical test-based evidence
was gathered to further investigate the effect of welding-induced residual
stress profiles (beneficial or deleterious) developed between proximity
welds. A non-destructive method of neutron diffraction (ND) was used
to measure full field residual stresses between adjacent proximity welds
at different depths, fabricated with two different welding processes.

Furthermore, an experimental based XRD study was performed to
validate numerical base thermo-mechanical simulation as recommended
in level three, defect assessment procedures of structural integrity, for
assessing critical weld joints. The findings from this research study
proposes thickness and transverse distribution region of harmful tensile
residual stresses which are developed at weld root toe for proximity
welds. These findings enable practitioners to understand the importance
of residual stresses at a distance away from weld toe for proximity welds
during pipe replacement procedures with due consideration given to
component geometry and heat input of welding process.

Keywords: Offshore structures, piping girth welds, proximity welds,
repair welds, welding-induced residual stress, neutron and X-ray
diffraction, welding procedure qualification record, minimum distance
between welds
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Introduction

1. Introduction

1.1 General Overview

Welding is defined as the most common thermally driven joining process
used in the fabrication of offshore and onshore structures [1]. Welding
involves a phenomenon of a multi-physics interaction between thermal,
mechanical, microstructure, phase transformations, etc. properties which
make understanding it complicated in nature [2]. Various defects in
welds in large steel structures are categorized in different quality levels
for acceptance according to their nature of severity as per ISO 5817 [3].
The average repair rate of welds in the oil and gas (O&G) and power
industries are found to be in the range of 2.3—-3%, with the majority found
in onshore pipelines and piping structures as shown in Fig.1a, as per The
Welding Institute’s (TWI) multi-industry survey [4]. As shown in Fig.
1b, average repair rates found in piping and pressure vessels are found
to be maximum in low-alloy high-strength steels such as S355.
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b) Average repair rate, Pipings systems % Il Mild steel
I Stainless steel

B Low-alloy steel
16.7%

50%

33.3%

Figure 1 a) Average repair rates for different types of products, b) average repair rates
considering commonly used material grades

As per a recent survey by the Electric Power Research Institute (EPRI)
for power piping, 40% of the repair welds have resulted in failure due to
cracking within the first year of service [5, 6] and 70% of failures of in-
situ repair welds are due to no post-weld heat treatment (PWHT).
Various factors are responsible for repairs in welds such as welding
procedures [7, 8], the qualification of welders, material grade, etc.,
however poor/incorrect fit-up or inaccessibility to welds has been
identified as a second major factor after welder’s skill followed by
welding procedures in determining the average rate of repair in welds

[4].

Poor fit-ups or inaccessibility to welds are categorised as the major
reasons for defects in welds that often lead to the replacement of entire
lengths of pipes, e.g., in highly compact piping layouts [4]. Welds are
identified as the most vulnerable sites for crack initiation due to the
presence of geometric discontinuities, leading to high stress
concentration at weld cap and root toe locations [3]. Weld proximity
criteria as per ISO 19902 [9]& API RP 2A [10]-Code Petroleum and
natural gas industries code — Fixed steel offshore structures,
recommends an arbitrary distance to be maintained between adjacent
braces weld toes without taking the thickness and diameter of joining
members into consideration. Widely accepted process piping ASME
B31.3 [11] code recommends no guidance regarding maintaining these



Introduction

distances and is often left to engineering judgement. Due to cycles of
heating and cooling of adjacent welds and complex interactions taking
place between various physics domains such as thermal, metallurgical
and mechanical during welding, proximity regions are prone to failures
[12]. Various degradation mechanisms like corrosion, residual stress,
fatigue and fracture are well-associated with causing major accidents in
large offshore floating structures in the past and still pose a greater
challenge in present day in-service structures [13].

Various experimental studies have been performed by researchers in the
past to estimate residual stress in high restraint proximity regions of
offshore jacket brace joints, which are welded with similar qualified
welding processes [14-16]. However, in cases of proximity weld joint
configurations, which are found commonly in life extension and
replacement stages of in-service piping and pipelines, the ASME Sec IX
code recommends [17, 18] separate qualification of welding procedures
for which no study was found in open literature as per the authors’
assessment [ 19]. Repair standards also lack clear guidelines in specifying
the distance for repair weld placement in proximity to existing weld [19].
Repair welds are defined as the removal of unaccepted areas within a
weld, and re-welding and reinstating original geometry during
replacement is equally applicable for aging welded structures. The
replacement procedures mentioned in API 1104 [20] and ASME Sec 1X
[17, 18] highlight the importance of using separate qualified welding
procedures for repair welds [21, 22]; however, in practise, engineering
judgement of non-overlapping heat-affected zones (HAZ) or maintaining
some arbitrary distance is widely adopted.

The most determinantal effect due to repair welds is the development of
harmful tensile residual stresses in pipe replacement procedures of girth
welds[23]. Welding-induced residual stresses (WRS) has been identified
as a major cause of stress corrosion cracking (SCC) in process and power
piping’s in repair welds due to stress triaxiality developed around weld
toe regions [6]. Weld repairs during replacement procedures have been
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identified as an integrity concern for aging pressure vessels and piping
structures, which highlights the importance of correct estimation of
residual stresses around weld toe regions [22] as their original state is
influenced. Residual stress assessment in defect assessment procedures
like API 579, BS 7910 and R6 [24-26] are practically non-existent for
regions away from weld toes [27]. Due to the presence of high restraint
in addition to existing restraint of girth welds in replacement procedures
the development of high WRS is inevitable. The development of tensile
residual stresses accelerates crack propagation [28], which can be
considered one of the major contributing factors for the maximum failure
rate of 30% due to fatigue and followed by 19% corrosion in piping’s
and tubes as per a recent survey of more than 1,000 cases in oil and gas
and maritime by DNV [29].

These uncertainties in estimating residual stresses around weld toe
regions in close proximity weld situations has led to major accidents in
power and process piping [23] during repair welding. Qualification of
new welding procedures for repair proximity welds needs to be
established in contrast to pre-qualified procedures. WRS profiles
estimation needs to be established for distance away from weld toe
regions which are currently unavailable in defect assessment procedures
by validating experimental with numerical results.

1.2 Research Gaps

1. International fabrication codes and standards recommend
limited or no guidelines for specifying criteria for maintaining a
minimum distance between close proximity welds. This criterion
is scattered across various fabrication codes for components like
offshore structures, piping and pressure-containing equipment.

Maintaining a minimum distance between welds is often debated among
contractors, engineers and fabricators. Various international fabrication
codes and standards provide ambiguous guidelines and demonstrate a
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clear lack of consensus in their detailed assessment. Some codes
recommend maintaining these distances based on engineering
judgement, mutual agreement or detailed design checks. This causes
high ambiguity among contractors and engineers during replacement
procedures of in-service pipes for maintaining these distances due to
compact layouts, restrained geometries, inaccessible welds and
proximity to existing welds of branches, nozzles, valves, etc. Repair weld
placement guidelines are not specified in these standards with the
exception some limited guidance on avoiding overlapping of HAZ and
maintaining some set arbitrary distance between welds [30]. There is a
need to harmonise various fabrication codes as this criterion is scattered
and no technical justification is provided. There is a clear need to identify
key factors influencing these distances and investigate issues like the use
of unqualified welding procedures, harmful residual stress profile
development between proximity welds based on this large-scale
experimental study.

2. Fitness-for-service (FFS) codes and standards used in defect
assessment procedures of weld centres and toe locations are
found to be overly conservative for estimating residual
stress profiles. Recommended profiles in FFS codes for
WRS are practically non-existent for distances away from
weld toe locations, which needs to be estimated for
proximity welds.

FFS codes like BS7910 and API-579 [25, 26] are found to be overly
conservative [27, 31] for estimating WRS in girth welds due to the multi-
physics nature of residual stress development. These FFS schemes are
based on thickness or heat input of the welding process and are lacking
in capturing key parameters for defining full field WRS profiles. Key
parameters like thickness and heat input were identified as part of the
Pressure Vessel Research Council (PVRC) Phase 1 [32] and key
parameters like pipe geometry (radius to thickness ratio), heat input
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(J/mm?) and plastic zone-based shrinkage zones were identified as part
of the PVRC Joint industry project (JIP) Phase 2 [33]. These parameters
are vital for determining full field residual stress profiles at a distance
away or at close proximity from existing weld toes, which is currently
lacking in available FFS codes. Fast and effective numerical methods
should be established for estimating WRS at weld toe locations. The
global bending behaviour of compressive WRS on the outside and tensile
on the pipe’s inner surface are found to be deleterious for SCC cracking
in piping’s girth weld at a distance away from weld toe locations
depending on the component geometry and heat input of welding
process. Hence, there is a clear need to experimentally measure WRS
around weld toe regions and validate with numerical models.

3. Separate qualification of welding procedures is recommended
by widely accepted welding codes like ASME Section IX for the
repair of girth welds. However, in practise, these welding
procedures are qualified without taking into account the change
in mechanical and physical properties between proximity welds.

“Repair and re-repair welding may be performed using the same WPS
as for the original weld, or a separately qualified procedure” as stated
in NORSOK M-101 [18] and ASME Sec IX [17], widely accepted codes
in welding qualification. Maintaining sufficient distance between repair
and existing welds is practically impossible in high restraint compact
layouts of piping during pipe replacement procedures; hence, their
qualification may be backed by a separate welding procedure
qualification record (WPQR). Necessary mechanical testing (HAZ
Charpy V-notch) needs to be performed to assess their integrity;
however, change in mechanical properties needs to be verified as
demonstrated by researchers for critical offshore jacket K-brace
structures [14, 34, 35] where an influence of residual stress in fatigue
loading was observed between the proximity regions of adjacent welds.
Proximity regions are subjected to multiple cycles of heating and cooling
and develops stress triaxiality hence, harmonised guidance based on
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numerical and experimental validations are considered beneficial as per
level 3 assessment of FFS codes [2].

1.3 Research Aim

The following topics were investigated:

Gap assessment of international fabrication codes and standards
recommending criteria for maintaining a minimum distance
between close proximity welds.

Identification of key parameters that are dominant in the
development of residual stresses at distance away from weld toe
locations.

Establishing welding procedures’ qualification records (WPQR)
for close proximity repair weld configurations in accordance with
EN and NORSOK welding codes

Experimental investigation of residual stresses on close
proximity welds by use of Neutron and X-ray diffraction (XRD)
technique and its validation by the finite element method (FEM)
based thermo-mechanical simulation in ABAQUS.

1.4 Research Limitations

This research work has the following limitations:

Although a broad assessment of international codes and
standards has been performed to highlight minimum distance
criteria across various industries, the focus of this research has
been limited to offshore structures, pipelines and the piping
industry.

Repair code guidelines for close proximity weld placement have
been assessed for available codes and standards; however, in
practise organizations have set their internal recommended
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practises for critical weld joints, which are not available in public
domain.

e This experimental study was performed on the most common
structural steel grade, S355, used in the O&G industry and
component geometry with a radius of thickness (r/t) ratio of 10.
Repair proximity placement was maintained between 0.5 and 1.5
times the thickness of the joining member based on the industrial
feedback and repair codes’ guidelines.

e The numerical study performed in finite FEM is based on thermo-
mechanical simulation without considering the effect of phase
transformation and type-2 inter/intra-granular level stresses.

1.5 Thesis Outline

This thesis is broadly divided into two main sections. Part 1, Chapter 1
briefly presents the introduction of this research with a general overview
followed by problem statements, the research aims and limitations.
Chapter 2 presents the research methodology adopted for this research
which summarises the results for all appended articles followed by a
suitable conclusion and future research. Part 2 of this thesis is comprised
of all appended conference and journal articles based on the research
outcomes of this numerical and experimental study.



2. Research Methodology

2. Research Methodology

2.1 General

Robert K Yin’s classic definition of case study-based research was “4
case study is an empirical inquiry that investigates a contemporary
phenomenon in depth and within its real-life context, especially when the
boundaries between phenomenon and context are not clearly evident”
[36]. However, Robert E. Stake provided a different definition: “A4 case
study is the study of the particularity and complexity of a single case,
coming to understand its activity within important circumstances” [37].
Six types of case studies were defined by Baxter and Jack [38] as 1)
Explanatory, 2) Exploratory, 3) Descriptive, 4) Muti-Case, 5) Intrinsic
and 6) Instrumental. Every research method should be used at a fixed
stage of an investigation, i.e., exploratory, descriptive, and explanatory.
Case study-based methods have often been associated with providing
explanations during the exploratory phase of a study whereas surveys are
considered best in the descriptive phase of a study in contrast to
experiments which are considered best in the explanatory phase.

Mixed research techniques of combining quantitative and qualitative
methods into a single study are gaining attention nowadays. In general,
every research method can be used in a holistic way by the inclusive
combination of all methods, i.e., experiment, survey, archival analysis,
history and case study [36]. To use these methods effectively in a holistic
or embedded manner, researchers should know when to use each method
by identifying its limitations [38]. To answer ‘how’ and ‘why’ research
questions case study-type research is used in a contemporary set of
events over which the investigator has little or no control in the
explanatory phase of the study. Experiments are equally important in
answering ‘how’ and ‘why’ research questions but require careful
control of behavioural events and must focus on contemporary events.
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2.2 Research Methodology

Multiple case studies are defined by Robert K. Yin [36] as “A multiple
case study enables the researcher to explore differences within and
between cases. The goal is to replicate findings across cases. Because
comparisons will be drawn, it is imperative that the cases are chosen

carefully so that the researcher can predict similar results across cases,

or predict contrasting results based on a theory”. Multiple case studies
have been selected to create a compelling, stronger evidence-based
expanded theory [39]. To design a multiple case study, we followed the
steps of Baxter and Jack [38, 40]and Miles and Huberman [38, 40].

Propositions: These are based on successful literature,
personal/professional experience, generalizations, etc. In this
current case study, broad empirical observations/propositions are
proposed after feedback from industry experts, assessment of
codes, etc., regarding placement of repair welds in close
proximity to existing welds in pipe replacement procedures. Gap
assessment of various codes and standards, feedback from
industrial stakeholders and historical recorded failures were the
main propositions in this study.

Application of a conceptual framework: Identification of main
propositions continue to develop during the progress of study
with the development of a conceptual framework. Timely
discussion with stakeholders is presented to avoid research
becoming inductive or deductive and being too driven by the
initial proposed framework.

Development of research questions: After detailed literature
investigations, research objectives were framed. Data collection
from experimental results served as a potential tool to answer
‘how’ and ‘why’ research questions.

10



2. Research Methodology

¢ Linking data to propositions: Data collection and analysis take
place concurrently during the research period, although this
largely depends on the type of the case study. Tools like use of
multiple sources of evidence, establishing a chain of evidences
and case study review by key informants were used to converge
the data and reach a logical conclusion as proposed by Yin [36].

e Interpreting findings: Experimental tests were used in this case
study to match findings with initial propositions. This criteria for
judging the research design were able to answer the ‘how’ and
‘why’ research questions.

In this work, a mix of inductive and deductive reasoning (i.e., abductive
approach) was adopted to determine the technical explanation for welds
placed at proximity. An inductive approach was applied in the initial part
of this research where specific observations for determining minimum
proximity criteria were applied on various structures, pressure-
containing equipment, etc. to derive broader generalisations. However,
in the latter half of this thesis, experimental investigation was performed
to determine a causal relationship as per the explanatory phase of this
research. The current research study results from appended articles were
established with steps of case study-based research as shown in Figure
2.
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3. Discussion and Conclusion

3. Discussion and Conclusion

3.1 General

Weld placement guidelines for newly fabricated steel structures are
scattered all over standards and codes as criterion for maintaining a
minimum distance between girth welds, which varies by a factor of 4-5
times the thickness for plates and 1-1.5 times the diameter for tubular
structures. For example, the support structure code for wind turbines
DNVGL-ST-0126 [41] recommends maintaining a distance of 300 mm
between girth welds and states “The minimum weld distances mentioned
above have been derived based on practical experience. Shorter
distances may be suitable but need to be proven both with respect to
impact on stress concentration factor (SCFs) as well as residual
stresses”. Similarly, the NORSOK M-601 code for welding and
inspection of piping [42] recommends “The distance between girth welds
should be minimum one outside diameter of the pipe. If this for practical
reasons is not possible the minimum distance between welds may be
reduced to 2 times wall thickness or 50 mm (between the weld toes)
whichever is the greatest, but not for standard pipe fittings”. Similarly,
the DNVGL-ST-F101 Submarine pipeline systems code [30]
recommends that “Girth welds should be separated at least 1.5 pipe
diameters or 500 mm, whichever is larger. Whenever possible girth
welds shall be separated by the maximum possible distance”.

However, repair weld placement in highly restrained, compact pipe
welded configurations needs to be investigated with due care as their
criterion mentioned in repair codes are even more ambiguous. Weld
placement guidelines for constrained geometry welds in the NORSOK
M-601 code for welding and inspection of piping [42] recommends that
“If a flange is designed with a flange neck, the minimum distance
between weld and flange rounding should be 0.5 times the plate
thickness, but at least 5 mm”. Repairing Hazardous Liquid Pipelines, API
2200 [43] states that repair welds shall be installed less than 152 mm or
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3. Discussion and Conclusion

6 inches from an existing weld and the submarine pipeline systems code
DNV-ST-F101 [30] recommend that “/¢ is acceptable to cut less than 25
mm providing it can be documented by macrograph that the entire HAZ
has been removed”. These guidelines in pipe replacement procedures
need to be standardised by providing a detailed technical explanation for
maintaining these distances. Key parameters affecting the residual stress
profiles of close proximity welds need to be investigated by use of non-
destructive techniques (NDT) and the qualification of separate welding
procedures. Hence, a detailed experimental and numerical investigation
was planned for this research on proximity weld placement.

The criteria for maintaining minimum distances between close proximity
welds are generally based on the factors thickness or diameter. A detailed
gap assessment of all fabrication codes was performed across structural
and pressure-containing equipment for fabrication and repair welds and
presented in Paper 1. A detailed literature review of key parameters
identified in defect assessment procedures of girth welds at a region
away from weld toes are presented in Paper 2. Estimation of plastic zone
size identified as the key parameter from PVRC JIP Phase 2 results in
defining the WRS profile at a distance away from weld toe locations
using FEM 1is presented in Paper 3. These recommendations are
established for different component geometry and heat input of welding
processes and can be helpful in defining WRS profiles for proximity
welds. Welding guidelines for repair welds recommends qualification
of separate welding procedure qualifications records as per the
NORSOK [18, 42] and ASME [17] codes. Welding procedures are
qualified for close proximity repair welds as per the EN and NORSOK
codes and mechanical tests like Charpy, tensile and hardness etc, results
are reported in Paper 4. Residual stresses are measured by the neutron
diffraction technique at PSI, Switzerland and the results are reported in
Paper 5. Finally, XRD-measured results are validated with FEM based
numerical models and presented in Paper 6.

14



3. Discussion and Conclusion

3.2 Overview of Appended Papers

This research thesis is comprised of six appended articles of which two
articles are presented in internationally recognized conferences and the
remaining four are published in peer-reviewed journals. This section
briefly provides a summary of each appended article.

Paper I: Challenges due to welds fabricated at a
close proximity on offshore structures, pipelines
and piping: state of the art

In this article, the industrial challenge of specifying criteria for
maintaining a minimum distance between close proximity welds was
presented, which was found to be scattered across various international
fabrication codes and standards. This assessment was performed across
the most common fabrication codes used in offshore and general steel
structures, pressure-containing equipment, pipelines and piping
fabrication as shown in Table 1 [9-11, 18, 30, 44-48]. Repair guidelines
[18, 30, 42, 43] for maintaining a close proximity was also assessed
among the available repair codes of pipelines and piping’s replacement
procedures. A clear lack of consensus was assessed for defining this
criterion which was found to be based on thickness or diameter. Terms
like ‘mutual agreement’, ‘if design allows’ and ‘avoid overlapping or
removal of HAZ’ were found, which motivated the authors to investigate
the hypothesis further by identifying key degradation mechanisms that
were prevalent due to weld proximity in high restraint critical welded
joints.

Various challenges that can arise due to close proximity welds are
discussed; for example, residual stress development, changes in
microstructure on close proximity regions due to multiple cycles of
heating and cooling, residual stress effect on fatigue life of welds and the
effect of residual stresses on fracture/fitness for service of welds. This
paper presents the main challenges due to proximities of welds in pipe
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3. Discussion and Conclusion

replacement procedures in ageing assets that need to be addressed during
defect assessment procedures of repair welds.

Table 1 — Overview of international codes for defining criteria for the minimum

distance between close proximity welds

10 NORSOK- N-
004

Design of steel structures

a) Not less than
50 mm

b) Minimum d/4
or 150 mm for
overlap braces

S.no International Category Criteria for Remarks
Standard Name Minimum
Distance
between Welds
1 ASME Sec VIII Boiler & Pressure Vessel S5xt t-thickness of thicker
Code plate, in cases of
longitudinal welds
2 API 650 Welded Tanks for Oil Sxt t-thickness of thicker
Storage plate, in cases of
vertical welds
3 BS 2971:1991 Specification for Class II arc Shall be agreed If design allows
welding of carbon steel between the
pipework for carrying fluids contracting
parties
4 ASME B31.3- Process Piping No defined Spacing between
2018 criteria branch connection
reinforcement welds
mentioned
5 AWS D1.1 Structural Welding - Steel a)lxd a) d-pipe diameter
b) Staggered by (b/w girth welds)
90 degrees b) Between
longitudinal welds
6 1SO19902:2007 Petroleum and Natural Gas a) Not less than a) Between braces
Industries Fixed Steel 50 mm b) Between
Offshore Structures b) 1xd circumferential
welds
7 APIRP 2A Recommended Practice for a) Clear distance  a) Between braces
Planning, Designing and of 2 inch b) Between
Constructing Fixed Offshore b) Staggered by longitudinal welds
Platforms min 90 degrees
8 DNVGL-OS- Fabrication and Testing of a)lxd a) Between
C401 Offshore b) Staggered by  circumferential
Structures 50 mm welds
b) Between
longitudinal welds
9 DNV-OS-F101 Submarine Pipeline Systems a) 1.5xdor500 a)Between
mm circumferential
b) Staggered by welds
50 mm b) Between
longitudinal welds

a) Between braces
b) Overlap joints, d
= through brace dia

d = pipe diameter, t = thickness of thicker plate
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3. Discussion and Conclusion

Paper IlI: Residual stress estimation in defect
assessment procedures at weld toe and away
locations on girth welds: Review of key parameters

WRS estimation was identified as one of the important mechanisms that
needs detailed investigation during defect assessment procedures of
close proximity welds. A detailed review was performed in Paper II for
WRS-recommended profiles in defect assessment procedures of the most
common FFS codes like BS7910, API579 and R6 [24-26] for distances
away from weld toe locations. Defect assessment procedures of BS 7910,
level 2 for a distance away from weld toes recommend upper-bound
WRS profiles to be constant for £1.5W (£0.75 vrt w.r.t. weld centre
line) where W is the width of the weld whereas the R6 code recommends
a liner reduction from an estimated yield boundary size. These
recommendations were found to be overly conservative or non-existent
in FFS codes for distances away from weld toe locations when compared
with experimental results [27].

Parametric analysis of available residual stress experimental and
numerical results from PVRC JIP Phase 1 and 2 studies [32, 33] was
performed to highlight the key parameters influencing these profiles.
Component geometry (e.g., 1/t ratio), shrinkage zone controlled plastic
zone and heat input per unit volume of weld area in J/mm?” were identified
as key parameters for defining full residual stress profiles at a distance
away from weld toe locations. These parameters have been identified by
researchers [49, 50] in the past for defining full field WRS estimation at
weld toes and distant locations. A characteristic distance of 2.5v/rt
(radius times thickness) of joining members was identified as a distance
where WRS completely vanishes. The recommended distance acts as a
potential reference for defining optimum distance for repair weld
placement in critical power or process piping application. A framework
was also proposed for residual stress management of close proximity
welds based on these findings and is presented in Appendix-1.

17



3. Discussion and Conclusion

Paper-lll: Estimation of welding-induced plastic
zone size and residual stress levels: Linear heat
input approximation.

As per PVRC JIP Phase 2 results and Paper II’s review, the shrinkage
zone-based plastic zone was identified as the key parameter in defining
full field WRS profiles at a distance away from weld toe locations.
Component geometry (r/t ratio) and heat input approximation in J/mm?
were other key parameters. In Paper III, methods to determine plastic
zone size, location and the length scale over which it is distributed was
demonstrated and was validated by thermo-mechanical-based ‘elastic
perfectly plastic’ numerical analysis in ABAQUS with the available
experimental results. Methods to approximate linear heat input (J/mm?)
were demonstrated by use of analytical expressions [51] to avoid
overheating problems in 2D thermal FEM-based models and Goldak’s
torch parameters [52], which were later employed in numerical a study
on close proximity welds.

As shown in the weld schematic in Figure 3, total plastic zone width ‘w;’
can be treated as one combined plastic and shrinkage zone due to the
presence of highly localized thermal gradients at weld fusion toe
locations where Ay is the weld pass area in mm? and d, is defined as
plastic size. Determining shrinkage zone size analytically and its use in
FEM models shall be done carefully as temperature dependant
mechanical properties are not always available for weld & parent metal.

Figure 3: Weld deposition area 4,.. wy, plastic zone width illustration
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3. Discussion and Conclusion

Paper IV: Welding procedure qualification record
(WPQR) for welds fabricated at close proximity

The NORSOK M-601 [42] code for welding and inspection of piping
states that “For welds in SS type 6Mo, type 565, type 25Cr duplex and
titanium base alloys only one attempt of repair is acceptable in the same
area”. This demonstrates a clear need to establish welding procedures
for repair welds in close proximity. Welding codes like NORSOK M-
101 [18] and ASME Sec-IX codes [17] recommend qualification of
separate qualification records for repair welds. In Paper IV, WPQR for
welds fabricated at close proximity were qualified in accordance with the
most widely-accepted welding codes, EN 15614-1 [53] and NORSOK
M-101, prevalent in the North Sea and NCS, respectively. Experimental
qualification was performed on a large-scale tubular structural steel pipe
of S355 grade. Placement of existing and repair welds was maintained
as per pre-defined weld proximity (WP) distances as shown in the
schematic in Figure 4.

The findings reveal that the closest interaction of WP’s leads to the
development of high hardness and low Charpy energy values at close
proximity locations between two adjacent welds. Optical microscopy
and scanning electron microscopy results from macro and fracture
specimens of welds, respectively, at proximity regions indicated
interesting observations of brittle surface development. These regions
have experienced temperature ranges between 725 and 9150C for the
formation of inter-critical HAZ zones, which are known for the
development of martensite-austenite islands also known as local brittle
zones [54]. These findings gave enough indications for identifying
regions which are susceptible to deterioration under external and
repeated loading. Due to varying heat input and shrinkage action of weld
volume of existing and repair weld area, development of detrimental or
beneficial residual stress profiles at different depths need to be
investigated, which are summarized in Paper V.

19



3. Discussion and Conclusion

Paper V Experimental investigation of residual
stress distribution on girth welds fabricated at close
proximity using the neutron diffraction technique

Shorter distances for proximity welds need to be proven for residual
stress estimation as recommend in the DNVGL code for support
structures for wind turbines [41]. In Paper V, a non-destructive technique
of neutron diffraction (ND) was selected to be performed on large tubular
structures using a POLDI neutron instrument at the Swiss spallation
source SINQ in Switzerland to estimate WRS on proximity welds
without changing their actual stress state. These measurements were
performed at pre-defined points, starting from the centre of the existing
ones to repair welds at three different depths of 2, 4 and 6 mm from the
top of the weld cap into the thickness as shown in Figure 4.

7
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Figure 4: Neutron diffraction measurement points for proximity welds

The findings from these experimental results are shown in Figure 5 for
different WPs and 6 mm depth in the hoop and axial direction. At 6 mm
depth for 5 mm WP, harmful tensile WRS in the hoop and axial direction
were found that are higher than the yield stress of the material. High
tensile WRS in the hoop and axial direction develops perfect
environment for SCC cracking at weld root locations for pipes flowing
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3. Discussion and Conclusion

with corrosive medium and pipe subjected to axial loading, respectively.
However, at 2 mm depth compressive WRS’s are observed for a
minimum WP distance due to a tempering effect of adjacent weld toes
and the sequence of the welding process with varying heat inputs.
Development of yield magnitude stresses at proximity regions
demonstrates how component geometry and heat input of welding
process play a significant role in development of harmful tensile residual
stresses. It further indicates that stress mitigation measures like heat
treatment, shot penning, etc. for stress relaxation can be employed for
proximity welds depending upon component geometry and end use.
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b)
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Figure 5: WRS distribution at 6mm depth for different WPs in the a) hoop & b) axial
direction
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Paper VI: Experimental and Numerical investigation
of residual stresses in proximity girth welds

Maintaining minimum distance criteria for repair weld placement in
compact layouts can lead to the development of detrimental tensile axial
residual stress as observed by researchers in the past [4-6, 22]. Weld cap
or root toe locations are considered important sites for investigating
crack propagation behaviours under cyclic loadings [1]; hence, WRS
distribution around these regions was investigated experimentally by
surface level residual stress estimation techniques, for example XRD. In
Paper VI, the NDT method of XRD was selected to measure residual
stresses at surface level between proximity weld; cap and root level as
shown in Figure 6. The thermo-mechanical-based numerical model is
solved incrementally in a transient manner to estimate nodal temperature
distributions and stresses and compared with experimental results.

Exisitng weld : WP5, 10 & 15mm

o ; Repair weld
8.2mm
thickness
3 T T
T +r
I1 IR RAY 11T T ey
: , X

Outside diameter .
Area of bead pass XRD measurement points |
212 mm i S i

Apass ' (inside) >

Figure 6: Axisymmetric FEM model of existing and repair welds reproduced from
weld macrographs with XRD and ND measurement locations

The most realistic approach in defect assessment procedures requires the
use of nonlinear finite element modelling results coupled with residual
stress experimental measurements for defining residual stress profiles
[27]. Two-dimensional linear heat approximation [51] and length scale-
based stress decomposition theory [55] were used in numerical models
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3. Discussion and Conclusion

to estimate WRS at weld cap and root toe locations. Axial stress
distribution in close proximity regions were found to be maximum for
the closest proximity distance of Smm at pipe inner surfaces as shown in
Figure 7 a. Membrane component and through thickness distribution of
WRS in the axial direction at existing weld toe locations was found to be
maximum for Smm WP at outside and inside surfaces as shown in Figure
7b. These parameters are considered important for determining the
fracture driving force used in defect assessment procedures of structural
integrity. These findings are helpful for conducting weld integrity
assessments of critical geometries in cases of repair weld placement at
close proximity. Recommending minimum distances between repairs
and existing welds should be based on experimental results validation
with FEM as key parameters like component geometry (radius to
thickness ratio), heat input of the welding process and the sequence of
welding with additional restraints plays an important role in defining
WRS profile at a distance away from the weld toe.
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Figure 7: Axial residual stress distribution a), through thickness at the existing weld
toe b) decomposed stress components at the existing weld toe
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Research Contributions

This research aimed to identify key challenges due to the placement of
repair welds in proximity to existing girth welds in S355 grade structural
steels. In aging top sides of piping and related structures, maintaining
distances between two adjacent welds becomes an industrial challenge
for practitioners and engineers as codes and standards provide very
vague recommendations. Criteria for deciding the minimum distance
criteria for the placement of repair welds in pipe replacement procedures
is practically non-existent for highly compact structures. To understand
the changes in mechanical and material properties between adjacent
welds, this large-scale experimental study was conducted. This case
study-based research study provides an evidence-based technical
explanation for practitioners by establishing welding procedure
qualification records and recommending residual stress profiles based on
experimental and numerical assessments. The main research highlights
from the appended papers are as follows:

1. In Paper I, a detailed gap assessment of major structural, pressure-
containing pipeline and piping codes were performed and criteria for
maintaining a minimum distance between adjacent welds was
presented. Lack of consensus or no prescribed recommendations for
maintaining these distances were highlighted among major repair and
fabrication codes. Key challenges like the estimation of residual
stresses at locations away from weld toe locations were identified as
the key factor to be considered in defect assessment procedures of
structural integrity for proximity welds.

2. In Paper 2, a detailed literature review was carried out from PVRC
JIP Phase 2, and the results identified key parameters affecting
residual stress profiles at a distance away from weld toe locations.
Component geometry (radius to thickness ratio), heat input (J/mm?2)
and a plastic zone-based shrinkage zone were identified as key
parameters for defining full field residual stress profiles at a distance
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away from weld toe locations that are currently under process to be
included in the API RP 579-1/ASME FFS-1 code [25]. A conceptual
roadmap was proposed for residual stress management of proximity
welds as per Annexure-A.

In Paper 3, analytical method for linear heat input approximation and
Goldak’s welding torch parameters used in thermo-mechanical
FEM-based numerical models was demonstrated to estimate residual
stress at locations away from weld toe locations. This thermo-
mechanical-based numerical-based FEM model can be
conservatively used to estimate residual stresses.

In Paper 4, the welding qualification procedure record (WPQR) was
developed and established for proximity repair welds at pre-defined
proximity distances as per widely accepted welding code EN 15614-
1. Key findings, for example high hardness and low energy values,
were highlighted as major points of concern for maintaining
distances between welds at half thickness in contrast to 1 or 1.5 times
of the joining member.

In Paper 5, neutron diffraction findings established the development
of yield magnitude, harmful tensile axial and hoop residual stresses
at weld root locations for welds maintained at half thickness of the
joining member. These findings enable practitioners to define
optimised distances for proximity welds depending upon component
geometry and heat input of welding process.

In Paper 6, FEM-based thermo-mechanical-based numerical models
are validated with XRD measurements. Detrimental tensile axial
residual stresses were found at pipe inner surfaces at repair and
existing weld root toe locations in closest proximity. Distribution of
tensile residual stresses away from weld toe locations are considered
important in defect assessment procedures, hence repair weld
placement criteria require careful assessment as per the level 3
approach of FFS codes by use of nonlinear finite element modelling
coupled with residual stress experimental measurements.
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Future Research

The focus of this research study was to investigate mechanical properties
and estimated residual stress profiles for proximity welds based on case
study based experimental study. However, it can be extended on the
PVRC JIP Phase-2 recommendations. Detailed experimental and
numerical parametric analyses can be performed on component
geometry (radius to thickness ratio) r/t ranging from 10 to 100, heat input
(J/mm?) from 20 to 150 J/mm?, weld geometry for single, double vee and
narrow gap joints etc. However, this experimental study for establishing
welding procedures and residual stress estimation was performed on the
most common structural steel grade of S355, a tubular structure
geometry with a r/t ratio of 10 and single vee weld configuration. This
study can be expanded further on different steel grades like duplex
stainless steel with a range of r/t ratios.

The neutron diffraction method was used to estimate residual stress at
different depths using POLDI diffractometer at PSI, Switzerland where
a coarser gauge volume was used. Narrow gauge volumes with finer
resolutions can be effectively used in capturing full field residual stress
profiles at different depths. In this research, various mitigation
mechanisms and predictive modelling were proposed such as heat
treatment, etc.; however, it can be expanded as future research.

This research was limited to the estimation of residual stress effects in
weld integrity; however, its effect on fatigue life of proximity repair girth
welds can be expanded further in developing SN plots for such joints. In
practise, residual stress effects in fatigue testing of weld joints are
considered by testing them at high R ratios, i.e., around 0.4-0.5 or
estimating them to be equal to yield magnitude in linear fracture
mechanics procedures.
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ARTICLE INFO ABSTRACT

Keywords: The distribution of residual stresses in welded joints plays an important role within the fracture evaluation
Residual 12"655 guidelines recommended in structural integrity assessment codes such as BS7910, API 579 RP-1/ASME FFS-1 and
Girth welds

R6. The residual stress profile recommendations in these standards are based on extensive experimental results
and finite element modelling (FEM) based parametric residual stress evaluations at the weld centerline and weld
toe positions. The upper bound residual stresses’ profiles based on these recommendations vary significantly
from one type of welding process to another for a given weld configuration with identical welding conditions.
These fitness-for-service codes (FFS) depict great variability in estimating residual stress profiles during defect
assessment, as BS 7910 & R6 recommends a constant profile at a distance away from welds and API 579 provides
a single curve for all locations in the axial direction. Thus, conservatism is widely associated with these rec-
ommended profiles in fracture potential evaluation and assessments, leading to suboptimal recommendations. In
this manuscript, a detailed review is undertaken of residual stress estimation in various FFS codes, showing vast
variability among them for locations away from the weld toe on girth welds. Key distinct parameter charac-
teristics, pipe radius to thickness ratio and heat input are detailed and found to have a significant effect on
residual stress profiles in structural integrity assessment, using a stress decomposition technique. These rec-
ommendations establish an overall analysis of the interrelationship between key parameters, considering a
generalized broad range of applications. A framework is proposed, based on the current review, for conducting
detailed investigation by employing thermomechanical numerical modelling, coupled with measurement results
(nondestructive and semi-destructive) from an experimental study, as input to machine-learning algorithms for
application guidance to engineers.

BS 7910
API 579
Structural integrity

strength changes in the heat affected zone (HAZ) as a result of varying
cycles of heating and cooling etc., develop between proximity welds
[6-8]. Varying cycles of heating and cooling can give rise to high re-
sidual stress between proximity welds, requiring the correct estimation
of residual stresses in fitness-for-service codes at distances away from
the weld [6,9]. In the failure assessment of such structures, residual
stresses are found to have a deleterious effect on the structural integrity
of welded joints, due to the presence of harmful tensile residual stress in
weld toe or root locations, which helps in crack propagation, thus
reducing the fatigue life of joints under cyclic loading [10].

High tensile stress at the root region helps to accelerate stress
corrosion cracking in the case of corrosive fluid contact with weld root
regions [11,12]. Residual stresses are internal self-equilibrating sec-
ondary stresses, which are inherent in structures because of the
manufacturing process, welding process, restraint, etc. and are difficult
to determine or calculate during defect assessment [13]. Hence, correct

1. Introduction
1.1. Background

Welding and its application constitute one of the most varied and
extensively used mechanical joining processes in the offshore structure
and piping industry [1-4]. In an offshore and piping structure, weld
joint fabrication in piping is carried out through different welding pro-
cesses and welding procedure specifications (WPSs), comprising various
essential and non-essential welding parameters [5]. Due to their
compact layout and offshore jacket, primary (TKY) weld joints often face
the challenge of maintaining a minimum distance between proximity
welds [6]. Due to the lack of clarity in various fabrication codes
regarding maintaining these distances, various challenges, such as the
development of harmful tensile residual stresses, microstructural and
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Nomenclature

on, membrane component of residual stress MPa

oy, bending component of residual stress MPa

[ self-equilibrating component of residual stress MPa
oy yield strength in MPa

K stress intensity factor

t thickness of pipe in mm

x distance from inside of pipe to outside of pipe in mm
Q linear heat input in J/mm

I welding current in Amp

v welding voltage in volts

u welding travel speed in mm/sec

r mean pipe radius in mm

Q characteristic heat input in J/mm?

tn weld pass layer thickness in mm

Q heat content involved to deposit a molten weld pass at a
specified melting temperature in J/mm

Q, heat that is required to hold the melting temperature in J/
mm

thold hold time in sec

p material density

Cp specific heat

Apass averaged cross section weld pass area in mm?

k thermal conductivity

a thermal diffusivity

Lsurf weld pass surface contacted to the surroundings

AT temperature difference, temperature change from room
temperature to the prescribed weld metal temperature

€ dimensionless factor

estimation in the structural integrity assessment of welded joints be-
comes a major part of fitness-for-service codes. Correct estimation of
residual stresses is essential during defect assessment of weld joints in
fitness-for-service codes (FFS) and standards like BS7910-2019, API 579
RP-1/ASME FFS-1 and R6 [14-18]. In these FFS codes, residual stress
profile estimation is prescribed, based either on results from available
experimentation measurements or finite element (FE) -based parametric
residual stress solutions [19]. In FFS codes for welded joints, defect
assessment generally follows three approaches, the first of which is the
most conservative and the last the most realistic [20]:

(I) approximating tensile residual stress to be uniformly distributed
which are equal in magnitude to the mean material yield
strength,

(II) upper-bound profiles based on experimental and numerical re-
sidual stress results, recommended by various codes, and

(II) nonlinear finite element modelling results coupled with residual
stress experimental measurements.

Upper bound profiles available in these FFS codes for residual stress

estimation are generally available for location at weld centerline or weld
toe in through-thickness transverse and hoop directions, as shown in
Figs. 1 and 4.

1.2. Existing challenges in residual stress assessments of welded joints at a
distance away from the weld

Residual stress through-thickness estimation at distances away from
the weld is practically nonexistent in these FFS codes, which can result
in overly conservative assessments when applying fracture mechanics-
based structural integrity procedures [21]. During the defect assess-
ment of regions in the proximity of welded joints [6] and residual stress-
induced stress corrosion cracking in tube sheet welds [19,21,22], re-
sidual stress upper bound profiles at a distance away from the weld
become important and information of which is not available in these FFS
codes. Moreover, the available upper bound profiles in FFS codes
[14-18] have been found to show drastic inconsistencies, considering
different welding processes, weld geometries and weld joint configura-
tions [23]. This is primarily due to the complex nature of welding,
variability in various available finite element models and the different
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Fig. 1. Comparison, from current codes and recommended assessment procedures, of residual stress profiles in axial direction for a pipe girth weld; adapted
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techniques available for residual stress measurement [24,25]. Fig. 1 il-
lustrates variation in different residual stress distributions from various
codes and recommended procedures for the same joint configuration
and welding conditions [23].

Upper bound profiles prescribed in FFS codes, as shown in Figs. 1 and
4 for BS7910, are based on polynomial curve fits on selected welded
components [14,16,18], supplemented with finite element results [26].
However, recent research has demonstrated that residual stress esti-
mation profiles at a distance away from the weld can be significant,
where component geometry pipe radius to thickness ratio (r/t) [27-29]
and heat input [19,21,22] are identified as distinct parameters. Residual
stress profiles in FFS codes are determined in terms of circumferential
girth welds and longitudinal seam welds. For girth welds, the 2007 API
RP 579 [30], provides a single curve-based upper bound profile for all
distances away from the welds in the axial and hoop directions [21]. In
longitudinal seam welds, guidance provided by FFS codes are limited in
scope for residual stress profile estimation in defect assessment. In
BS7910 [18] and R6 [16], the transverse residual stress profile remains
the same over a circumferential distance of 1.5 W from the weld
centerline, where W is the seam weld width, as shown in Fig. 5. BS 7910
[18] gives no guidance for locations beyond 1.5 W, and R6 [16] assumes
a linear reduction to zero at a small distance.

FFS codes like BS 7910 [18] Annex Q consider the effect of heat input
on girth welds by recommending three different profiles: ‘high’ (heat
input > 120 J/mm2), ‘low’ (heat input < 50 J/mm2) and ‘medium’
(heat inputs between 50 and 120 J/mm2) [31]. BS7910 also follows the
partitioning of polynomial distributions’ [20] upper bound curve into
decomposed components of membrane, bending and self-equilibrating
from stress decomposition procedure [32], based on finite element
parametric stress analysis results and validated experimentally on
selected components by many researchers [23,32]. This decomposition
technique helps in determining less conservative non-linear residual
stress distribution in the pipe girth welds, decomposing them into global
bending, local bending, and self-equilibrating components [20].

With this background, it is evident that residual stress profiles in
these FFS codes contain practically no recommendations for locations
far from the weld center, where fracture assessment can have a delete-
rious effect on structural integrity. Conservatism is widely associated
with these FFS codes [22,26]; hence, distinct parameters like pipe r/t
ratio and heat input role require detailed explanation in determining
residual stress profiles for locations at weld center / weld toe and at a
distance away from welds. Firstly, this manuscript briefly presents a
comparison of residual stress profiles in various structural integrity
codes at the weld center and at a distance away from the weld. There-
after, it discusses in detail the role of distinct parameter characteristics
such as pipe r/t ratio and heat input in the evaluation and assessment of
piping girth weld residual stress profiles using the stress decomposition
technique. Finally, it provides a brief review of a shell theory-based
estimation scheme to be introduced in API/ASME Fitness-for-Service
Joint Committee recommendations for determining consistent residual
stress profiles. These recommendations establish an overall analysis of
the interrelationship between key parameters, considering a generalized
broad range of applications. Such analysis enables less conservative
estimation criteria to be developed for the residual stress evaluation at a
distance away from the weld and its assessment, to complement the
current approaches suggested in structural integrity. Based on the cur-
rent review, a framework, Appendix A, is proposed for conducting
detailed investigation by employing thermo-mechanical numerical
modelling, coupled with measurement results (nondestructive and semi-
destructive) from an experimentation study as input to machine-
learning algorithms for application guidance to engineers. Beneficial
input parameter selection can be made by back propagation techniques,
based on the accuracy of predicting residual stress from surrogate
models in the front feed direction.

Theoretical and Applied Fracture Mechanics 111 (2021) 102848
1.3. Stress decomposition technique

Residual stress distribution in welded joints typically consists of both
high tensile and compressive stresses, as shown in Fig. 2. These stresses
can have a magnitude equal or close to the yield strength of the
component. However, their location, magnitude and distribution largely
depend on weld joint geometry, the welding process, material charac-
teristics and restraint condition. With this in mind, Dong and his co-
workers [32,33] introduced a length scale-based characterization
known as a stress decomposition technique. In this technique, residual
stress through-thickness profiles are decomposed into stress components
of membrane, bending and self-equilibrating stress, which are in
decreasing length scale, as shown in Fig. 2 [32]. This stress decompo-
sition is based on the following equations.

7= [ was &)
0
6,
o :t—z/r;’(x)(%—x)d @
0
w0 -, (1-%) ®

An example of this technique on a T fillet weld transverse residual
stress by finite element analysis is shown in Fig. 2, depicting the
decreasing length scale [32], where x varies from the inside to the
outside of the pipe of thickness t.

It is worth mentioning here that Egs. (1)-(3) represent through
thickness self-equilibrating stress distribution, highlighting the
decreasing length scale of residual stress distributions in the form of
membrane, bending, and self-equilibrating stress, with respect to the
thickness t. This technique also separates the contribution of global (due
to membrane and bending stresses) and local residual stress (due to self-
equilibrating stress) components, which can help in estimating the stress
intensity factor K, due to residual stresses [24]. The membrane
component o], and the bending component o} play an important role in
defect assessment procedures to estimate the fracture crack driving force
and are well demonstrated in the work of Dong and his co-workers
[19,34]. In addition, this technique also helps in visualizing clear and
better patterns of residual stress distribution and in analyzing many
residual stress cases, to identify the controlling parameters.

Tension Zone

b
T = J _ o o %
AR o o o N

Residual Stress

Membrane Bending Self-Equilibrating

Decreasing Length Scale
—_——

Fig. 2. Illustration of residual stress decomposition technique components with
decreasing length scale [32] .
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1.4. Scopes and objectives

Carry out a brief review of the guidance on residual stress profiles for
assessing flaws in as-welded joints recommended in Annex Q of BS
7910, API 579 and R6 for girth welds locations at the weld center/
weld toe and at distances away from welds.

Review of important parameters that govern residual stress distri-
bution, using a stress decomposition technique.

Determination of the distance away from the weld center at which
residual stress vanishes completely, based on component geometry
by comparison of data from available literature.

Comparison of several finite element analyses results from the open
literature, covering a broad range of component geometries (r/t
ratio), joint preparations (Single V, Double V), materials, and heat
input.

2. Guidance on residual stress profiles for assessing flaws in FFS
codes

2.1. Residual stress profiles in BS 7910:2019 & R6

BS 7910:2019 [35] is an FFS service code, serving as a “guide to
methods for assessing the acceptability of flaws in metallic structures”.
In 2013, BS 7910 included substantial methods for incorporating
welding residual stress into fracture assessment, originating mainly from
BS 7910:2005 [18], R6 Revision 4 [16] and the European SINTAP/
FITNET procedures [14,17]. In the 2019 version of BS 7910 [35], no
major changes took place in residual stress information, with the
exception of the addition of a new Annex, V, on strain-based assessment
and design [35]. BS 7910 Clause 7.1 8 states that residual stresses may
be assumed to be uniform or non-uniform. Uniform (membrane) stress
distributions are considered in this clause, which is more conservative,
while non-uniform distributions are described in Annex Q. Annex Q
provides guidance on residual stress profiles for assessing flaws in as-
welded joints, i.e. joints which are not subjected to post weld heat

Theoretical and Applied Fracture Mechanics 111 (2021) 102848
treatment (PWHT), as shown in Fig. 3.

2.1.1. Transverse residual stress

In BS 7910 Annex Q [35], the transverse residual stress o] (perpen-
dicular to the weld) has three types of through-thickness distributions,
depending on the materials (ferritic versus austenitic) and welding heat
input levels, as explained in the equations below.

)= [1=6s0() +2030() - 2008(3) 1128’

[©)]
for Q’/t <50 J/mm2
a=afi-sof) ons() o) ()]
for 50 < 0"/t < 120 J/mm’
=1 -02(2) +300() 135’ ©

for @'/t > 120 J/mm?

where Q' represents the linear heat input of the welding electrode for the
largest run of the weld. This linear heat input is related to the welding
current (I), welding voltage (V) and welding travel speed (u), as per Eq.
(7). The through-thickness longitudinal and transverse residual stress
profiles given by Egs. (4)-(6) are plotted in Fig. 4.

o="Y @
u

2.1.2. Residual stress profiles at a distance away from the weld in BS 7910

In the axial direction, BS 7910 specifies that through-thickness re-

sidual stress profiles are valid for a region within three times the weld

width (3 W) w.r.t the weld centerline, as illustrated in Fig. 5 (a). R6 Sec.

1V.4 [16] and FITNET [14] assume a linear distribution of longitudinal
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Fig. 3. Residual stress estimation in BS 7910 for welded joints.
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Fig. 4. Residual stress profiles prescribed in BS 7910 Appendix Q [35] and R6 Sec. IV [16]: (a) longitudinal, and (b) transverse directions, adapted from [21] .
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residual stress distribution, varying from material yield strength at the
weld toe to zero at an estimated yield zone boundary, as illustrated in
Fig. 5 (b). All residual stress profiles in BS 7910 are based on upper
bound fits to experimental data and FE numerical results. These results
are based on different weld geometries measured at weld locations, such
as weld centerline and weld toe positions; this does not recognize the
role of pipe geometry [36] and is proven to be overly conservative [34].
However, residual stress profiles at a distance away from the weld are
not mentioned in FFS structural integrity assessment procedures [19]
which can be used in the fracture assessment of proximity welds.

2.1.3. Stress decomposition in BS 7910

As shown in Fig. 6, a stress decomposition technique can be used for
depicting a plot of decomposed components of transverse stresses in
ferritic pipe butt welds made with a low heat input. The transverse stress
o} (x) was calculated from Eq. (4) for low heat input in ferritic pipe butt
welds which is normalized to yield strength, oy. This decomposition is
shown in Fig. 6, where transverse residual stress normalized by yield
strength is plotted against x/t where x is the distance from the inner
surface through the wall thickness, t. Egs. (1)-(3) have been used to
calculate and decompose residual stress components into bending,
membrane, and self-equilibrating stress.

2.2. API 579-1/ASME FFS-1: Residual stress profile at a distance away
from welds

In the case of girth welds, API 2007 579 RP [30] recommends a
common curve for axial and hoop residual stress profiles for distances
away from the weld toe, based on an upper-bound residual stress profile.
The residual stress through-thickness profile at a distance away from the
weld is a quadratic variation over a circumferential distance in terms of
\/rt in API 579 [15], based on a best fit of the upper bound of all finite
element results over all r/t ratios and heat inputs. In API 579-1/ASME
FFS-1 Annex 9D next update, residual stress profiles for various piping
and pressure vessel configurations at distances away from the weld are
based on various mechanics-based estimation schemes and the recent
research results of Dong and his co-workers [19,34,36,37]. These esti-
mation schemes provide analytically based descriptions of distances at
which welding induced residual stress completely vanishes, affected by
component geometry (e.g., r/t ratio), shrinkage zone (plastic zone size)
controlled by joint preparation and heat input. The key enabler in this
process can be attributed to the stress decomposition technique [32] and
work done by Dong [19,22,34,38] and Song [21,24,36,37,39,40] in
their work to establish a functional dependency of decomposed through-
thickness membrane and bending stresses, based on pipe geometry and
heat input-related parameters.

3. Review of key contributing parameters governing important
residual stress distribution, using stress decomposition
technique

To remove the inconsistency in recommended residual stress profiles

30°~ 35°

Single-V

30°~3%°

7V

\ Double-V
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in various FFS codes, the Pressure Vessel Research Council (PVRC) joint
industry project (JIP), Phase 1 [41], was initiated in late 2000, high-
lighting important parameters affecting upper bound profiles in the
2007 issue of API 579 RP Appendix E [30]. To estimate consistent re-
sidual stress profiles, thicknesses of less than 50 mm (2"), mostly for
single V joint preparation were used in the phase 1 JIP. Whereas in the
phase 2, JIP of PVRC [40] a range of pipe thicknesses between 6.35 mm
(1/4") to 254 mm (10”) with joint preparations of Single V (SV), Double
V (DV), and Narrow Groove (NG), were chosen for analysis, as illus-
trated in Fig. 7.

The outcome of the PVRC JIP, Phase 1 [41], recommended a large
number of important governing parameters for estimating residual stress
profiles, for example joint geometry, material chemistry, and welding
process parameters. However, the role and characteristics of important
parameters, such as pipe mean radius to thickness ratio (r/t) and linear
heat input (Q), are underestimated in relation to FFS engineering
assessment [34]. These distinct parameters affect changes in through-
thickness residual stress distributions in the weld center region in the
form of a localized distribution (e.g., of the self-equilibrating type).
These distributions can be significant at distances away from the weld,
which exhibits a “global bending” behavior in the axial residual stress
direction [34], i.e. compression of the outer surface and tensile stress on
the inside of the pipe geometry. This behavior depicts a decreasing
length scale [32], as explained previously in relation to the decompo-
sition technique illustrated in Fig. 2. This technique allows individual
identification of residual stress decomposed components which are
considered important in defect assessment procedures.

3.1. Component geometry, i.e. radius to thickness (r/t) ratio

Component geometry, such as radius to thickness ratio, serves as a
significant distinct parameter having a considerable effect on through-
thickness residual stress distribution in weld joints, as demonstrated
by researchers like Yaghi [29], Dong [34] and his coworkers [40]. Pipe
radial bending stiffness is approximately proportional to /7t [33] ,
hence r / t ratio serves as an essential measurement criteria for
measuring joint restraint conditions.

3.1.1. Demonstrating the effect of component geometry (r/t ratio) at the
weld toe location

In this example, the work of Dong [33] and Song [40] sequentially
coupled thermo-mechanical analysis based on a conventional heat flow
solution for welding are referred [33], where temperature gradients
serve as input to nonlinear thermo-mechanical analysis. This example
shows the effect of the radius to thickness ratio (r/t) on the through-
thickness residual stress profile at the weld center / weld toe region
and at a distance away from the weld. The component selected for
comparison is the 2.25CrMo-V type [24,29,34], which that is very
commonly used in the piping industry. A large number of parametric
analyses were performed by Dong [33] and Song [40] for thicknesses >
1” (25 mm) for pipe to radius ratios (r/t) of 2 to 100; the results
demonstrate the effect of the component geometry in estimating

30,., ”50

Narrow Groove

WCL WT

1
]
WCL WT WCL WT

Fig. 7. Illustration of various weld joint configurations investigated in PVRC JIP Phase 2 [40]. Single V (SV), double V (DV), and narrow groove (NG), adapted

from [34].
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Axial Residual Stress Distribution (for r/t=2 to 100) at Weld Toe Location
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Fig. 8. Residual stress plots (x/t from inner surface) at weld toe locations for Single V & Double V girth welds with t = 1”: r/t ratio effects, adapted from [24].

residual stress profiles. Finite element (FE) results of research work [33]
and [40] for single V and double V joint geometry components for
thickness of 1” (25 mm) are illustrated in Fig. 8 for axial and hoop
components at the weld toe location. Observations from Fig. 8 are as
follows:

e It is evident that axial residual stress for r/t ratio 2 varies from
compression at the inner diameter (ID) to tension at the outer
diameter (OD), i.e. through-thickness bending mode in the case of a
single V joint configuration.

e A shift of compression to tension in the axial direction can be
observed at the ID of the pipe, as shown in Fig. 8, as the r/t ratio
increases from 2 to 100, starting from r/t = 20, i.e. settling to a self-
equilibrating state at r/t = 100 [40]. These bending modes change

for a small r/t ratio because the pipe is very stiff at these ratios, while,
for a large r/t ratio (e.g. 100), they have increased pipe wall flexi-
bility, i.e. attaining a self-equilibrating component [24].

e Asthe r/tratio increases, the lines become flatter at the OD, implying
a reduced bending component. Whereas at r/t ratio = 100, residual
stress is tensile at ID and OD and a corresponding increased mem-
brane component i.e. tensile at OD. A joint configuration change
from single V to double V with an increasing r/t ratio also affects
changes in the residual stress profiles, as shown in Fig. 8.

3.1.2. Demonstrating the effect of r/t ratio on residual stress profile at a

distance away from weld at outer diameter (OD) and inner diameter (ID)
In Fig. 9, showing residual stress curves on the surface of a pipe along

the (ID and OD) for single V girth welds with t = 1 in., reference is made
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Axial Residual Stress Distribution (for r/t=2 to 100) at Outside Diameter
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Fig. 9. Surface residual stress line plots along ID and OD for Single V girth welds with t = 1”: r/t ratio effects, adapted from [24].

to r/t ratio effects from the work of Dong[19] and Song [21]. In this
comparison, the horizontal axis is a measure from the weld toe and is
normalized by +/rt, which is considered a characteristic parameter in
residual stress distribution in the axial direction by PVRC JIP Phase 1
[41] and used in API 579-1/ASME FFS-1 [15]. It can be observed from
Fig. 9 that axial residual stress at the OD decreases with increasing r/t
ratio and eventually dies to zero at 2.5 times /rt. This distance can be
considered an important parameter in fracture assessment for flaws
away from weld and in proximity to exisitng welds.

3.1.3. Demonstrating the effect of r/t ratio on residual stress profile at a
distance from weld in FFS codes

As previously explained, FFS codes [14-16,35] carry practically no
recommendations for locations far from the weld center. BS 7910 does
not provide any information on through-thickness residual stress pro-
files in transverse and longitudinal directions, except for the fact that,
within the 3 W region, they remain constant (W being the width of the
weld seam), as shown in Fig. 5. R6 [16] and FITNET [14], however,
recommend a straight line of yield strength in the 0.5 W region (half
width of the weld) with a constant residual stress profile, then
decreasing it to zero in the longitudinal direction from the weld toe to a
distance of ry, as shown in Fig. 10 (b). In Fig. 10 (a), a comparison of
transverse residual stress distributions and (b) longitudinal residual

stress distributions along the outer surface (t = 4”, 101.6 mm) is
depicted, to showcase the conservativeness associated with FFS codes
from the work of Dong [19] and Song [21]. Some observations from
Fig. 10 follow.

It is evident from the results that both BS 7910 [35] and R6/FITNET
[14,16] provide less conservative residual stress values within a re-
gion of 0.5 W from the weld centerline.

As shown in Fig. 10, there is an overestimation of longitudinal re-
sidual stress at distances beyond 0.5 times the width of weld with
prevalent residual stresses for different component geometries [33].
Beyond the 0.5 W region in the longitudinal direction (Fig. 10 b)
residual stress reverses its sign from compression to tension with r/t
ratios greater than 2.

Slope of RG/FITNET curve [14,16] is somewhat large when
compared with FE results attained from work of Dong [19] and Song
[21] for calculated distance r,, in longitudinal direction as shown in
Fig. 10 b.

Similarly, for inner surface transverse (not illustrated) the residual
stress is overestimated by BS 7910 profile. Longitudinal residual
stress estimated by R6/FITNET, the slope is relatively large
compared with the FE results.
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Fig. 10. Comparison of residual stress distributions along outer surface (a) transverse, and (b) longitudinal direction, adapted from [21].

3.1.4. Demonstrating the effect of r/t ratio on residual stress profile using
stress decomposition technique

As previously explained, the stress decomposition technique [32]
was used by Dong [19] and Song [21] in their work to quantitatively
highlight the effect of decomposed components of stress for residual
stress distributions. In Fig. 11, decomposed residual stress components
at weld toe locations, as a function of r/t ratio for single vee (SV) and
double vee (DV) girth welds, are shown, calculated from Egs. (1)-(3).
Observations from Fig. 11 follow.

e In Fig. 11, it can be observed that the decomposed bending compo-
nent decreases linearly with increasing r/t ratio in the case of axial
and hoop residual stresses. This implies a reduced radial restraint as
1/t ratio increases, as it measures radial bending stiffness.

e The membrane component is usually negligible in the axial direction
(not shown in Fig. 11), unless final assembly welds or severe re-
straints are present.

e The membrane component of hoop residual stresses increases line-
arly with increasing r/t ratio.

o This technique recognizes patterns of residual stress distributions at
interesting locations (weld toe, weld center, etc.) for all thicknesses,
joint configurations (SV, DV) regarding r/t ratio effects.

e The component geometry feature radius to thickness ratio (r/t)
clearly highlights membrane and bending components of through-
thickness residual stress distributions in the axial and hoop
directions.

3.1.5. Demonstrating the effect of thickness on residual stress profile with
increasing r/t ratio

In the Phase 1 report of PVRC JIP [41], thickness effect was char-
acterized as an important criterion for residual stress distribution in
different weld geometries, as mentioned in Fig. 7, for thicknesses up to
50 mm (2 in.). Phase 2 [40] of PVRC JIP focused on thicknesses from
above 50 mm (2 in.) to 250 mm (10 in.) for different weld geometries. As
illustrated in Table 1, the effect of thickness on axial residual stress
distribution with increasing r/t ratio as mentioned in PVRC JIP Phasel
[41]. It shows that keeping the r/t ratio constant with increasing
thickness leads to a global bending type behavior (i.e. compression on
the outside and tension on the inner diameter), which changes to local
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Fig. 11. Residual stress decomposed components at weld toe locations as a
function of r/t ratio for Single V (SV) and Double V (DV) girth welds, adapted
from [40].

bending (i.e. tension on the outside and compression on the inner
diameter). As thickness increases or r/t increases, the bending compo-
nent changes to a self-equilibrating type [24].

Thickness effects are better characterized in terms of decomposed
stress components, as shown in Table 2. The effect of thickness on
decomposed stress components with increasing thickness are shown for
axial bending, hoop bending and hoop membrane at the weld toe
location. The axial and bending hoop components increases between
thickness 6.25-25.4 mm (1/4”-1") and becomes constant for thickness
25.4-250.4 mm (1”-10") for single and double V weld geometries,
whereas, on the other hand, the hoop membrane component decreases
with increasing thickness.

3.2. Heat input

As explained previously in Section 2.1.1 (Eq. (7)) and recommended
by Phase 1 of the PVRC JIP [41], linear heat input is defined as a product
of current, voltage and welding efficiency, divided by travelling speed,
with units of J/mm. However, characteristic heat input per unit area (e.
g., J/mm?) or per unit volume (J/mm®) has demonstrated better ability

Table 1
Thickness effect on axial residual stress distribution, adapted from [24].
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to highlight residual stress distribution patterns as defined in the PVRC
JIP Phase 2 report [40]. Parameter Q referred to as characteristic heat
input, is defined as follows in Eq. (8).

s

y- 2.
Q=3 (®)

where Ap,s is the average pass area and t, represents weld pass layer
thickness. Q’ (linear heat input) is further defined in Eq. (9) as the sum of
Q’7 and Q’, taking account of additional 3D heat loss (’= 1.35). In a 2D
heat transfer model for welding [42], a less complicated approach is
widely accepted among researchers [29 42], separating heat input into
two parts, Q’1 and Q5. Q’; represents heat content involved to deposit a
molten weld pass at a specified melting temperature and Q’ is heat that
is required to hold (the1q) the melting temperature shown in Eq. (10) and
Eq. (11).

0 =(0,+0)n @
Q) = p-Cp-AT-Apy, o
Table 2

Thickness effect on decomposed stress components with increasing thickness
[24].

Thickness effect on decomposed stress components with increasing thickness
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Fig. 12. Decomposed axial bending residual stress components at weld toe as a
function of characteristic heat input for SV girth welds, adapted from [24].
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At Weld Toe Location (t=1"/25.4 mm), Low Heat Input
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Fig. 13. Transverse residual stresses for low heat input cases t = 1” (25.4 mm) at weld toe for different r/t ratios, adapted from [19].
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2D heat transfer models have a limitation of leaving heat loss in the
third direction; hence, careful establishment must be applied between
the heat input implied in the 2D cross-section models (e.g., axisymmetric
or generalized plane strain models) and the linear heat input (Eq. (7))
used in practice [34]. The linear heat input parameter defined in Eq. (7),
with units of J/mm, badly underestimates residual stress distributions in
correlating different heat input conditions, as proven in investigations
by Bouchard [23] and Dong [22]. In Phase 2 of the PVRC JIP, where a
wide range of geometries and welding processes were investigated by
Dong [22] and his co-workers [40], heat input Q, mentioned in Eq. (8),
was proposed as the characteristic heat input parameter for correlating
through-thickness membrane and bending stress components.

3.2.1. Decomposed residual stress components in heat input
Characteristic heat input Q, as defined in Eq. (8), is effective in
correlating a large number of residual stress distributions related to r/t
ratio and thickness effects, as proposed by Dong and his co-workers
[39]. Decomposed residual stress components at the weld toe location
are shown in Fig. 12, as a function of characteristic heat inputQ for single
V girth welds, as mentioned in the PVRC JIP Phase 2 report [40] for axial
bending, hoop membrane and hoop bending components. In this
example, Q (J/mm?2), the heat input per unit of the weld layer cross-
section area, was calculated from Eq. (8), in which Q’ stands for linear
heat input which can be calculated by using Eq. (10) and Eq. (11).
Fig. 12 depicts decomposed normalized axial bending residual stress at
the weld toe location for single-V girth welds as a function of charac-
teristic heat input Q (J/mmz). This demonstrates the ability to distin-
guish the effects of r/t ratio and thickness for the residual stress
distribution of pipe girth welds. Similar results were also demonstrated
for hoop membrane and bending components in the PVRC JIP Phase 2
report [40]. Characteristic heat input parameterQ (J/mmz) can be
directly related to weld shrinkage force in the hoop direction, as the
maximum membrane hoop stress of yield magnitude exerts the
maximum circumferential shrinkage force, causing the strongest axial
bending stress, as demonstrated in the work of Song [39]. Thus, char-
acteristic heat input parameterQ serves as an important driving force for

11

highlighting the bending component of the axial residual stress.

3.2.2. Role of heat input in FFS codes (BS 7910) at weld toe location

As defined in Egs. (4)-(6) and illustrated in Fig. 4, transverse residual
stress in BS 7910 is divided into ‘high’ (heat input > 120 J/mm?), ‘low’
(heat input < 50 J/mm?) and ‘medium’ (heat inputs between 50 and
120 J/mm?). From the work of Dong [19], the results of parametric
analysis are illustrated in Fig. 13 on 2% Cr-Mo-V steel for wall thickness
25.4 mm (1 in.) in low heat input at the weld toe location. BS 7910
provides an upper bound estimate of residual stress distributions as per
Eq. (4). It can be clearly observed that, from Fig. 13, the BS 7910 profiles
for low heat input become more conservative as the r/t ratio becomes
smaller (r/t = 2) at the weld toe location. A noticeable effect is observed
on the inside surface compared to the outer surface of the pipe.

In Figs. 14 and 15, transverse residual stress distributions for me-
dium and high heat input for wall thicknesses of % inches (6.35 mm) and
1 in. (25.4 mm), respectively, at the weld toe location are depicted from
the work of Dong [19], to illustrate the conservatism associated with BS
7910. At the outer surfaces, with increasing r/t ratio, residual stresses
are significantly lower. Transverse residual stress at the inside diameter
of the pipe is close to yield strength, whereas the stress at the outer
diameter is reduced to approximately 25% of yield strength for the case
of medium heat input.

4. Complete residual stress profile estimation scheme at a
distance away from weld

As reviewed and explained in earlier sections, pipe (r/t) ratio and
characteristic heat input parameterQ serve as key parameters in esti-
mating residual stress profiles applicable for wide weld geometries and
welding conditions. In Egs. (1)-(3), using stress decomposition tech-
nique clearly defines decomposed components of residual stress at girth
weld locations in terms of bending, membrane and self-equilibrating,
which can be further expressed as Eq. (12) and illustrated in Fig. 16.

o,(¢)

=0, +0,6+0,(¢) (12)

Oy

where ¢ is a dimensionless factor, expressed ase = 2 (’;‘) — 1, x measured
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At Weld Toe location
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Fig. 14. Transverse residual stresses for medium heat input cases (t = 1/4” (6.35 mm)) at weld toe for different r/t ratios, adapted from [19].
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from the inside of the pipe to the outside, and 6,is the yield strength of
the material.

At a distance away from the weld, the residual stress estimation shell
theory-based estimation scheme [43] proposed by Song and Dong
[19,37] is referred. This theory was introduced by Song and Dong
[19,37] to quantify the effect of restraint on residual stress estimation
through thickness profiles for distances or positions along the axial di-
rection of the pipe. Bending and membrane components of through-
thickness residual stress profiles are known to contribute equally to-
wards the crack driving force at distances away from the weld
[19,32,38], in contrast to the self-equilibrating component. The role of
component geometry like radius to thickness ratio, weld geometry
configurations such as single or double Vee joints, heat input and ma-
terial effects are well established in this scheme for estimating accurate
residual stress distribution at distances away from the weld.

The use of the shell theory-based estimation scheme [43] has been
found to produce conservative results [37] for thicknesses ranging from
6.25 to 100 mm and different weld joint configurations having varying
r/t ratios between 10 and 100. This scheme has the advantage of esti-
mating less conservative residual stress components at distances away
from the weld, in terms of stress decomposition components, and
highlighting the role of crack driving components, i.e. membrane and
bending. Another advantage of using this scheme is the estimation of
radial distortion in welded thick sections. This scheme can be used
efficiently in the defect assessment of proximity girth welds.

5. Conclusion

In this manuscript, a detailed review is presented of residual stress
estimation in fitness-for-service codes (FFS) like BS 7910, R6 & API 579
used in the defect assessment of welded components. Available profiles
in these FFS codes are based on the results of the residual stress mea-
surement technique coupled with finite element analysis results. Due to
large variations in measurement techniques, modeling methods and the
complex nature of welding, the residual stress profiles recommended in
these FFS codes at the weld center or weld toe region are found to be
overly conservative. Residual stress estimation schemes at a distance
away from the weld recommended in these codes have been found to be
practically nonexistent or overly conservative. BS 7910 has a constant
transverse residual stress profile in 1.5 W region from the weld center-
line, where W is weld width. Beyond this region, there are no prevalent
recommendations in the BS 7910 code. R6 and FITNET assume a linear
distribution of longitudinal residual stress distribution varying from
material yield strength at the weld toe to zero at an estimated yield zone
boundary. API 579, however, provides a single curve-based upper-
bound estimate of axial and hoop residual stress profiles for locations
away from the weld toe. This clearly highlights the overconservativeness
brought by these codes while assessing residual stress at a distance away
from the weld for application scenarios like proximity welds for the
defect assessment of welded structural joints and piping joints, where
the superposition of residual stresses can take place.

The stress decomposition technique, a length scale-based charac-
terization, was introduced by Dong and his co-workers, decomposing
residual stress components into membrane, bending and self-
equilibrating stresses, corresponding to decreasing length scale. The
introduction of this technique in the BS 7910 FFS code has been found
useful in separating the contribution of global and local residual stress
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and visualizing better patterns of residual stress distribution and
analyzing many residual stress cases to identify the controlling param-
eters. However, residual stress distribution at a distance away from
welds exhibits a “global bending” behavior in the axial residual stress
direction, i.e. compression of the outer surface and tensile stress on the
inside of the pipe geometry, which provides valuable analysis in defect
assessment procedures. For the development of consistent residual stress
profiles prescribed in the FFS codes, the Phase 1 & 2 reports of the
Pressure Vessel Research Council’s (PVRC) joint industry project (JIP)
analyzed key contributing factors like material effects, thickness (t),
weld pass, etc., of which the component geometry feature, pipe mean
radius to thickness ratio (r/t), and the characteristic heat input, (per unit
volume) (Q), has shown a functional dependency of decomposed
through-thickness membrane and bending stresses. Key important fea-
tures like component geometry (e.g., r/t ratio), shrinkage zone (plastic
zone size), controlled by joint preparation and heat input, highlight the
important residual stress profiles for various piping and pressure vessel
configurations. The research findings of Dong and his co-workers are
under consideration to be adopted as part of the API 579 FFS codes’
revisions for residual stresses, comprising various mechanics-based
estimation schemes for distances away from the weld.

While determining full residual stress profiles at the weld center and
toe regions by use of the stress decomposition technique, membrane and
bending components have been shown to contribute significantly to-
wards the determination of the crack driving force, in contrast to the low
contribution of the self-equilibrating component. However, at a distance
away from the weld, shell theory recommended from the research re-
sults of Song and Dong provides consistent through-wall residual stress
distributions in terms of bending and membrane components. The role
of component geometry, such as radius to thickness ratio and heat input,
is well established in this scheme for estimating accurate residual stress
distribution at distances away from the weld. The use of machine
learning algorithms based on input data from the results of FE analysis,
coupled with experiments on selected components with varying geom-
etries and welding processes, can help in developing application guid-
ance tools for predicting accurate residual stress profiles on welded
joints at distances away from the weld.
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Annex-A
Proposal for estimating residual stress profile at weld toe and away locations on girth welds
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Abstract

Maintaining the minimum allowable distance between proximity welds has always been considered a subject of debate among
design engineers, welding engineers/inspectors and fabricators/engineering contractors. The scattered nature of guidelines
available in welding codes and standards for maintaining the minimum allowable distance poses a significant challenge in
the welding procedure and inspection criteria development process. This is especially critical for complex welded joints on
submerged sections of offshore structures, in compact layouts/branched connections of topside piping components, and on
topside structural joints (depending on the complexity). This manuscript presents the findings of an experimental study that
was performed by fabricating two girth welds at proximity on an S355 steel tubular section with diameter of 219.1 mm and
thickness of 8.18 mm. Proximity girth welds were fabricated on S355 tubular sections at three different distances between
their weld toes, 5, 10, and 15 mm, respectively, using two different welding procedures. Welding procedure qualification
record (WPQR) was performed, and all prescribed mechanical tests were recorded as per NORSOK M-101, a structural
steel fabrication code. Although all results from the mechanical test met the minimum specified values as defined in the
NORSOK code, the research findings revealed a noticeable difference in Charpy and hardness values for proximity region
between adjacent welds. Considerable changes in final microstructure morphology were observed between proximity welds
due to varying thermal cycles. These observations can form the basis for the future welding procedure qualification of criti-
cal welded joints, especially for proximity welds on critical welded joints of offshore structures and welds fabricated during
replacement/repair procedures in compact piping layouts.

Keywords Proximity welds - Welding procedure qualification record - NORSOK M-101

1 Introduction

Welding is the most widely accepted method for the joining
of two structural members with or without the use of filler
wire when it comes to the fabrication of steel and various
advanced engineering alloys, ranging from offshore jackets,
floating structures, piping and pipelines to bridges, and air-
crafts [1-6]. In the past, many accidents and delays have been
related to weld failures; however, this issue persists, despite
the improvement in welding techniques and inspection pro-
cedures [7]. For instance, the Alexander L. Kielland offshore
accommodation rig failure in the restrained geometry of its
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brace hydrophone support was reported to be due to insuf-
ficient fillet weld size and high residual stress, leading to
an overload of welds and catastrophic fatigue cracking [8].
The recent delay of Equinor’s Johan Castberg floating pro-
duction, storage and offloading (FPSO) hull for Barents Sea
has been credited to faulty welds [9]. The popularity of both
fixed and floating types of wind turbines cannot be ignored,
as accidents due to cracks in welds are gaining attention, in
contrast to the usually reported cracks in the bolts of turbines
[10]. Such incidents in large structures cannot be overlooked,
as the consequences due to failure leading to loss of life, cli-
mate, and property, are very high and irrevocable.

The fabrication of large structures like offshore jacket
structures, onshore and offshore wind monopiles and tubular
truss bridge structures often brings forward the challenge of
welds coming within proximity of each other, as shown in
Fig. 1. This challenge of maintaining a minimum distance
between welds is often debated among designers, inspectors,
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Fig. 1 Detail of offshore joints
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and contractors who often rely on international codes and
standards for recommendations [11]. A detailed assessment
of these codes and practices for maintaining minimum dis-
tance criteria between welds has been performed previously
by the authors in [12] where a clear lack of consensus has
been found regarding maintaining a final distance that is
often based on a factor of 4 or 5 times the thickness or 1 or
1.5 times the diameter. In procedures for replacing compact
layouts of piping racks, unavoidable situations of placing
a new weld close to an existing weld of branched connec-
tions, nozzles, etc., are often encountered, as is the case in
offshore jacket critical joints, e.g., non-overlapping braces.
In the case of repair or replacement procedures, international
codes and standards offer no guidance on defining, either the
minimum distance between welds or welding procedures for
proximity welds, and such decisions are often left to stake-
holders’ engineering judgment.

DNVGL-ST-0126 code on support structures for wind
turbines [14] recommends maintaining a distance between
consecutive girth welds of not less than 300 mm for an outer
diameter of less than 300 mm and states that “ The minimum
weld distances mentioned above have been derived based
on practical experience. Shorter distances may be suitable
but need to be proven both with respect to impact on stress
concentration factor (SCFs) as well as residual stresses”.
This indicates a need to further investigate areas between
proximity welds with an unqualified welding procedure
qualification record (WPQR) which have experienced mul-
tiple cycles of heating and cooling and unprescribed residual
stress profiles used during defect assessment procedures, as
per fitness for service (FFS) codes [15, 16]. The importance
of potential factors that degrade welding quality in terms
of defects requires an assessment of the most vulnerable

@ Springer
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welding procedure specifications (WPSs) and imperfection
factors that contribute to the majority of defective welds
[17]. Pressure Vessel Research Council (PVRC) Phase 2 [18,
19] highlights the conservativeness in residual stress profiles
at a distance away from welds, as per FFS codes such as
BS7910, API 579 RP-1/ASME FFS-1, etc.

With this background, the aim of the current study is
to qualify WPQRs for two different girth welds, placed at
proximity with a minimum distance between their weld toes
of 5 mm, 10 mm, and 15 mm, respectively. All necessary
mechanical testing was performed in accordance with NOR-
SOK M-101 [20], the code for structural steel fabrication,
to understand changes in hardness and Charpy values at the
proximity region. Lastly, detailed microstructure characteri-
zation was performed to understand the grain morphology
at the proximity region due to the varying thermal cycles of
two different welds. The remainder of the paper is structured
as follows: Sect. 2 presents the experimental details. There-
after, in Sect. 3, the results are presented and discussed. Sub-
sequently, in Sect. 4, a conclusion is drawn.

2 Experimental set-up

A schematic diagram of the experimental set-up is shown in
Fig. 2, pictorially displaying the fabrication steps from ‘a’
to ‘c’. Structural steel grade S355G14 + N seamless pipes
were selected for this experiment, with an outside diam-
eter of 219.1 mm and a thickness of 8.18 mm. As shown in
Fig. 2a—c, vee joint geometry was machine cut for welds A
and B in accordance with prequalified WPS adopted from
reputable industrial partners. As shown in Fig. 2b, initially,
weld A was fabricated as a single weld on a pipe section
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and, subsequently, the vee groove for weld B was machine In this study, welding parameters were maintained as
cut. Lastly, weld B was welded after weld A was completed,  per pre-qualified WPS for welds A and B, and digital weld
maintaining proximity distances between their weld toes of ~ log data was maintained during the experiments, as men-
5,mm, 10 mm, and 15 mm, respectively, as shown in Fig. 2¢ tioned in Table 2. The mechanical and material composi-
and summarized in Table 1. tion of the tubular pipe and filler wire is also presented in

Table 1 Summary of fabrication procedure for each weld proximity case

Weld Proximity distance (mm) Welding process EN classification Weld groove Shielding gas Welding position

type

A 5 10 15  Tungsten inert gas (TIG) 141 Vee Joint Argon PA/1G/Flat

B Metal Active Gas(MAG)- 138+136 Vee Joint 20% carbon dioxide PA/1G/Flat
metal cored + Flux (CO,) in pure argon

cored (Ar)

Arc welding (FCAW)
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Table 2 Welding parameters for Weld A, TIG welding process (141) and welding parameters for Weld B, MAG + FCAW welding process

(138+136)
Pass Weld Filler (mm) Welding Current (A) Voltage (V) Polarity Travel speed Gas flow (I/ Heat input (kJ/
process (mm/min)  min) mm)

1 A 24 141 100-135 10-20 DC- 39-40 15-20 1.5-2.49
2 A 24 141 140-180 10-14 DC- 75-80 15-20 1.05-2.02
Fill A 24 141 160-230 11-15 DC- 85-120 15-20 0.88-2.44
Cap A 24 141 160-230 11-15 DC- 85-120 15-20 0.88-2.44
1 B 1.2 138 90-125 14-16 DC+ 65-85 16-20 0.89-1.85
2 B 12 136 160-220 22-29 DC+ 180400 16-20 0.53-2.13
Fill B 1.2 136 180-250 22-29 DC+ 180-400 16-20 0.59-2.42
Cap B 1.2 136 180-250 22-29 DC+ 180-400 16-20 0.59-2.42

Tables 3 and 4, respectively. In this study, to simulate the
practical situation of weld proximity encountered during
repair and replacement procedures, weld B was welded with
a different welding procedure, i.e., MAG-metal core (138)
semi-automatic method for root pass, as it employs a short-
circuiting technique for better root penetration and FCAW
(136) semi-automatic method for the remaining passes for
faster production. In weld A, all passes were completely fab-
ricated with TIG (141), a semi-automatic welding process.
This demonstrates the practical situation of critical welded
joints fabricated under shop conditions, by using a controlled
procedure like TIG, and during on-site repair or replacement
situations, welded with a faster and more mobile procedure
like MAG +FCAW.

NORSOK M-101 [20] code was used for qualification
of WPQR and adopted in this project catering for the
Norwegian continental shelf (NCS) and offshore-welded
tubular structures used in oil exploration and the process-
ing industry. NORSOK M-101 code for WPQR is strictly
valid within the limitations specified in ISO 15614-1
[21], the widely accepted code for welding qualification
around the world. Welding was performed under con-
trolled conditions after optimizing the welding parameters
as mentioned in Tables 2 and 3 in line with pre-qualified
WPS. Three samples from each proximity distance were
finally fabricated and were subjected to mechanical tests
as per NORSOK M-101 and ISO 15614-1 as detailed in
Table 5.

All necessary and recommended destructive and non-
destructive testing (NDT) was performed, and the general

procedure and acceptance criteria for each method are
summarized in Table 6, as per ISO EN15614-1 [21].
Charpy specification as per EN ISO 9016-2012 was per-
formed; however, in the case of WPQR for proximity
welds, Charpy locations shown in Fig. 3 were selected.
The notch for Charpy specimens was made at locations
shown in Fig. 3.

e Notch in center of weld
Notch in fusion line (FL)
Notch in heat affected zone (HAZ), 2 mm from fusion
line

e Notch in HAZ, 5 mm from fusion line

Hence, in the case of a weld proximity distance of 5 mm,
six samples and four sets of Charpy locations were extracted,
as the fusion line (FL +5 mm) was not possible due to the
5 mm proximity distance. In the proximity case of 10 and
15 mm case, a total of eight samples and four sets were
extracted due to there being sufficient proximity distance.

3 Results and discussion

3.1 Visual and radiographic examination

As shown in Table 6, all mechanical destructive and NDT
was performed in accordance with relevant EN standards.

Visual and NDT testing of radiography was performed to
100% extent on each proximity distance sample. Due to

Table 3 Physical and material properties of tubular pipe grade S355 G14+N

Yield point (min 355) Mpa Tensile point (460-620) Mpa

Elongation min 22%

Impact test (5-25J) @-40 °C Hardness HRB max 99

444 553 28 102 &4 0
C Mn  Si P S Cu Ni N Mo \Y% Ti Nb B
0.14  1.19 0.337 0.016 0.003 0.07 0.02 0.06  0.0091  0.005 0.059 0.001 0.003 0.0005
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Table 4 Physical and material

properties of a) Filler wire Yield p'oint Tensile point Elong'ation Impact 'tesl J) .
ESAB Tigrod 13.26 used in 141 (460 min) Mpa (530-680) Mpa (20 min) % (47 J min) @ —40 °C
welding process b) Filler wire a) 480 580 30 60
N T S S I
used in 136 welding process 0.11 1.41 0.89 0.018 0.015 0.52 0.85 0.04 0.001
b) 518 585 27 163
C Mn Si P S Cu Ni Cr MO v Nb
0.05 1.13 0.27 0.01 0.004 0.28 1.03 0.02 0.01 0.01 0.01
c) 509 597 28 118
C Mn Si P S Cu Ni Cr MO v Nb
0.06 1.24 0.59 0.008 0.008 0.26 0.93 0.02 0.01 0.01 0.01

spray mode in MAG + FCAW welding process Weld B, a
wider and irregular cap weld bead was observed in con-
trast to a smooth weld cap bead of weld A [22], which
was welded with TIG process as shown in Fig. 4. As per
the acceptance criteria of ISO 10675-2016, both joints
were accepted after performing radiography testing on
proximity.

3.2 Hardness testing

Vickers hardness testing on each case of weld-proximity
distances of 5, 10, and 15 mm was performed according
to NS-EN ISO 9015-1:2011. As per indentation marks
shown in Fig. 5, there was a recommended distance of 1 mm
between indentations and, in HAZ <0.5 mm, between the
center point of the indentation and the fusion line. The
indentation marks shown in Fig. 5 can be seen clearly in
macro graphs of each weld proximity case in Fig. 9a—c. As
the proximity distance was the area of concern, hardness
measurement points between adjacent weld toes at ‘weld cap
and root level’ for 5, 10, and 15 mm proximity distances are
shown in Fig. 6a, b, respectively. High hardness values were
observed at the proximity distance (PD-A&B) between two
weld metals (WM-A&B) and their respective adjacent HAZ-
A&B, in constrast to the parent metal (PM). This proximity
distance, or area known as ‘alien metal’, has experienced
microstructural changes due to high restraint and succes-
sive thermal cycles of multipass welds, as noticed in [23]
for proximity-welded joints K-brace joints of offshore jacket
structures.

A maximum value of 210 HV was observed close to
a HAZ value of 225 HV on either side for 5 mm proxim-
ity distance welds at cap level, as shown in Fig. 6a. Cold
cracking chances increase if hardness values are between
350 and 400 HV. This region may be prone to cracking, as
it has accumulated high stresses and chances of martensitic
formation have been sustained due to successive thermal
cycles of heating and cooling [23]. Similar hardness points’
profiles for weld proximity distances of 10 and 15 mm are
shown in Fig. 6a, b for fair comparison. As the proximity
distance is increasing, a drop in hardness values can be
seen and is comparable to PM in the 10 and 15-mm cases.
In case of 10-mm proximity distance, the highest value of
186 HV was observed at the proximity region and of 167
HYV in the case of 15-mm distance, which is almost equiva-
lent to parent metal value at weld cap level. It is also worth
mentioning that hardness values at weld cap level in the
5-mm case are maximum in the HAZ area, in comparison
to 10 and 15-mm cases.

3.3 Charpy testing

Charpy testing was performed in accordance with KV8,
NS-EN ISO 148-1:2016 and ISO 9016:2012 at—20 °C. As
discussed previously and shown in Fig. 3, due to the lim-
ited space for FL +5 mm samples, only six specimens were
available for 5-mm proximity distance whereas FL +5 mm
was possible for 10- and 15-mm proximity distances. Sam-
ple size was kept at 5x 10X 55 mm size, as the pipe thick-
ness was 8.2 mm; hence, a conversion factor of 2/3 was

Table 5 Examination of the
test weld for WPQR as per
NORSOK M-101

Joint configuration

Joint thickness (mm)

Mechanical testing

Tensile test Bend test Charpy V notch  Hardness
and macro
Butt welds (Tubular) t<50 mm 2 4 4 sets 1
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Table 6 Examination and testing of the test pieces

Activity description Specification/procedure Acceptance criteria

Visual testing 1SO 17637:2016 EN ISO 5817:2014 B/C

Radiographic testing ISO 17636-2:2013 ISO 10675-1:2016

Macro examination NS-EN 17,639:2013 EN ISO 5817:2014 B/C

Transverse tensile test 1SO 4136:2012, ISO 6892-1:2016 Method Al NS-EN 15,614-1: 2017, NS-EN 10,225:2009
Charpy V Impact test NS-EN ISO 148-1:2016, ISO 9016:2012 NS-EN 15,614-1: 2017, NS-EN 10,225:2009
Vickers Hardness test NS-EN ISO 9015:2011 NS-EN 15,614-1: 2017

applied, when calculating energy values as per code EN
15,614-2017.

Figures 7 and 8, respectively, illustrate scanning elec-
tron microscope (SEM) micrographs of fracture surface at
FL +2 mm and the Charpy energy values chart. A region
compromised of a mainly dimple-like ductile fracture zone
is observed, as shown in SEM micrographs in Fig. 7a, for
5-mm WP distances. However, some cleavage river-like pat-
terns, along with dimples, are observed in Fig. 7a, indicating
some regions of brittle fracture, in contrast to Fig. 7b, where
dominant dimples like a ductile fracture surface are observed
for the 15-mm weld proximity case. Features like the area of
the ductile fracture zone of HAZ and the shear lip of HAZ
can also help in determining the dominant fracture mode in
HAZ [24].

As shown in Fig. 8, low energy values are noted for 5 mm
weld proximity (WP). It can be observed from Fig. 8 that
the least energy values of 55 J at the proximity region, i.e.,
weld A-FL +2 mm, were observed for the 5-mm proximity
distance, in contrast to the 10 and 15-mm cases. To draw
fair comparison, FL +2 mm Charpy values are highlighted
in Fig. 8, with values of 62 J and 66 J being observed, i.e.,
between welds A-B for the 10 and 15-mm cases. Due to
high hardness and high restraint in the 5-mm proximity case,
a drop in energy values can be observed. This drop can be
attributed to the high hardness values observed, as explained
in Sect. 3.2, and the mixed pattern of cleavage river and

Fig.3 Schematic of location for
Charpy test locations

Weld A

2 mm

T Charpy specimen

dimples, leading to brittle and ductile fracture surfaces,
respectively. However, microstructure graphs shown later
in Sect. 3.4 also substantiates the high hardness values at
proximity regions for changed morphology of grain size in
the proximity region.

3.4 Macro testing

Macro examination was performed in accordance with
NS-EN 17,639-2013 and was accepted as per the criteria
of NS-EN ISO 5817:2014, with imperfection inside qual-
ity level B, as shown in Fig. 9a—c. In the proximity case of
5-mm between its weld toes, overlapping of the heat-affected
zone cannot be observed, as shown in Fig. 9a; however, no
visual changes in the proximity region (metal subjected to
successive cycles of heating and cooling) were observed
between proximity welds.

3.4.1 Microstructure characterization

Due to the high values in hardness and the drop in Charpy
values for the 5-mm weld proximity case, there was a need
to further perform microstructure characterization. Optical
microstructures across the weld interface, starting from the
parent metal to HAZ of weld A, then to proximity region
to HAZ of weld B, were analyzed on macro specimen sam-
ples of 5-mm weld proximity, as shown in Fig. 10a—d. The

FL FL

WM
FL+2 | | WM

¥
[ H

| I FL+5 | Weld B
|

|
|

p—
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Outside
diameter
212 mm

Fig.4 Visual image of welds A and B

microstructures at HAZ showed acceptable weld inter-
face without any defects; however, different orientation of
grains was observed in the region identified as the proxim-
ity region/alien metal i.e., between two welds, as shown in
Fig. 10d.

Microhardness results at the designated location of
HAZ and the proximity area between welds (PA) corre-
spond to values of 225 HV and 210 HV, respectively, as
shown in Fig. 6a, for the 5-mm proximity case. Based on
this information, the microstructure in HAZ regions can
be mainly composed of ferrite (50 to 80%), bainite (0 to
30%), pearlite (0 to 20%), and martensite (0 to 20%) cor-
responding to Vickers hardness values for steel S355 [23];
refer to Table 7 [25].

The optical images seem to confirm regions of perlite
(P) and ferrite (F) in the parent metal, as shown in Fig. 10
a. Acicular ferrite (AF-large light areas) with grain bound-
ary ferrites (GBF) can be observed in weld metal A and B.
Depending on the final temperature range attained, HAZ is
divided into coarse-grained HAZ (CGHAZ), fine-grained

Fig.5 Hardness measurement
point locations at cap and root
level

HAZ (FGHAZ), and the inter-critical HAZ (ICHAZ) [12].
In HAZ, the structure is formed upon temperature attained
between Acl and Ac3, i.e., upper, and lower critical tem-
peratures as shown in Fig. 10 b and d. As the proximity
area/alien metal corresponds to a fine-grained structure in
contrast to CGHAZ and FGHAZ, it can be identified as a
region close to ICHAZ that is subjected to successive cycles
of heating and cooling between Acl and Ac3 temperatures,
i.e., 725-915 °C, with finer grain, as confirmed from ther-
mocouple data.

It is difficult to identify the presence and quantify the
fraction of martensite; however, sufficient evidence of
martensite-austenite (M-A) islands has been identified in
the inter-critically reheated coarse-grained heat affected
zone (ICCGHAZ) undergoing partial austenization and
forming austenitic-martensitic (M-A) phases, which are
brittle and known as local brittle zones (LBZ) [26]. How-
ever, their presence needs further investigation by per-
forming scanning electron microscopy (SEM) analysis
which will be presented in future research.

3.5 Tensile and bend tests

Tensile tests were performed for all three weld proxim-
ity cases (5-, 10-, and 15-mm), in accordance with ISO
6892-1:2016. Table 8 summarizes the values of all tensile
test data along with its fracture location. It was interest-
ing to note that values of tensile strength for the 5-mm
weld proximity case were found to be somewhat lower
than in the 10- and 15-mm cases. Fracture location could
not provide any conclusion, as it changed from outside of
weld A or B, i.e., sufficiently far from HAZ and the prox-
imity region. It would have been interesting if failure had
occurred between welds for the 5-mm case. However, in
the case of 15-mm proximity, fracture occurred between
welds in one case. It can be inferred that the 15-mm dis-
tance is sufficiently far, and the fracture location can be
considered close to the parent metal.

HARDNESS TEST (HV10) , NS-EN ISO 9015-1: 2011

Surface : Polished and Etched

Measurement points(typical)

|4
CAP | OO OO | /000 | |
PM HAZ HAZ PM
ROOT |0 o O ooo\O O /ooo [ s
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Hardness (HV) mapping _proximity distance of 5, 10 & 15mm at weld cap level
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Fig.6 Vickers hardness profile from left side PM of weld A to right side PM of weld B at a) cap b) root level for proximity distance of 5, 10.

and 15 mm,
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Fig.7 SEM micrographs of

FL 42 mm fracture surface for

proximity distances of a) 5, and a)
b) 15 mm
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Tensile results sufficiently meet the required strength of
460-620 MPa; however, all values were found to be less
than the pipe measured value of 553 MPa, as referred to in
the material test certificate mentioned in Table 3. Elongation

values in all cases were found to be less than 22%, indicat-
ing the high restraint and residual stresses caused by welds
placed at proximity.
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Fig. 8 Charpy testing values for Energy requiremnt (27J) @20 <]
all proximity distances of 5, 10, [ IWeld A_15mm_B
and 15 mm [ IWeld A_10mm_B
[ IWeld A_5mm_B
Weld B
Weld B FL
Weld B FL+2
o
© Weld B FL+5
<
ke
© Weld A FL+5
=
Weld A FL+2
Weld A FL
Weld A
T T T T T T T T
0 10 20 27 40 50 60 70
Charpy values (J)

Bend tests were also performed as per EN ISO-
5173:2010 at the designated location of root and face, as
mentioned in NORSOK M-101 and EN 15,614-2017. For
thickness of less than 12-mm, two samples each for face
and root bend were tested. For all weld proximity samples

@ Springer

of 5, 10, and 15-mm, testing did not reveal any one single
flaw greater than 3-mm in any direction. Flaws appearing
at corners of test specimen were ignored, as mentioned in
EN 15,614-2017.
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a)
Comment: The Macro are inside the acceptance criteria of NS-EN 1SO 5817:2014
Imperfections are inside quality level B.
b)
Comment: The Macro are inside the acceptance criteria of NS-EN ISO 5817:2014
Imperfections are inside quality level B.
)
Comment: The Macro are inside the acceptance criteria of NS-EN ISO 5817:2014
Imperfections are inside quality level B.

Fig. 9 a—c Macro examination and hardness points location for a 5-mm, b 10-mm, and ¢ 15-mm weld proximity joints
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Fig. 10 Optical microstructures for 5-mm weld proximity case a) Parent metal (PM), b) HAZ of weld A, ¢) Weld A with fusion line (FL), d)
Proximity area /alien metal between welds (PA), e) HAZ of weld B, f) Weld B with fusion line (FL)
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Table 7 Microstructures and the

X : Microstructures Average Vickers hardness
corresponding Vickers hardness (approximately)
ranges of a low-alloyed steel
[25] Ferrite 84
Austenite 263
Perlite (granular) 211
Perlite (lamellar) 316
Cementite 632-684
Martensite 421-948
Table 8 Examination and tensile testing data for all weld proximity cases
Weld No of Test indent Thickness Width Area Tensile Elongation Fracture
proximity samples (mm) (mm) (mm?) (Mpa) % location
(mm)
5 2 Cross weld 1 8.61 24.93 214.6473 480 14.71 Basemetal
B side
Cross weld 2 8.16 2491 203.2656 489 12.93 Basemetal
A side
10 2 Cross weld 1 8.41 2491 209.4931 493 16.31 Basemetal
A side
Cross weld 2 8.12 25.04 203.3248 516 17.36 Basemetal
A side
15 2 Cross weld 1 8.2 25.09 205.738 487 12.10 Basemetal
between
welds
Cross weld 2 8.58 24.92 213.8136 498 15.59 Basemetal
A side

4 Conclusion

Welding procedure qualification record (WPQR) was performed
on grade S355 tubular pipes’ girth welds with a proximity dis-
tance between their weld toes of 5, 10, and 15 mm. Welds were
fabricated with two different welding processes, in accordance
with the pre-qualified welding procedure specification (WPS).
WPQR was performed in accordance with NORSOK M-101,
which follows EN 15,614-2017 standard, and all relevant
mechanical tests were performed. Based on detailed mechanical
evaluation, an increase in Vickers hardness values and a drop in
Charpy values for the 5-mm weld proximity case were observed.
It is also pertinent to mention here that the drop in elongation
values observed in tensile test data in all cases can be attributed
to the high restraint and residual stresses caused by welds placed
at proximity. It was also inferred from the microstructure char-
acterization that there was the formation of an inter-critically
reheated coarse-grained heat affected zone ICCGHAZ), as veri-
fied from thermocouple data, which is prone to cracking due to
the presence of austenitic-martensitic (M-A) phases which are
brittle and known as local brittle zones (LBZ).

After performing welding qualification on proximity
welds, mechanical results justify the need to avoid such

situations, especially when the proximity distance is less
than half the thickness of the joining member between adja-
cent weld toes i.e., 5 mm in this current study. One times the
thickness and two times the thickness of the joining mem-
ber, i.e., 10 mm and 15 mm also used in this current study,
did not show any harmful effect, as verified by mechanical
test results. The codes and standards also do not provide
any recommendation for maintaining minimum proximity
distances for repair and replacement welds [12]. The region
identified as ‘proximity region or alien metal’ between adja-
cent welds requires careful defect assessment and inspection
procedures in relation to the compact welded joints found
in offshore jacket structures and high restraint situations
developed during pipe replacement procedures in compact
layouts. Detailed assessment and record keeping of previous
welding process parameters and mechanical tests can help
in the future qualification of new welding procedures for
repair welds placed at proximity. In the future, the authors
plan to measure residual stress profiles and fatigue life
between proximity welds, for their detailed assessment and
to provide practical recommendations to industrial partners
for maintaining the minimum distance between proximity
welds.
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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.

Keywords Residual stress - Neutron diffraction - Proximity welds - Repair welds

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

Fig.2 Schematic of POLDI at
PSI, Switzerland, adapted from
[24]

Incoming neutrons

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 dy; ~ d, acting under stress when
compared with stress-free spacing d,,, 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).
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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
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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
Egs. (3), (4), and (5) using the plane-specific elastic con-
stants E,;; = 220000MPa and Poisson’s ratio v,,; = 0.28
[10]

E
o= T = (et e, + €] @
- =;[(1—M)e +ule, +e,)] @
YT T+ (-2 R
a=;[(l_”)£ +ule, +£,)| 5)
T 0+ (- 2p) R

where x, y, z are 3 principal orthogonal directions corre-
sponding to either axial, or hoop or radial directions in the
sample coordinate system.
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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 x 3.8 x 3.8 mm?, 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 x 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

Incident beam

Line scan area of
proximity welds

Pipe outisde

diameter 219~

mm and 8.2 mm
thick

Incident 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 d, 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 d, 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 d, measurement was undertaken at mid-thickness
of d, 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 d, 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 pe uncertainty) within the line scan of the d;, sam-
ples, and therefore a single d,, value was used throughout the
analysis, i.e., a value of 1.1738 A.

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

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
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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

Fig.6 Axial residual stress a)
for WP_5mm, WP_10mm,
WP_15mm proximity distances
ata) 2 mm (cap) b) 4 mm (mid
thickness) ¢) 6 mm depth (root),
level respectively

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

proximty region
—

C |—®— @ 5mm WP
' |—e—@ 10 mm WP
L |—A—@ 15 mm WP

Axial Residual stress (MPa)
[¢)]
o
1

T T T
WT-A WT-B Weld B center

Distance from center of weld A to B

= b)

o

g 525 —_' : : s :

§ ggg : . pioximty region .

® 300 5 5

§ 225 .

21597 |—=— @ 5mm WP
€ 04 : \—e— @ 10 mm WP
8 75—t — —t—A— @ 15 mm WP
é Weld A center WT-AWT-B Weld B center

_ c) Distance from center of weld A to B

g proximty region

€ 450

& 375

é 300 —&— @ 5mm WP
= 225 A—o— @ 10 mm WP
3 1507 —A— @ 15 mm WP
‘s 75

g 04

.‘__B _75 R I s 1 * 1 € ¥ 1 L

é Weld A center WT-AWT-B Weld B center

Distance from center of weld A to B

@ Springer



The International Journal of Advanced Manufacturing Technology

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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Fig.7 Hoop residual stress a)
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WP_15 mm proximity distances
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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.

@ Springer

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
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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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Fig.8 Radial residual stress a)
for WP_5 mm, WP_10 mm,
WP_15 mm proximity distances
ata) 2 mm (cap) b) 4 mm (mid
thickness) ¢) 6 mm depth (root),
level respectively
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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
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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
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Fig.9 Through thickness axial
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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:

e 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.

e 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.

e 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.

e 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.

e 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

@ Springer
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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.

e 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.

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

e 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.

Abbreviations 1 : Wavelength; n: An integer; d : Spacing between
planes of atomic lattice under strain; hkl: Miller indices defining lat-
tice plane; d ,: Spacing between planes of atomic lattice in strain-free
state; O : Angle between incident and scattering beams; € : Strain; o,
: Residual stress in axial direction; o, : Residual stress in hoop direc-
tion; o, : Residual stress in radial direction; €, : Residual strain in axial
direction; £ Residual strain in hoop direction; [ Residual strain in
radial direction; E: Young’s modulus; u: Poisson’s ratio
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Abstract: International fabrication codes and standards provide minimum
distance criteria for proximity welds, although rigorous justification is
lacking. These distances are either based on practical experience or mutual
agreement and are often left to the engineering judgment of contractors,
inspection engineers, etc., especially in cases of repair welds fabricated in
proximity to existing welds. Previous studies have shown high tensile residual
stresses and altered mechanical and microstructural properties between
proximity welds. This article focuses on numerical and experimental
quantification of residual stresses in the proximity region by X-ray diffraction
(XRD) and finite element method (FEM) thermo-mechanical models.
Specimens were machine welded, then repair welded at distances of 5—15mm.
A fair agreement in results was achieved between FEM and XRD. The most
detrimental effect was observed at the weld root toe for the repair weld at 5
mm proximity, likely due to the high constraint and multi-axial stress state.
These findings enable practitioners to propose technical justification and
corrective actions while specifying minimum distance criteria for proximity
welds.

Keywords: Residual stresses, thermo-mechanical, proximity repair welds, X-ray,
1. Introduction

Pipe replacement procedures are inevitable in high pressure piping structures. The
causes vary and include high temperature creep effects, development of tensile residual
stresses at weld toes, intersection of longitudinal welds with girth welds, internal corrosion
and overlap of reinforcement of branch connections with existing welds [1]. These
situations lead to the fabrication of repair welds in proximity to existing welds like welds
of branch connections, nozzles, etc., during pipe replacement procedures. Failures due to
repair weld proximity to existing welds have led to catastrophic incidents in structural
offshore brace joints [2], nuclear power piping girth welds [3] and offshore floating
structural members [4] due to development of deleterious tensile residual stresses at weld
toe locations. International fabrication and repair codes lack clear consensus when it comes
to deciding the minimum distance between welds as described in a previous review [5].
These fabrication codes lack consensus for deciding minimum proximity distance criteria,
which is recommended either based on the thickness factor (four to five times) or diameter
(one to one and a half times) the of the joining member. Repair procedures of fabrication
codes are purely based on mutual agreement or some set arbitrary distance that is based on
the operator’s practical experience as stated in API 2200 [6] and DNV-OSF101[7], which
are used in transportation pipelines and subsea pipe replacement guides, respectively.

Repair welds are widely used in replacement procedures to extend aging piping’s life [8],
which are often vulnerable to cracking due to stress corrosion cracking (SCC) at the weld
root or at a distance away from weld toe locations. Tensile residual stress coupled with
corrosive medium in pipe internal surfaces represents a risk for SCC cracking at weld root



locations [1]. Repair welds can develop further restraint in addition to the original restraint
of girth welds, which can further develop harmful or beneficial residual stresses across the
thickness of proximity regions [8, 9]. Increases in transverse residual stresses
(perpendicular to the weld) have been observed by various researchers [3, 8-10] in repair
regions of existing welds, which are important from a structural integrity perspective.
Proximity regions that develop between repair and existing welds are subjected to
multiaxial stress states due to the presence of additional restraints, which can increase the
through thickness membrane and bending component as per stress decomposition theory
[9]. Level 3 assessment of estimating welding-induced residual stresses (WRS) in
structural integrity procedures of fitness for service codes [11-13] requires the use of
nonlinear FEM results coupled with residual stress experimental measurements for
defining residual stress profiles at a distance away from weld toe locations, which are
currently practically non-existent or overly conservative [14, 15].

Changes in transverse residual stress profiles have been observed between offshore jacket
brace joints and proximity butt welds in plates fabricated with a similar welding process in
the past [16, 17]. Weld sequence and additional restraint due to the heat input of additional
welds play important roles in estimating final WRS profiles [18]. We previously qualified
the welding procedure between repair and existing girth welds [4] by welding with two
different welding processes where high hardness and low Charpy energy values were
recorded. Further development of high tensile axial residual stresses at mid thickness and
towards the root region of proximity welds were observed between repair and existing
welds by using neutron diffraction (ND) technique [19]. There is a lack of studies on the
distribution of WRS around weld root and toe locations to estimate stresses on pipe outer
and inner surfaces.

This study aimed to investigate how repair girth weld placement at set distances of 5, 10
and 15 mm from the existing weld impacts the residual stress distribution around weld toe
and root regions. The thermo-mechanical-based finite element method (FEM) using
ABAQUS was used to simulate the welding process and estimate residual stresses.
Experimental validation was performed by using XRD to evaluate residual stresses at pipe
outer and inner surfaces. The remainder of the paper is structured as follows: Sect. 2
presents the methodology. In Sect. 3, the results are presented and discussed. Finally, in
Sect. 4, we draw our conclusions.

2. Methodology

2.1 Test specimens

Proximity girth welds were fabricated on structural steel grade S355 G14+N seamless pipe,
with dimensions of 219.1 mm outside diameter and 8.18 mm thickness as shown in the
schematic in Fig. 1. To simulate the practical scenario of proximity welds, an initial weld
was welded with the tungsten inert gas (TIG) welding process. After maintaining the
required weld proximity (WP) distance of 5, 10 or 15 mm between adjacent weld toes, a
repair weld was fabricated with metal active gas (MAG) for the root pass, and Flux cored
arc welding (FCAW) was used for the remaining passes. Details for the welding parameters
and mechanical properties of the base and filler wire can be found in our previous work

[4].
2.2 Residual stress measurements using X-Ray diffraction

WRS was measured using a Proto iXRD instrument on the inner and outer surfaces of the
welded pipes. Stress calculations are done in Proto XRDWIN using the sin?> ¥ method and
11 B angles. A [ range of + 20° was used for the outside of the pipe, while the inside was
restricted to + 16° due to collision with the pipe wall. A Cr cathode was used with a 1 mm
circular aperture at 20 kV and 4 mA, which gives a penetration depth of about 4-5 pm
[20]. Measurement locations were manually chosen as close to the roots as was feasible
and at 3—5 mm intervals. The locations were programmed so that subsequent measurements
could be obtained at the exact same points in both the axial and hoop directions. All



measuremnts were taken at the surface level of the pipe on the inner and outer surfaces,
respectively.

2.3 Numerical model

In this study, a FEM-based numerical model was generated in ABAQUS [21] using the
Qustom app plugin [22] which was used to develop automatic subroutines for multi-pass
welds. In thermo-mechanical-based FEM models, temperature history output serves as
input to mechanical models. Nodal temperature distribution is solved incrementally in
mechanical models with time to satisfy equilibrium conditions [23]. It is important to
mention here that an uncoupled thermo-mechanical simulation was used in this analysis,
which generates separate thermal and mechanical models. Mechanical strains are estimated
according to simulated heating and cooling times from a temperature distribution of
existing and repair welds, which replicates the practical pipe replacement procedures.
However, the effects of initial residual stresses were taken as negligible as reported by past
research [8, 9]. Hence, WRS was measured after the completion of repair weld only.

2.2.1 Geometry

A 2D Axisymmetric model was built in ABAQUS from available macrographs of existing
and repair welds. Three different scenarios of weld proximity (WP) distances of 5, 10 and
15 mm were maintained between adjacent weld toes as shown in Fig. 1 with a minimum
element size of 0.15 mm maintained at HAZ and proximity regions. Mesh convergence
study was performed and was found to be satisfactory as residual stresses profile did not
change with increasing element size. Subsequently, repair welds were modelled according
to an available macrograph from the welding qualification procedure record (WPQR) [4]
at set proximity distances. Existing and repair welds were modelled simultaneously;
however, during thermal analysis, repair weld was made inactive using the ‘model change’
feature in ABAQUS to develop automatic subroutines by use of the Qustom app plugin.

Exisitng weld WP 5, 10 & 15mm

\\ ; /Repalr weld

8.2 mm
thickness
T
T e
i i X
Outside diameter i
212 mm Area of bead pa?s XRD measurement points
Apass (inside) 5

Fig. 1. Axisymmetric FEM model of existing and repair welds reproduced from weld
macrographs showing XRD measurement locations

2.2.2 Material model

Temperature-dependent material and mechanical, material and hardening properties for the
parent and weld metals were taken from Bhatti et al. [24] as also shown in Fig. 2a and b,
respectively. Temperature-dependent mechanical and material properties are considered
the same for the base and weld metal as per S355 grade. Thermal conductivity from
temperature-dependent material properties [25] were doubled between melting and cut-off
temperatures to take the enhanced convection effects of the molten weld pool into account
[8]. The isotropic hardening law and rate-dependent power laws were used in this analysis
without considering the effect of phase transformations [26] for base and weld materials
as shown in Fig. 2b.
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Fig. 2. S355 material temperature-dependent a) mechanical and material and b) hardening
properties adopted from Bhatti et al. [24]

2.2.3 Heat source modelling

During thermal analysis, accurate estimation of linear heat input (Q) in J/mm in welding
direction is important by approximating the area of the weld pass (Apass) correctly as shown
in Fig. 1. Goldak’s double ellipsoid [27] fusion zone length parameters (c.+ cr) (i.e., rear
and front part of the torch) were estimated by using Rosenthal’s moving heat source
solution for semi-infinite bodies [28]. Various researchers [9, 18, 29-33] have used a
simplified model of heat flow analysis for estimating heat input in 2D or axisymmetric
numerical models for residual stress estimations. Hold time tnoq determination can be
estimated by deposited weld at specified melting temperature according to Equation (1).
Determination of hold time and heat input to avoid overheating in the numerical model
was performed by calculating weld pass area (Apass) by using macrographs from WPQR,
which we qualified in a previous study [4].

Crt+ cr

- @)

thold =

Linear heat approximation for each weld pass was performed analytically to estimate the
torch length parameters and hold time as shown in Table 1. A detailed explanation for



linear heat input estimation and torch parameters can be found in Bhardwaj and Ratnayake
[34]. The Qustom app plugin was used in ABAQUS, which can automatically import the
defined geometry and can assign temperature-dependent properties to the relevant sections
of the weld and parent metal. This plug-in can automatically generate and define weld
passes by facilitating easy assignment of the weld bead sequence for each weld pass in
multi-pass welds. In the bead assign section of this plugin, hold time can be calculated
automatically by inserting analytically derived Goldak’s parameters of front and rear (cr+
cf) parts of the torch. Similarly, weld bead laying sequence and corresponding cooling time
can be inserted automatically.

DCAX4: A 4-node linear axisymmetric heat transfer quadrilateral element was used for
thermal analysis in ABAQUS. Each weld pass was deposited at a melting temperature of
1500 °C and a cut-off temperature of 1200 °C until it reaches inter-pass from the WPQR.
Surface film conditions were provided in the thermal model with a magnitude of 25 Wm~
ZK-! corresponding to a still air environment for both sides across a thickness and radiation
emissivity coefficient of 0.7. After the completion of each pass of the existing weld,
sufficient cooling time was provided to the model to reach the ambient temperature
conditions seen in Table 1. After its completion, repair weld beads were inserted into the
model at set proximity distances of 5, 10 and15 mm according to the parameters mentioned
in Table 1.

Table 1: Hold time and torch parameters for existing and repair welds.

Existing weld
Weld v Q Area of Cr Ccf thotd Cool
pass Travel J/mm the bead Rear Front (s) down
speed Apass length of length of time (s)
mm/s (mm2) torch (mm) | torch (mm)
Root 1 913.9 21.99 1.91 0.67 2.58 1800
Hot pass 1.47 988.2 22.29 3.12 0.94 2.71 600
Fill 3.22 746.7 26.01 5.36 1.61 2.17 600
Cap 2.92 894.4 21.4 5.81 1.75 2.69 3600
Repair weld
Weld v Q Area of Cr cf thola Cool
pass Travel J/mm the bead Rear Front (s) down
speed Apass length of length of time (s)
mm/s (mm2) torch torch
Root 1.52 736.0 28 0.70 2.34 2.00 900
Hot pass 5.9 650.3 20.93 2.47 8.23 1.81 600
Fill 5.48 640.6 27.69 2.47 8.22 1.95 600
Cap 428 794.2 30.13 230 7.66 233 3600

2.2.4 Mechanical model

The mechanical model was generated separately in ABAQUS in an uncoupled thermo-
mechanical fashion after nodal temperature estimation was matched with available
thermocouple data and macrographs from the available WPQR. In the mechanical model,
suitable boundary conditions are provided to avoid rigid body motions and over-
constraining of the model. In the mechanical analysis, melting temperature was capped to
avoid excessively large thermal strains and cut-off temperatures were set in material
properties as per Fig. 2b to avoid a large accumulation of plastic strains. CAX4: A 4-node
bilinear axisymmetric quadrilateral element was used for mechanical analysis in
ABAQUS. Boundary conditions were applied to eliminate all rigid body motions by
restraint at the axial end of the pipe without affecting the stress solution. Residual stresses
were measured with the XRD technique according to the locations mentioned in Fig. 1
between adjacent welds for all proximity distances on the outer and inner surface of the
pipe, respectively.



3. Results and Discussion

The results of hoop and axial residual stress measured from XRD techniques were
compared with FEM results for pipe outer and inner surfaces as shown in Figs. 3 and 5
respectively. The measurements were performed on the pipe’s outer surface starting from
the left side of the repair weld toe (WT-R) to the right toe of the existing weld (WT-E) and
on the pipe’s inner surfaces, i.e., between the repair and existing weld root toes for all
proximity distances as previously shown in Fig. 1. Through thickness stress distribution at
existing weld toe location is also presented in Figs. 4 and 6 for hoop and axial stress
components respectively for all proximity distances.

3.1 Hoop residual stress: circumferential to weld direction

As shown in Fig. 3a and b, hoop residual stresses were presented for all WP distances
starting from the repair weld towards the existing weld for the pipe’s outer and inner
surfaces, respectively. The figures show that hoop stresses at outer surface proximity
regions are mainly compressive in nature. However, pipe inner surface stresses are mainly
tensile in nature, starting from the weld toe WT-R (repair) to the WT-E (existing) weld.

3.1.1 Stress measured on the outside of the pipe

The XRD-measured points on the outside surface of the proximity region for 5 and 15 mm
WP distances were found to be mainly compressive in nature, whereas 10 mm WPs were
found to be on the tensile side as shown in Fig. 3a. The magnitude for 5 and 15 mm WP
samples were found to be negative 20% of the yield strength of S355 material used in this
study, whereas 10 mm WP was found to be positive 10% of yield strength. FEM results
for 5, 10 and15 mm WPs showed the same decreasing trend between repair and existing
welds, but their magnitude is overpredicted in contrast to XRD results. It is worth
mentioning here that stresses estimated by FEM were overpredicted as the model used in
this study does not consider the effect of phase transformations and temperature-dependent
properties of filler wires of weld metal. Changes in the final developed profile at proximity
regions (i.e., between adjacent welds) can be attributed to the additional restraint of the
repair weld (i.e., due to an additional shrinkage effect) and tempering effect with
decreasing distances between their weld toes as seen from the FEM results.

Hoop stresses measured at weld centre locations on pipe outer surfaces of repair welds are
found to be tensile in nature due to natural restraint in pipe geometries. Generally, hoop
stresses are found to be equal to the yield magnitude at weld centre locations and are
balanced by compressive stresses on adjacent sides of the weld [35, 36]. Due to the
sequence of repair welds being welded after the completion of existing welds, stresses
found at weld centres of existing welds were found to be normalized or generally
compressive in nature. A shrinkage zone-controlled plastic zone leads to the development
of yield-level hoop residual stresses around weld toe regions as demonstrated by previous
research [29-31, 34]. Due to the use of two different welding processes in simulating the
conditions of repair and existing welds with varying heat inputs and sequences of welding,
stresses developed at these regions are further normalized. Due to changes in morphology
of final microstructure developed at proximity regions, as observed in WPQR of proximity
welds micrographs, development of stress at an inter or intra-granular level can be
considered the main reasons for changes in the final observed residual stress state.
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3.1.2 Stress measured inside the pipe

Hoop stresses measured between two WT-R and WT-E locations on the pipe’s inner
surface by the XRD technique are presented in Fig. 3b. Repair welds exhibited tensile
residual stresses equal to or greater than the yield strength of the material, i.e., S355 at WT-
R locations, whereas these stresses were found to be converging towards compressive
regions at WT-E locations. Stresses developed at proximity regions on pipes’ inner
surfaces for 5 mm WP from the XRD results were found to be of maximum magnitude,



i.e., around 50% yield stress of S355 steel used in this study, which can be attributed to the
maximum restraint effect. FEM validation shows a fair agreement with the experimental
results; however, the predicted stresses were underpredicted by 25%.

Stresses measured from XRD at WT-E root locations for Smm WP distances are minimum
at the weld root location due to the maximum compression effect of subsequent passes in
a multi-pass weld, as observed by other researchers [35]. This high hoop tensile residual
stress that developed at weld root toe locations can be deleterious to the structural integrity
of piping, which are subjected to corrosive transport of fluid, creating a perfect
environment for SCC cracking. Stresses measured at proximity regions for 5 mm WP show
a global bending behaviour, i.e., compression on the outside and tension on the inside, as
observed by previous researchers [8] for failures in power piping girth welds [37, 38]. Due
to the multiaxial nature of residual stress developed at proximity regions, minimum
distance criteria need to be standardized for non-stress-relieved welds to avoid the risk of
SCC and reheat cracking.

3.1.3 Through thickness stress distribution: Existing weld vs repair weld

Fig. 4a presents the through thickness hoop stress distribution at the WT location of
existing welds for all proximity distances. These FEM-based results are compared with the
existing single weld (SW) stress state distribution without the presence of repair welds at
proximity. It can be observed that original state of existing welds follows a tensile
distribution on the outer surface and compression on the inner surface of the pipe. For 10
and 15 mm WP distances, hoop stress distribution exhibits almost the same trend with
some changes due to the effect of decreasing proximities. For 5 mm WP, due to the
maximum effect of restraint and an additional shrinkage effect, hoop stress distribution is
changed and tensile stresses are estimated at pipe outer and inner surfaces at existing weld
toes.

Stress linearized components based on the length scale-based characterization technique
[39] and derived from stress decomposition theory is important from a structural integrity
perspective. The decomposed components of the membrane and bending are beneficial in
determining the fracture driving force in term of stress intensity factor (K). Membrane
components provide maximum contributions in crack driving force followed by bending
as demonstrated by various researchers in the past [3, 9, 39]. Fig. 4b presents the
decomposed competent of membrane and bending for hoop stress for all WP distances at
existing weld toe locations at pipe outer surfaces. It can be observed that the hoop-
membrane component is the maximum for 5 mm WP in contrast to 10 and 15 mm WP in
contrast to SW stress state, which was found to be the maximum. Higher membrane hoop
stress exerts the maximum circumferential shrinkage force which can be deleterious to
pressure-containing pipes as additional hoop component is developed in addition to natural
hoop restraint in pipe girth welds. The hoop-bending component was found to be the
maximum for the 15 mm WP distance and found to be comparable with existing SW
original state, which implies increased radial restraint.
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3.2 Axial residual stress: perpendicular to weld direction

As shown in Fig. 5a and b, axial residual stress distribution is presented for all WP
distances starting from the repair weld towards the existing weld on pipe outer and inner
surfaces. It can be observed that axial stresses change from compressive to tensile and vice
versa starting from the repair to the existing weld on pipes’ outer and inner surfaces,
respectively.



3.2.1 Stress measured on the outside of pipes

WRS measured by the XRD technique for all WP distances were found to be compressive
at the weld centre location of repair welds and shift towards tensile regions at existing weld
centre locations as shown in Fig. 5a. Stresses measured at the proximity region were found
to be compressive from the XRD technique for all proximity distances and found between
negative 50% and 70% magnitude of the yield stress for the S355 material. FEM results
were estimated to be in reasonable agreement, except weld centre locations. This can be
attributed to the use of S355 temperature-dependent mechanical properties for weld metal
locations of repair and existing welds in FEM models.
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Axial stress distribution is primarily affected by the mismatch in axial strains and due to
different expansion and contraction properties of filler wires used in the fabrication of
repair and existing welds. This mismatch is compensated by plastic straining of repair
welds and proximity regions when compared with elastic deformation of the parent metal
as noticed by Bouchard [37] while studying the overlapping repair weld length effect on
the existing weld. Song and Dong [8] made a similar observation while deciding repair
length optimum size, i.e., maximum possible length, but width should be as narrow as
possible, and its depth as shallow as possible.

3.2.2 Stress measured inside the pipe

Axial residual stresses estimated at pipe inner surfaces from the FEM study were found to
be tensile at the repair weld root toe location and moving toward a zero-stress state or
compression at the existing weld root toe as shown in Fig. 5b. For the 5 mm WP distance,
tensile stresses were observed at weld root toe locations of existing welds in contrast to
compressive stresses found at 10 and 15 mm WPs. This can be attributed to maximum
restraint at WP 5 mm distance and the multi-axial stress state developed at proximity
regions. Tensile axial residual stress was also observed at root toe locations of existing and
repair welds at 6 mm depth from the top of the weld cap by neutron diffraction experiments
[19]. Axial residual stresses contribution is important for determining crack driving
parameters for components subjected to axial loadings; hence their estimation is important
for determining the minimum distance for repair weld placement in piping subjected to
corrosive mediums.

3.2.3 Through thickness stress distribution: Existing weld vs repair weld

Fig. 6a presents through thickness axial stress distribution for all proximity distances
compared with the existing single weld (SW) stress distribution without the presence of
repair welds in proximity. It can be observed that the original state of SW follows a
distribution of a self-balancing state with compression on the outer surface balanced by
tension at mid thickness followed by compression on the inner surfaces of pipe. The same
observation was noticed for 10 and 15 mm WP distances; however, for Smm WP, tensile
axial stresses were estimated at weld root toe locations of existing weld toe locations.
Tensile 10% and 20% compression S355 yield was estimated by FEM at pipes’ inner and
outer surfaces, respectively for 5 mm WP. 20% compression can be attributed to maximum
tempering and interaction taking place between weld toe of repairs and existing welds in
contrast to 10 and 15 mm WP. At pipe inner surfaces, tensile stresses were observed in
contrast to 10 and 15 mm WP due to the maximum effect of restraint and multi-axial stress
developed at proximity regions.

The membrane component in the axial direction was found to be negligible [15, 30] for
different 1/t geometries unless final assembly welds have restraints. Stress decomposed
factors of axial residual stress at pipe outer surfaces are presented in Fig. 6b where the
membrane component for 5 mm WP was found to be higher than 10 and 15 mm WP and
comparable with the SW axial component. The bending component was found highest for
15 mm WP in contrast to 5 and 10 mm WP. Macrographs of 15 mm WP generated from
WPQR in a previous study [4] displayed maximum distortion in axial or transverse
directions in contrast to 5 and 10 mm WP. This can cause high primary and secondary
bending stresses, which are deleterious to pipe welds subjected to axial loading conditions
under repeated loading conditions leading to fatigue failures.
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In this article, numerical and experimental investigations were conducted to estimate
welding-induced residual stress between weld toes of repair girth welds placed at set
proximity distances to an existing girth weld. XRD measurements were conducted by using
a Proto iXRD® compact instrument at SINTEF/NTNU/IMT, Norway on pipe outer and
inner surfaces, respectively. These measurements were validated with a FEM-based
thermo-mechanical model in ABAQUS® and were found to have a fair agreement with
the experimental results. This case study was an extension of a previously qualified
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welding procedure qualification record and residual stress measurement by neutron
diffraction between proximity welds on a structural steel S355 grade pipe. Residual stresses
were quantified using the stress decomposition technique for determining the through
thickness stress state profile and highlights the contribution of hoop and axial decomposed
components of membrane and bending which are useful in estimating stress intensity
factors due to residual stress used in crack assessment procedures. The major findings of
this study are reported below:

e Residual stress distribution between repairs and existing weld toes on pipes’
outer surfaces are strongly influenced by the distance maintained from their weld
toe as a maximum tempering effect was noticed in the hoop and axial directions
for 5 mm proximity due to the closest interaction of adjacent weld toes.

e The residual stress distribution on pipe inner surfaces between adjacent weld
root toes exhibits the development of harmful tensile stress formation at existing
weld root toes which can be deleterious to SCC and reheat cracking in aging
welds of power and process piping’s structures.

e The sequence and restraint of repair weld fabrication in proximity to existing
welds were identified as major factors in determining final residual stress
development of tension at existing weld toe locations at pipe outer and inner
surfaces by using the XRD technique.

e FEM models were found to have a reasonably fair agreement with measured
XRD results. Variations in results can be attributed to a lack of temperature-
dependent mechanical properties for filler metals, type of hardening model and
the exclusion of phase transformations in FEM models.

e Linear 2D heat input approximation and Rosenthal’s moving heat source
solution for avoiding overheating problems and estimating Goldak’s torch
parameter, respectively in thermal models, from weld macrographs have proven
to be an effective technique for estimating residual stresses in FEM.

e An increase in the decomposed component of membrane stress by stress
decomposition theory in the hoop and axial directions for the closest proximity
distance was identified as an important technique for identifying important
parameters for determining fracture driving forces used in structural integrity
procedures for cracks in welds.

e In deciding minimum distance criteria for the placement of repair welds in
proximity to existing welds, residual stress profile estimation at distances where
they completely vanish from weld toe locations need to be recommended based
on repair weld geometry i.e., radius to thickness ratio, heat input of the repair
welding process and the sequence of welding leading to additional restraints.

Further validation with an FEM-based numerical model considering the effect of
metallurgical and phase transformations needs to be developed during the defect
assessment procedures of welds.
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