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Executive Summary
Background
BS 7910 provides guidance for fitness-for-service assessment for welded structures. Annex Q of the
document provides guidance on the estimation of residual stress (RS) distributions for various joint
types for defect assessments. However, the distribution curves suggested were based on limited data
which were a combination of experimental measurements and modelling. To get more confidence with
the use of the curves and possibly improve the current guidance on residual stresses, TWI was
contracted by HSE to carry out a programme on residual stresses in girth welds. The programme
included a brief literature review, residual stress measurements for two types of girth welds, numerical
modelling of residual stress profiles and discussion of the impact of the new data on the current
guidance given in BS 7910.
Objectives







Carry out a brief review of residual stress distributions for girth-welded and butt-welded tubular
joints recommended in relevant standards and identify new data in the literature since 2007.
Experimentally measure residual stresses to determine their through-wall thickness distributions
in two different girth welds representative of offshore structural components.
Predict residual stress distributions using numerical modelling and validate the predictions using
the experimental results obtained above.
Derive a general expression for though-wall thickness residual stress distributions of girth welds
based on the information obtained above.
Assess the impact of the above results on structural integrity assessment methods.
Make recommendations where appropriate.

Work carried out








A literature review was carried out to find new data about residual stresses for girth-welded and
butt-welded tubular joints.
Experimental measurements of residual stresses were carried out for a 16 inch outside diameter
(OD) pipe section. The work included determination of through-wall thickness distributions of
residual stresses for three different locations (cases) around the circumference of the weld and
four surface residual stress measurements.
Experimental measurements of residual stresses were carried out for a 20 inch OD pipe section.
The work included determination of the distributions of through-wall thickness residual stresses for
two different locations and four surface residual stress measurements.
FEA modelling was performed to predict the through-wall thickness residual stress distributions
for the above two girth welds at different locations.
An upper bound expression for through-wall thickness residual stress distribution of girth welds
was derived based on the revised database.
The impact of the results obtained in the present project on structural integrity assessment was
discussed.

Summary and conclusions
Literature review
1 There were still limited experimental data on residual stresses in girth welds. Only one reference
was found which provided measured residual stresses in offshore girth welds.
2

None of the data contained in the literature significantly contradicts the idealised RS profiles
provided in the main standards.

Residual stress measurements on the 16 inch pipe
1 Through-wall thickness residual stress distributions were determined using the deep-hole drilling
(DHD) technique at three locations of a girth welded pipe: one at the weld start, one at the weld
stop and the other at a position remote from these two features (3 o’clock).
2

The residual stress in the longitudinal direction (perpendicular to the girth weld) depends on
position around the circumference of the weld. It was higher (more tensile) at the weld root than
at the weld cap at the start/stop positions. However, away from these two positions the residual

stresses were tensile at the weld cap but compressive at the weld root. The residual stress in the
circumferential direction of the pipe (along the girth weld) was tensile and predominantly a
membrane stress
Residual stress measurements on the 20 inch pipe
1 Through-wall thickness residual stress distributions were determined using the block removal,
splitting and layering (BRSL) technique at two locations of a girth welded pipe: one near the
intersection between the seam and girth welds, and the other opposite to it.
2

The surface stresses determined from the hole-drilling method and the BRSL technique were
generally in agreement in indicating tensile stress at the surfaces, although the magnitudes were
significantly different.

3

Similar distributions of through-wall hoop and axial stresses at the two locations were observed,
implying a small influence of the seam weld on residual stresses in this case.

4

The residual stress distributions in the axial direction for the 20 inch pipe exhibited a U shape:
tensile near the inside and outside surfaces while compressive in the mid-wall thickness. It was
different from that seen in the 16 inch pipe.

Numerical modelling
1 For the 16 inch pipe, generally there is a good agreement between the measured hoop stresses
and the predictions about 5mm below the surfaces of the weld. The agreement of the axial
stresses in this region is fair, though it is poor at the 3 o’clock position. The modelling tends to
show increased stresses at the root. This was in agreement with the surface measurement results
(centre-hole method) at the weld start and stop positions, but not with those measured by the
DHD technique or the centre-hole method at the 3 o’clock position.
2

For the 20 inch pipe, generally there is good agreement between the measured axial stresses and
the predictions about 5mm below the surfaces of the weld. Elsewhere there is a difference
between the predicted and measured residual stresses. The predicted hoop stresses on the plane
of symmetry of the model are higher than the measured values at this location. There appears to
be a reasonably good correlation between the measured and predicted hoop residual stresses
once the predicted distributions over the full width of the measurement block have been
averaged.

Derivation of axial residual stress distribution
Based on the updated database, which included the database for the current BS 7910, the data
experimentally obtained in the present project and the data collected in the literature, a new
expression for residual stress distribution in the axial direction has been derived for welds with low
heat input. It was based on a 90% upper bound limit (slightly modified).
Impact of residual stress results on structural integrity assessment
The current residual stress profile given in BS 7910 for girth welds with low heat input represents an
approximately 80% upper confidence limit. Therefore, the new data will not have a significant impact
on the current guidance on residual stresses and hence structural integrity assessment for girth
welds.
Recommendation
Although the current guidance given in BS 7910 for axial residual stresses in girth welds with low heat
input represents an approximately 80% upper confidence limit and provides a good and conservative
estimate, it would be more accurate and more conservative to use the upper bound residual stress
distribution proposed. It was based on 90% upper confidence limit derived in the present project
based on the updated database. The new expression for residual stress distribution is:
x
x
x
x
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t
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where SR/SY is the residual stress normalised with the yield strength of base metal and x/t is the
distance from weld root normalised with the wall thickness of the pipe.

1

Introduction
Residual stresses are unavoidably generated in components after welding. The magnitude
of residual stresses may be up to the yield strength of the material. Tensile residual stress
in engineering structures generally has an adverse effect on structural integrity. It can
cause detrimental effects on brittle fracture, corrosion properties and fatigue performance.
Published experimental data from residual stress measurements are limited and are mostly
for stainless steels for the nuclear industry. The experimental data for offshore welded joints
are very scarce. There is strong interest in the offshore industry to better understand the
magnitude and the distribution of through-wall thickness residual stresses in order to justify,
improve and supplement the guidance on residual stresses described in codes such as
BS 7910 (BSI, 2005). Increased knowledge of residual stresses can help the offshore
industry gain more confidence in structural integrity of critical components.
For this purpose, TWI was contracted by the Health & Safety Executive (HSE) to carry out
both experimental measurements and finite element (FE) modelling of residual stresses in
offshore girth-welded joints (Zhang, 2009). This report describes the work carried out and
the results obtained.

2

Objectives


Carry out a brief review of residual stress distributions for girth-welded and butt-welded
tubular joints recommended in relevant standards and identify new data in the literature.



Experimentally measure residual stresses to determine their through-wall thickness
distributions in two different girth welds representative of offshore structural
components.



Predict residual stress distributions using numerical modelling and validate the
predictions using the experimental results obtained above.



Derive a general expression for residual stress distributions through wall thickness of
girth welds based on the information obtained above.



Assess the impact of the above results on structural integrity assessment methods.



Make recommendations where appropriate.

3

Literature Review

3.1

Introduction
The aim of this literature review is to briefly review residual stress (RS) profiles for pipe girth
welds that are recommended in the main standards, and to identify any new experimental
data containing measured or predicted RS profiles for girth welded pipes or tubular joints.
Since a review of new residual stress data for girth welds was carried out in 2007 (Wei and
He, 2010), this review has focused on any new data since then.

3.2

Residual stress profiles in standards
The main standards that provide RS profiles for welded joints are BS 7910:2005 (BSI,
2005), R6 Rev 4 (BEGL, 2003), API 579-1 (API, 2007), SINTAP (1999), and FITNET
(FITNET, 2008). The RS profiles provided in API 579 are for typical welded structures,
including cylindrical shells (ie pipes), spheres and pressure vessels. The RS profiles given
in FITNET and R6 are for a number of geometries, including pipe butt welds and pipe
T-welds and are the same. BS 7910 provides profiles for geometries including pipe butt
welds and T-butt welds. The RS profiles for repair welds are also covered in these
standards.
The RS profiles recommended in the standards define upper bounds to published
measured and modelled RS profiles. In BS 7910, the simplest (and most conservative)
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assessment (Level 1) assumes a uniform RS profile equal to the appropriate material yield
strength. If a lower degree of conservatism is required, the hoop (ie parallel to the weld),
and axial (ie perpendicular to the weld) through-thickness RS distributions can be assumed
to be non-uniform, in which case, Annex Q provides different sets of through-thickness RS
profiles based on experimental data published until 1996. In R6 (and FITNET), three distinct
cases are defined. Level 1 assumes a tensile stress equal to the appropriate yield strength
(similar to BS 7910). Level 2 comprises an upper bound solution to experimental and
predicted RS profiles (also similar to BS 7910). Level 3 reduces the conservatism and the
RS profile is based on experimental measurement and detailed analysis. The profiles in R6,
FITNET and BS 7910 apply to both ferritic and austenitic steels provided that the 0.2%
proof strength is used for the yield strength of ferritic steel and the 1% proof strength is
used for austenitic steels.
API 579-1 provides equations for the through-thickness variation of transverse and
longitudinal RS, which are governed by the ratio of radius to wall thickness and the heat
input per unit volume for a welding process. The standard also separates the membrane
and bending components of the RS profile. The equations describe profiles which are upper
bounds of modelling work and they apply to all materials, without distinguishing between
austenitic stainless and ferritic steels.
Figure 1 compares the normalised axial residual stress distributions against the normalised
distance from weld root between BS 7910 and API 579. They are based on different
databases: the guidance in BS 7910 was mainly based on the results of experimental
measurements while the guidance in API 579 was based on the results of numerical
predictions. The wide variations in distribution and magnitude of the residual stress profiles
between the two standards can be appreciated. This reflects the difficulty in characterising
residual stress distributions and suggests that the results of a fracture assessment will
strongly depend on which standard has been used with respect to RS distribution.
3.3

Brief summary of the reviews carried out by TWI before 2007
TWI has carried out two reviews on residual stresses (Xu and Leggatt, 2002; Wei and He,
2010). Residual stress profiles published in the literature until 2002 were collected and
reviewed by Xu and Leggatt (2002). The authors noted that the RS profiles given in
BS 7910 and API 579 are generally conservative, and for the specific case of stainless steel
girth welds, the profiles proposed by Bouchard (2001) fit well to experimental data.
Wei and He (2010) carried out a review in 2007 on the different methods of predicting the
RS distribution of girth welds using finite element (FE) analysis. The authors reported new
RS data published by Bouchard (2007). These data were obtained from girth welded 316
stainless steels. Wei and He also compared the RS profiles given in the standards and
compared RS distributions for girth welded and butt welded pipe in papers published until
2007. Some characteristics of RS profiles in girth-welded pipes were outlined. They found
that the main work came from Leggatt (1982, 1983) who used the hole drilling and the block
removal techniques to measure the surface (Figure 2) and through-thickness (Figure 3) RS
profiles in a six-pass butt weld in API-5L-X65 steel pipe. Similar surface axial stress
distributions were obtained by Jonsson and Josefson (1988). There is some debate in the
literature over the magnitude of residual stresses, with the standards typically
recommending that RS of yield strength magnitude are assumed. Scaramangas and Porter
Goff (1981) measured the through-thickness RS distribution in butt welds in Grade 50D
steel pipes using central hole drilling.

3.4

Review of new published data
Searches on the Weldasearch database for papers published since 2007 were conducted
using the key words ‘welding residual stress’ and ‘residual stress’, ‘tubular’ and ‘joint’. In
total, nine conference papers, eight journal articles and one book were found. The results
were filtered so that they were relevant to experimental or predicted residual stress profiles
in girth welds and/or tubular joints. This resulted in four conference papers (Mizuno, 2008;
Noda, 2008; Iwanatsu, 2008 and Barsoum, 2007), two journal articles (Miyazaki, 2009 and
Pardowska, 2008) and the book (Price, 2009). The majority were from the nuclear industry
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and therefore were for austenitic stainless steels and many used neutron diffraction to
obtain the RS profiles. Most also contained RS profiles predicted from FE analysis. A brief
summary of the features of these articles is given in Table 1.
Noda et al (2008) used neutron diffraction to measure the hoop (circumferential) surface RS
in parent material, beginning at the edge of a girth weld between 316 stainless steel pipes
(OD 165.2mm, WT 18.2mm and total specimen length 100mm). The RS profile was also
modelled using the 3D Iterative Substructure Method (ISM) and ABAQUS FE models. The
measured hoop RS decayed from approximately 300MPa at the weld edge to zero at about
10mm from the weld edge. The two FE models were in good agreement with each other,
but they predicted residual stresses that were approximately 100MPa lower than the values
measured using neutron diffraction. The minimum predicted value of RS at the surface was
compressive, around -100MPa, at a location 10mm away from the weld edge (see
Figure 4). The authors attribute the difference between modelled and measured values to
errors in the experimental measurements, rather than errors in the FE model.
Mizuno et al (2008) performed similar measurements with neutron diffraction on a girth weld
in 304 stainless steel pipe made by the TIG welding process (OD 305mm, WT 25mm and
specimen length 500mm). The RS distribution was modelled using a 2D axially symmetric
FE model and the results compared to the measured values. The measured axial residual
stress was found to be approximately -100MPa at the weld centre line. The FE model
prediction was quite different to that measured and predicted that the RS at the weld centre
would be close to 300MPa and gradually decay to 100MPa over a distance of 10mm either
side of the weld bead (see Figure 5). The hoop stress was measured to be compressive
(approximately -250MPa) at the weld centre, but the model predicted the RS in this position
to be around -50MPa. Overall there was an approximately 200MPa discrepancy between
the measured and predicted values of RS, and in contrast to Noda et al, the FE model
predicted a higher RS value than those that were measured.
Iwamatsu et al (2008) suggested that axially symmetric FE models should not be used
when modelling welding residual stress as these models neglect the asymmetry caused by
the weld start-stop position, and that this asymmetry is important in obtaining an accurate
circumferential RS profile in small bore pipe. Iwamatsu et al created a 3D model for the
welding residual stress in a butt-welded 316 stainless steel pipe (OD 34mm, WT 4.5mm)
using ABAQUS. The model was thermal elastic-plastic and used transient heat transfer
analysis to model the temperature distributions of a moving heat source during welding and
cooling. The authors found that the RS distribution is affected by the final weld pass and the
3D model is required to model the RS distribution of small bore pipe accurately.
The through-thickness distribution of RS in a 316 stainless steel pipe (OD 609.6mm, WT
37.45mm) was modelled by Miyazaki et al (2009). The model was elastic-plastic, 2D and
axisymmetric as the authors were interested in the through thickness distribution, and not
the circumferential RS distribution at the start-stop position. The weld heat input was
1.0kJ/mm. The aim of the paper was to assess the effect on the RS profile of the distance
of the weld from a fixed point. However the authors found that the distance from the fixed
point did not affect the predicted RS distributions. A number of through-thickness RS
distributions were given - a typical example is shown in Figure 6. The through-thickness
distribution of axial RS was found to be S-shaped. It was tensile at the inner pipe surfaces
(~400MPa), close to zero at the outer pipe surface, and the minimum compressive stress
was about -250MPa which occurred approximately 15mm from the inner surface.
Pardowska et al (2008) used neutron diffraction to measure the transverse and longitudinal
RS profiles (1.5mm below the surface) for bead-on plate samples of carbon steel AS/NZS
3678 grade 250 (parent metal yield strength = 285MPa, weld metal yield
strength = 445MPa). The results were normalised with respect to the weld metal yield
strength. The measured values were compared to the uniform stress distribution in BS 7910
(ie a constant value of the appropriate material yield strength) and the Level 2 assessment
in R6. The authors found that some of the measured hoop (termed ‘longitudinal’ in that
paper) residual stresses in the weld metal were above the weld metal yield strength (the
value assumed in both BS 7910 and R6) (see Figure 7), suggesting that neither standard
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was conservative. However, it should be noted that the error involved in neutron diffraction
measurements can be as high as 10% of the material yield strength (Bouchard, 2008),
meaning that Pardowska’s experimental results are approximately of yield strength
magnitude when this error is taken into account. Pardowska et al also noted that some of
the samples contained multiple weld beads and in these multipass welds, the peak stresses
shift into the final bead and the heat input associated with the deposition of the final bead
caused the tensile residual stresses at the weld toe to decrease.
Price et al (2009) used neutron diffraction to measure the through-thickness distribution of
longitudinal and transverse RS in a carbon steel plate (type AS1548-7-460) which had been
repair welded, and so was similar to a butt weld (AS1548-7-460 carbon steel, plate
dimensions 250x140x25mm). Both BS 7910 and R6 underestimated the through-thickness
distribution of longitudinal RS but the standards were conservative for the through-thickness
distribution of transverse RS (Figure 8).
Barsoum (2007) conducted 2D and 3D FE modelling to predict the residual stress in tube
on circular-plate joints (tube OD 140mm, WT 10mm; plate diameter 306mm, plate thickness
15mm). Strictly speaking, the weld geometry investigated by Barsoum did not represent
girth welds. However, the results of his work are shown here to demonstrate the
discrepancy in RS between measurements and predictions. The steel used was
SS142171-91 which has a yield strength of 576MPa (and UTS of 700MPa). The FE models
were axisymmetric and conducted using ANSYS 8.1. They were compared to experimental
RS measurements made using the hole drilling technique. The range of values of
transverse (or ‘radial’) and longitudinal (or ‘hoop’) RS predicted by the 3D FE model were
higher than the measured values (Figure 9). The authors also predicted the
through-thickness transverse and longitudinal RS distributions and found the commonly
observed S-shaped distribution of the longitudinal RS. It was approximately 450MPa at the
weld toe, decayed to approximately 50MPa at 0.4t (where t is the plate thickness) and had
a value of approximately 200MPa on the outside of the plate thickness (Figure 10).
In Figure 11, the data on surface measurements from the above articles have been
replotted on the same scale to highlight the similarities and differences between the various
measured and predicted RS distributions. Overall, there is a lot of variation in the RS
profiles produced by different authors. This could be for a number of reasons including
differences in welding procedure, welding technique, degree of restraint etc between the
samples measured (Silva, 2008), and in addition the error on the measured RS values
could be up to 10% of the yield strength of the parent material (Bouchard, 2008).
Ogawa et al (2008) measured the residual stress distributions in a 316 stainless steel
girth-welded pipe using the DHD method, in both axial and hoop directions of the pipe
which had dimensions of 369mm OD x 40mm WT. Two measurement sequences were
used: one starting from the OD and ending on the ID and the other starting from the ID and
ending on the OD. Six measurements were carried out. These results showed good
repeatability. Both axial and hoop residual stresses exhibited a ‘S’ shape. With respect to
hoop stress, the general trend was tensile residual stress near the outer weld surface but
compressive near the inner weld surface. The axial stresses were tensile within the weld
root but almost zero near the weld cap. He et al (2010) reported the results of residual
stress measurements on a X52 grade steel girth welded pipe with a 910mm OD, 32mm WT
and a length of 1650mm. The weld was fabricated by 19 passes, with a single V weld
preparation. Residual stresses on both surfaces and through-wall thickness distribution
were measured. For the latter, the BRSL technique was used.
Figure 12 compares the axial residual stresses measured and predicted from the girth
welds reported in the papers reviewed. The magnitude and sign of residual stresses varied
significantly through the wall thickness and all exhibited tensile residual stresses at the weld
root but approached zero residual stresses at the weld cap except for the prediction by
Bouchard (2007). With respect to the hoop stresses, Figure 13, the results from He et al
(2010) showed a predominantly membrane stresses while the results from Ogawa et al
(2008) showed compressive residual stress near the weld root but tensile residual stresses
near the weld cap.
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3.5

Summary of the review
In summary, limited papers could be found which presented RS distributions of girth welds.
Of those reviewed, the majority reported measured or predicted RS profiles in stainless
steel. RS profiles in carbon steel mostly used plate samples. Only one new reference was
found which reported the RS profiles in girth welded C-Mn pipe (He et al, 2010).
Overall, none of data contained in the above literature significantly contradicts the idealised
RS profiles provided in the main standards and so the RS profiles in the standards appear
to be appropriate for girth welded joints.

4

Residual Stress Measurements

4.1

Introduction
TWI recently managed two group sponsored projects (GSPs) to study the fatigue damage
to girth welds from low stresses in the loading spectrum (Zhang and Maddox, 2007; Zhang
and Maddox, 2011). HSE was one of the sponsors. Girth welds in pipes of two different
dimensions and steels were investigated: one was seamless X70 steel with an outside
diameter of 406mm (16 inch) and the other was seam-welded X65 steel with an outside
diameter of 508mm (20 inch). All these welds were fabricated by Heerema Marine
Contractors (HMC) in Netherlands. Some of the girth welds in these two projects were used
for residual stress measurements in the current project for HSE. For each type of pipe, both
surface and through-wall thickness measurements were carried out.

4.2

Residual stress measurements for the 16 inch pipe

4.2.1

Girth weld in the 16 inch pipe
The material was 406mm (16 inch) outside diameter (OD), 19.1mm wall thickness (WT) and
0.85m long steel pipe to API 5L-X70 specification. The yield and tensile strengths of both
the parent and weld metals were determined experimentally and the results are given in
Table 2.
All welds were made by HMC using PGMAW/GMAW processes, in the 5G position, with
control over the level of alignment of the pipes on the internal surfaces at the joint (hi-lo
<0.5mm). After welding, the weld cap at each start/stop position was ground flush with the
pipe surface. Rotoscan and magnetic particle inspection (MPI) examinations were carried
out in compliance with API 1104. All welds were acceptable to a typical steel catenary riser
(SCR) SCR specification. Details of the fabrication conditions are summarised in Table 3.

4.2.2

Surface measurements

4.2.2.1

Technique
For residual stress measurements near surfaces, the centre-hole air abrasion drilling
method was used, with the holes located at either the weld cap toe or the weld root toe,
which are typical fatigue crack initiation sites. One Vishay CEA-06-06UM-120 type centrehole rosette strain gauge was used for each measurement.

4.2.2.2

Measurement results
A total of eight measurements were performed on three ring samples (Rings 1, 5 and 6).
For Ring 1, four measurements were carried out: weld cap and weld root at both weld start
and stop positions. For Rings 5 and 6, the measurements were carried out at a position
away from the weld start/stop positions near to the 10 o’clock position (or 2 o’clock if the
weld is viewed from the opposite side). The results are presented in Table 4. The following
can be seen from the table:
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Residual stresses in the circumferential direction (parallel to the girth weld) were very
high, the largest being about 90% of the yield strength of the pipe steel. The levels of
the residual stresses at the weld start and stop positions were higher than those at
other positions. At both the weld start and stop position, the residual stress was
markedly higher at the weld root than at the weld cap.

5



Residual stresses in the axial direction (parallel to the pipe length) were tensile at the
weld root but compressive at the weld cap at the weld start and stop positions.
However, the opposite was seen at the 10 or 2 o’clock position. As the 10 o’clock
position represents the majority of the weld around weld circumference and the axial
residual stresses at the weld cap were higher than those at the weld root, it is not
surprising to see the angular misalignments observed during extraction of the strip
specimens as shown schematically in Figure 14 (Zhang and Maddox, 2011).



The results obtained from Ring 5 agreed well with those obtained from Ring 6 in terms
of stress level and the sign of residual stresses on both weld cap and weld root sides.
This suggests that (i) at locations away from the weld start/stop positions, there was
less scatter in surface residual stresses between different welds; (ii) the centre-hole
method provided consistent results of residual stress measurements for similar
locations.

4.2.3

Through-wall thickness measurements

4.2.3.1

Measurement technique
After the surface residual stress measurements carried out at TWI, Ring 5 was sent to
VEQTER Co. in Bristol for through-wall thickness residual stress measurements using the
deep-hole drilling (DHD) method. The DHD is a semi-invasive mechanical strain relief
technique. In principle, it involves drilling a 1.5mm diameter reference hole through the wall
thickness at the location for residual stress measurements. The diameter of the reference
hole, o, is measured through the entire thickness of the component. o is the diameter
when residual stresses are present. Then a cylinder of material, with an outside diameter of
about 5mm and containing the reference hole along its axis, is cut from the component. The
diameter of the reference hole after this cut is re-measured through the entire thickness of
the cylinder and termed .  is the diameter when residual stresses are not present
(relieved). The differences between o and  enables the original residual stresses to be
calculated. The accuracy of the method for residual stress measurements was claimed to
be 30MPa for steels (Bowman, 2010).
In the measurements of the residual stresses near the outside surface, a modified DHD
method, called incremental DHD (iDHD), was used. This was because of the concern that
high magnitude, tri-axial residual stresses might be present. If they were, the material would
undergo plastic relaxation during the trepanning process. This would result in inaccurate
measurement results. During the iDHD technique the core is extracted in incremental
machining steps using EDM, and the diameter of the reference hole is measured between
each increment. The diameters of the reference hole measured at each stage are then
compared against each other and the original residual stresses present are calculated
(Bowman, 2010).
Measurements were made at three locations: weld start, weld stop and 3 or 9 o’clock, the
definition of this position depending on which side the weld is viewed. Figure 15 shows the
set-up of the residual stress measurements by the DHD method.

4.2.3.2

Measurement results
The through-wall thickness residual stress measurements at the three locations (weld start,
weld stop and 3 o’clock) in Ring 5 are shown in Figure 16 for the stresses in the axial
direction of the pipe and Figure 17 for the stresses in the circumferential direction of the
pipe. The stresses were normalised by the yield strength of the metal determined by a
tensile test. The residual stresses at the surfaces measured by the centre-hole method
were also included for comparison. In general, the following features can be seen from the
two figures:
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With respect to the residual stresses in the axial direction of the pipe, the stresses
varied with different positions near the weld cap, with the stress being the greatest at
the weld start position. The residual stress in all three positions increased and then
decreased sharply with increasing distance from the outside surface of the pipe. It
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reached the maximum tensile residual stress at a depth of around 5mm. Near the weld
root, all three locations showed compressive stresses and the magnitudes of the
residual stresses at the three positions were similar. Except for the 3 o’clock position
near the weld root location, correlation between the residual stresses obtained using
deep-hole and centre-hole drilling methods for other positions (weld start, stop and 3
o’clock) and locations (weld cap and root) was poor. The average axial residual stress
over half of the wall thickness on the weld cap side was much higher than that on the
weld root side, which was in agreement with the angular misalignment seen during
extraction of the strip specimens from pipes.


With respect to the residual stresses in the circumferential direction of the pipe, the
stresses also varied with different positions near the weld cap, with the stress being the
greatest at the weld start position, similar to that for the longitudinal stress. The residual
stress in all three positions increased and then decreased gradually with increasing
distance from the outside surface of the pipe. It reached the maximum tensile residual
stress at a depth of around 6mm. The residual stresses in the circumferential direction
were tensile throughout the wall thickness in all three positions with membrane stress
predominant. Better agreement in residual stresses was seen between the deep-hole
and centre-hole methods for the circumferential stress. However, there was still lack of
a good correlation for weld start position at the weld cap and 3 o’clock position at the
weld root.

4.3

Residual stress measurements for the 20 inch pipe

4.3.1

Girth welds in the 20 inch pipe
The material used was 508mm (20 inch) OD by 22mm WT and 0.9m long steel pipe to API
5L-X65 specification, Figure 18. The pipe was produced by the UOE process and therefore
it contained a longitudinal seam weld. The yield and tensile strengths of both the parent and
weld metals were determined experimentally and the results are given in Table 2.
All welds were made by HMC using the PGMAW/GMAW processes from one side, in the
5G position. Details of the fabrication conditions are summarised in Table 5.

4.3.2

Measurement technique and plan for surface residual stresses
Residual stresses at the surface of the pipe were measured at several locations and the
centre-hole technique was again used. The set-up of the centre-hole technique and the
measurement plan for surface residual stresses are shown in Figures 19 and 20,
respectively. Two measurements (HD1 and HD3) were conducted on the outer surface,
with another two measurements (HD2 and HD4) conducted on the inner surface. The first
pair of measurements (HD1 and HD2) was made near the intersection of the girth weld and
the seam weld, while the second pair (HD3 and HD4) was directly opposite to the first pair
o
(ie a rotation of 180 ). The first pair of gauges was positioned 2mm from the toes of the
seam weld and the girth weld (cap and root). Similarly the second pair was 2mm from the
girth weld, but there was no seam weld in that region.

4.3.3

Measurement technique and plan for through-wall residual stresses
The through-wall distribution of residual stresses at the girth weld in the pipe sample was
measured by a three-stage sectioning technique called the block removal, splitting and
layering (BRSL) method. The method was pioneered by Rosenthal and Norton (1945) in the
1940s, and has been further developed and has been in regular use at TWI since 1978.
The residual stresses were determined from strains measured at the surfaces of blocks of
material that were sawn out from the pipe and then subjected to additional machining
operations. The plan of strain gauges and saw cuts is shown in Figure 21. The
measurements of through-wall residual stress distributions were made in two locations: the
first location was near the intersection between the seam weld and the girth weld (see X1
and Y1 blocks in Figure 21), and the second location was almost opposite to the first one
(see X2 and Y2 blocks in Figure 21).
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As shown in Figure 21, for the first location, strain gauges were attached on the inside and
outside surfaces of the pipe component at two circumferential locations, at 0.55 and 10.4o
from the Datum A position, and at one longitudinal position, which was 2mm from the toe of
the girth weld cap. The odd numbered gauges (#1 and #3) measured strains in the
circumferential (X) direction and the even numbered gauges (#2 and #4) measured strains
in the longitudinal (Y) direction. The strain results from gauges #1-#4 are used to determine
the residual stress distribution in the gauged region.
Similarly for the second location, strain gauges (#5 to #8) were attached on the inside and
outside surfaces of the pipe component at two circumferential locations, at 177.05 and
186.87o from the Datum A position, and at one longitudinal position, which was 2mm from
the toe of the girth weld cap. The strain results from gauges #5-#8 are used to determine
the residual stress distribution in the gauged region.
The principal stages in the measurement procedure for the X1 and Y1 blocks are as
follows.
i
ii
iii
iv
v
vi

Marking out for gauging and sawing as per Figure 21.
Bonding strain gauges to the pipe component.
Connecting instrumentation to the gauges and setting to zero.
Moving the pipe component to a band saw. Sawing out a patch containing the gauges
using two longitudinal cuts followed by two circumferential cuts, recording strains after
each cut.
Sawing out one longitudinal block with gauges #2 and #4 and one circumferential block
with gauges #1 and #3, recording strains after each cut.
Splitting the blocks on the centre plane between the original faces using a band saw
and machining off successive layers of material from each half block starting at the
original mid-thickness using a milling machine, recording strain, after each layer
removal (see Figure 22).

A similar procedure was followed for the X2 and Y2 blocks, with a small variation in the
patch removal step (ie step iv above) in which the two circumferential cuts were not needed
as they were already performed in patching out the X1 and Y1 blocks.
The original through-wall distribution of residual stresses may be considered to have linear
and non-linear components. The linear component is equal to the sum of the membrane
and bending components of the through-wall distribution of residual stresses acting at the
section. It is relaxed during the removal of the strain-gauged blocks (steps iv and v above),
and is calculated from the strains relaxed during block removal.
The non-linear component is balanced through the section thickness, and remains in the
blocks after removal. It is calculated from the strains measured during the splitting and
layering operations (step vi above). The original through-wall distributions at the gauged
location are obtained by adding together the linear and non-linear components, making due
allowance for the Poisson interaction between the strain changes in the X and Y directions.
The calculation of the residual stress distributions from the measured strains and
dimensions was performed in an Excel spreadsheet named BRSL V0.1.xls. This
spreadsheet was validated by using it to recalculate the results from an example set of data
given in the user guide of TWI computer program BRSL-PC (Leggatt and Hurworth, 1991).
4.3.4

Results and discussion

4.3.4.1

Surface measurement
Table 6 presents the residual stress results obtained on the surfaces of the pipe sample.
The positions of the measurements relative to the datum are shown in Table 6, which can
be best understood with reference to Figure 20. The maximum and minimum principal
stresses, the circumferential (hoop) and axial stresses, and the orientation of the maximum
principal stress are all presented in Table 6.
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As shown in Table 6, tensile hoop stresses were found regardless of the locations, ranging
from 246 to 450MPa with the maximum value (450MPa) discovered at the weld root close
to the intersection between the seam and girth welds. This maximum value was
approximately equal to the yield strength of the X65 steel (519MPa from tensile testing).
The axial stresses were lower than the hoop stresses, with a range of -54 to 182MPa.
4.3.4.2

Through-wall measurement
The through-wall distributions of residual stresses were measured at the two locations as
specified in Figure 21. The results are presented in Figures 23 and 24.
Figure 23a presents the through-wall distribution of hoop stresses obtained at the location
near the intersection between the seam and girth welds. Although the residual stresses
exhibited an irregular pattern with increasing distance from the inside surface, they were
predominantly membrane tensile stresses. The hoop residual stress ranged from 151 to
710MPa.
Figure 24a presents the hoop residual stress results determined in the second location
which was almost opposite to the one discussed in Figure 23a. Similar features to those
identified in Figure 23a can also be seen in the results obtained in this location, despite
some differences in magnitude between the two locations.
The through-wall distributions of axial residual stresses obtained from the two positions
(one was near the intersection between the seam weld and the girth weld and another was
almost opposite) are shown in Figures 23b and 24b. The patterns of residual stress
distributions from the two positions are clearly similar, both showing that compressive
residual stresses existed over the central portion of the wall (between approximately 5 and
15mm from the bore of the pipe) while tensile stresses were observed over the portions
near the inner and outer surfaces. Furthermore, the magnitudes from the two positions
were shown to be comparable with both being lying approximately between a compressive
stress of 220MPa and a tensile stress of 600MPa.
Comparing the distribution patterns between the hoop stress (Figures 23a and 24a) and
axial stress (Figures 23b and 24b), the hoop stress distributions obtained in the two
positions can be largely characterised as “bend type” whose net effect is the production of a
bending moment plus a membrane stress, while the axial stress distributions can be
characterised more as ‘self-equilibrating type’.
Table 7 compares the surface stresses determined from the hole-drilling method and those
estimated from the through-wall distributions. The surface stresses from the hole-drilling
method are also plotted in Figures 23 and 24. As shown in this table, although the surface
stresses from the two methods were generally in agreement in indicating the nature of the
stress (ie tension or compression), some large differences in magnitude were observed. For
example, in the area near the intersection between the seam weld and the girth weld (ie the
Position 1 column in Table 7), the hoop stress and the axial stress at the OD determined
with the hole-drilling method were 252 and 107MPa respectively, while the counterparts
estimated from the through-wall distribution were 469 and 420MPa. It should be noted that
the differences are not only due to the two different measurement methods, but also due to
the different locations of measurement (there were approximately 15mm between the
locations for hole drilling and block removal).

4.3.5

Summary of RS measurements for the 20 inch pipe
Based on the experimental results of the residual stress measurements on the 20 inch girth
welded pipe, the following conclusions can be drawn:
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The surface stresses determined from the hole-drilling method and the BRSL technique
were generally in agreement in indicating tensile stress at the surfaces where the
measurements were made, although the magnitudes were largely different.
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Similar distributions of through-wall hoop and axial stresses in the two locations (ie one
near the intersection between the seam weld and the girth weld, and the other opposite
to it) were observed, implying a small influence of the seam weld on residual stresses in
this case.



Different through-wall distributions of hoop and axial stresses were found, with the hoop
stress being characterised largely as bending type and the axial stress as
self-equilibrating.



The maximum hoop stress from the measurements was 700MPa which was slightly
higher than the yield strength of the weld metal (654MPa). The maximum measured
axial stress (600MPa) was slightly higher than the yield strength of the base metal
(539MPa).

5

Numerical Modelling of Residual Stresses in Girth Welds

5.1

Introduction
This section describes the FE models for residual stress predictions for both the 16 and
20 inch pipes and compares the predictions with the measurements. Calculations of the
J-integral were carried out for cracks of different height in the presence of a residual stress
field. These are provided in the Appendix for future comparison with predictions from
relevant standards.

5.2

Material properties
Heat losses by convection and radiation from all external surfaces were modelled. The
thermal properties were assumed to be temperature dependent (see Figures 25 and 26).
Published properties for a range of materials similar to the pipe are given in the figures and
the chosen temperature dependence used in the Abaqus model is shown superimposed on
the data. Clearly, the chosen curves were through the centre of most of the data. The pipe
was assumed to have a density of 7800kg/m3.
Details about the materials and experimental results for both pipes have been described
before in the sections on residual stress measurements. Figure 27 shows the stress – strain
curves experimentally determined for both the base and weld metals for each type of pipe.
These curves were used to provide the room temperature material behaviour. Data from the
literature was used to estimate the dependence of the yield and ultimate strengths upon
temperature. The results are presented in Figures 28 and 29. The Figures show that the
FEA input adopted the same temperature dependence as the data from the literature, but
the values were scaled to the room temperature values shown in Figure 27. Linear
kinematic hardening was assumed between the yield and UTS values shown in the figures.
It was assumed that the UTS was reached at a strain of 10%. The temperature dependence
of the Young’s modulus (Figure 30) was taken from measurements made during a TWI
project (He et al, 2010). The thermal expansion properties assumed are shown in
Figure 31.
The macro-sections of the girth welds in the two types of pipes are shown Figure 32. The
20 inch girth weld was completed in eight passes while the 16 inch girth weld was
completed in seven passes. Each pass was completed in two separate welds. The first
o
weld laid down the pass on one side of the pipe from the start to the end 180 away. The
second weld started and ended at the same location on the pipe, traveling in the opposite
direction.

5.3

Modelling for the two pipes
Modelling of the welding process was used to make a prediction of the residual stresses in
the welds. The modelling was done using the commercial FE software Abaqus supplied by
Simulia (www.simulia.com/products/unified_fea.html). Abaqus has heat transfer and nonlinear thermal stress analysis facilities which were used to make predictions of the welding
heat flow and of the thermal stresses around the weld and therefore the resulting welding
residual stresses. Abaqus has some advanced facilities which were used to make the
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simulation of welding more accurate and realistic. A model of the pipe with all of the weld
metal was made. All of the elements representing the weld were removed at the start of the
analysis and then sequentially restored at the point when the weld metal would have been
deposited in the weld. This included the motion of each of the weld passes around the weld
preparation circumference, as well as the progressive increase of the depth of the weld for
each pass in sequence. The method meant that both the thermal capacity and stiffness of
the material in the region of the weld was correctly built up during the welding process.
The heat flow model was solved in a sequence of steps and each step was split into smaller
increments. An element was added at the start of a step to represent the new material
added during the period of the step. A volumetric heat flux was added uniformly into the
element during the whole period of the step such that the energy deposited was equal to
the energy deposited in the same length of material in the actual weld. This approach
achieved a correspondence between the model and the actual welding process. The time
stepping continued in one direction for the first side of each weld from the start (12 o’clock)
location to the stop (6 o’clock) position. The second side was then made using the same
procedure from 12 to 6 o’clock, but welding in the other direction.
A continuous thermal stress analysis was run for the complete cycle of heating from the
start of welding until the end of the last bead when the pipe cooled to ambient. The same
process of adding elements individually through the same sequence and at an identical
timing was done. This meant that each added element was immediately heated to the
melting temperature or above because it represented the newly deposited molten material
from the electrode.
A symmetric half of the full weld was analysed. The plane of symmetry was through the
centre of the complete weld and perpendicular to the axis of the pipe. The displacements
normal to the plane of symmetry of all nodes on the plane of symmetry were constrained.
Displacements in the vertical direction (the direction from 6 to 12 o’clock) were constrained
to prevent linear and rotational rigid body motion. A further constraint in the direction from
3 to 9 o’clock was also imposed to prevent rigid body motion in this direction. The full set of
constraints therefore allowed the representation of the full pipe to deform freely under the
action of the welding thermal stresses.
5.4

Results for the 16 inch pipe
The sequence of adding elements described in the previous section is shown in Figure 33
for the second bead of the weld. The Figure is representative of both heat flow and thermal
stress analyses. The left hand set of three figures shows welding in an anticlockwise
direction in the view. The top figure shows the mesh after the completion of the first bead.
The second view shows the mesh after three elements of the first pass of the second bead
have been added (shown by a red arrow). The direction of welding is also shown (blue
arrow). The bottom left picture shows the first pass of the second bead at a slightly later
time. The top picture on the right hand side shows that the left hand pass has been
completed, and the figures below show the progression of element addition for the second
(clockwise) pass of bead two.
The views shown in Figure 33 are repeated in Figure 34 with the associated von Mises
equivalent stress contours from the appropriate point of the analysis superimposed. The
Figure contains red arrows to show the location of the latest addition of material into the
weld and blue arrows to show the direction of welding. The top two pictures (left and right)
show the stresses at the 12 o’clock location at the end of first bead and at the end of the
first (anticlockwise) pass of the second bead. The pictures below them show the
progression of the anticlockwise (left column) and clockwise (right column) passes of the
second bead. The plots show that the stresses are low (blue) in the weld metal because the
material has a relatively low yield stress here.
Figure 35 shows contour plots of the von Mises equivalent stress at the inter-pass condition
between each of the beads. It is clear that the size of the stressed zone increases between
subsequent passes and is largest when the weld is complete. The stresses are not uniform
around the pipe circumference after the first two beads are completed, but become more
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uniform as the weld is built up. Figures 36 and 37 show the circumferential uniformity of the
stresses in larger plots. Quarter sections of the model are shown to reveal the internal
surface distribution of the von Mises stresses and also the stresses on sections through the
pipe wall at four positions. The sectional plots are shown more clearly in Figure 37. The
stresses on the sections at 3 and 9 o’clock are similar. The distributions at the 12 and
6 o’clock positions are different from each other and from the other two positions as well,
though the differences are small.
The predicted hoop and axial stress distributions at three positions are shown in Figure 38
in terms of the hoop and axial stresses (axial relative to the pipe). The plots show that the
axial stresses at the start and stop locations are similar, but they are different from the
distribution at 3 o’clock. The through thickness distribution at 3 o’clock is an equilibrium
distribution (the area of tension equals the area of compression). This must occur because
over large regions of the weld the axial stresses in the whole weld must have an area sum
of zero. Small regions can show non-equilibrium distributions, as revealed at the start and
stop locations where the stresses are more compressive than tensile.
The through-thickness distribution of the hoop stresses are more similar at the three
locations where results are plotted in Figure 38. The predicted stresses at the weld root
(right hand side of plot) are more tensile at the 3 o’clock position than at the start and stop
locations.
Comparisons of the predictions with the measurements made by DHD are made in
Figures 39 to 41. The difference in the FEA hoop stress profile at the 3 o’clock position
between Figures 38 and 39 arises because the profile in Figure 38 is plotted along the
centre line of the weld whereas the profile in Figure 39 is plotted at a slightly different
position, to reflect the region sampled by the hole drilling method. Figure 39 shows the
comparison at 3 o’clock. It is apparent that there are differences between the two sets,
especially for the axial stresses nearer the root and the hoop stresses and the hoop
stresses nearer the cap. However, it is interesting to observe that the measured axial
stresses at this position do not represent an equilibrium distribution because there is more
tension than compression. This means that the measured values cannot be representative
of large proportions of the rest of the pipe. This could either be because the start and stop
locations have a long range of influence or because the pipes being joined did not have
both material and geometric axisymmetry. The model suggests that the start and stop
regions of interest are relatively limited, so it is suggested that the non-equilibrium axial
stresses at 3 O’ clock arise from non-axisymmetric pipes. The model was geometrically
axisymmetric so the differences between the predictions and measurements are likely to
arise from a surmised difference in the pre-welded shape of the pipes being joined. The
distributions are, however, qualitatively similar. Both the axial and hoop stress distributions
increase underneath the cap, reach a peak and then fall towards the root. The predictions,
however, show an increase in stress at the root which is not seen in the measured
distribution.
The stresses at the start position are plotted in Figure 40. The predicted stresses exactly at
the 12 o’clock position are qualitatively comparable to the measured distributions, but there
are some numerical differences, especially in the axial stresses. However, the distribution
12mm away from the exact start is in better agreement with the measurements. In practice,
the start location will not be as exact as the position of the modelling start location. It is
therefore entirely possible that the good agreement at the 12mm position represents a real
correspondence between the model and the test result. A similar effect is noticeable at the
stop location (Figure 41).
Generally, there is good agreement between the measured hoop stresses and the
predictions between 5 and 15mm below the surface of the weld. The agreement of the axial
stresses in this region is fair, though it is poor at the 3 o’clock position. This is probably due
to the shape of the test pipe as already discussed. The measurements and DHD values do
not agree so well at the weld cap and weld root. Generally, the weld caps were machined
prior to application of DHD (Bowman, 2010), so there may have been both a redistribution
of stresses because of the material removed and the generation of new stresses because
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of the machining process. The differences at the weld root are consistent. The modelling
tends to show increased stresses at the root and no such trend was measured. It is unclear
why this difference exists.
5.5

Results for the 20 inch pipe
The sequence of adding elements described in the previous section and shown in Figure 33
for the 16 inch pipe was also adopted for the 20 inch pipe model. The progression of the
weld shown in Figure 33 is shown in Figure 42 for the 20 inch pipe with the associated von
Mises equivalent stress contours from the appropriate point of the analysis superimposed.
The Figure contains red arrows to show the location of the latest addition of material into
the weld and blue arrows to show the direction of welding. The top two pictures (left and
right) show the stresses at the weld start location at the end of first bead and at the end of
the first (anticlockwise) pass of the second bead. The pictures below them show the
progression of the anticlockwise (left column) and clockwise (right column) passes of the
second bead. The plots show that the stresses are low (blue) in the weld metal because the
material has a relatively low yield stress here.
Figure 43 shows contour plots of the von Mises equivalent stress at the inter-pass condition
between each of the beads. It is clear that size of the zone of high stresses increases
between subsequent passes and is largest when the weld is complete. Figures 44 and 45
show the circumferential uniformity of the final residual stresses in larger plots. Quarter
sections of the model are shown to reveal the internal surface distribution of the von Mises
residual stresses and also the stresses on sections through the pipe wall. Closer sectional
plots are shown in Figure 45. The distributions at the positions are different from each
other, though the differences are small.
The differences between the predicted distributions at three positions are shown in
Figure 46 in terms of the hoop and axial stresses (axial relative to the pipe). The figure also
shows the measurements made by BRSL.
Generally, there is good agreement between the measured and predicted axial residual
stresses between 5 and 18mm from the weld root. However, it is interesting to observe that
the measured axial stresses do not represent an equilibrium distribution because there is
more tension than compression. This means that the measured values cannot be
representative of large proportions of the rest of the pipe. This could either be because the
start and stop locations have a long range of influence or because the pipes being joined
did not have the material and geometric axisymmetry that was assumed in the model. The
model results suggest that the start and stop influence is relatively limited, so it is
suggested that the non-equilibrium measured axial stresses arise from non-axisymmetric
pipes. The model was geometrically axisymmetric so the differences between the
predictions and measurements are likely to arise from a surmised difference in the prewelded shape of the pipes being joined.
The agreement between the measured and predicted hoop residual stresses was not good
throughout the plate thickness. However, Figure 47 shows that the predicted hoop residual
stress distribution only 6mm from the weld centre line is dramatically lower than the results
on the weld centre line. This suggests that the difference between the measurements and
predictions may be because the measured residual stresses are averaged over the width of
a block which is 12mm (Wei and He, 2010). There is a much smaller difference associated
with the axial residual stresses at these locations.

5.6

Discussion

5.6.1

16 inch pipe
Generally, there is good agreement between the measured hoop stresses and the
predictions between 5 and 15mm below the surface of the weld. The agreement of the axial
stresses in this region is fair, though it is poor at the 3 o’clock position. This is probably due
to the shape of the test pipe. The agreement between measurements and DHD values is
not as good as at the weld cap and weld root. Generally, the weld caps were machined
prior to application of DHD (Bowman, 2010), so there may have been both a redistribution
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of stresses because of the material removed and the generation of new stresses because
of the machining process. The differences at the weld root are consistent. The modelling
tends to show increased stresses at the root and no such trend was measured. It is unclear
why this difference exists.
5.6.2

20 inch pipe
Generally, there is good agreement between the measured axial stresses and the
predictions between 5 and 18mm from the weld root. Elsewhere there is a difference
between the predicted and measured residual stresses. It has been suggested that this is
due to the shape of the test pipe.
The predicted hoop stresses on the plane of symmetry of the model are higher than the
measured values at this location. However, the measurements were using a 12mm wide
block. There appears to be a reasonably good correlation between the measured and
predicted hoop residual stresses once the predicted distributions over the full width of the
measurement block have been averaged.

5.7

Modelling of residual stresses in a strip specimen cut from a pipe

5.7.1

Background
In the two group sponsored projects (GSPs) on fatigue damage to girth welds from low
stresses in the loading spectrum where HSE was one of the sponsors, it was found that the
fatigue performance of the strip specimens, cut from pipes, was better than that of full-scale
girth welded pipes in the long endurance regime (Maddox and Zhang, 2008; Zhang and
Maddox, 2012). HSE was interested to know whether this was attributable to the reduction
of residual stresses caused by extraction of the strip specimens. The removal process was
therefore simulated in order to predict the change in residual stresses in the weld.

5.7.2

Method
Modelling of the welding process simulated the progressive deposition of material into the
weld preparation and the motion of the heat source from the start to the stop positions. The
model was therefore able to predict the variability of the residual stresses around the full
weld. Elements representing the weld were removed at the start of the analysis and then
added at the rate of metal deposition during welding. The same element removal technique
was used after the weld was completed to remove material and leave a section of the
model equal in size to the centre section of a fatigue test specimen. The stresses change
when the specimen is removed because the smaller section has new stress-free surfaces.
The dimensions of the strip fatigue specimen are shown in Figure 48. Cyclic loading of this
specimen was used to establish the fatigue properties of the original girth butt weld. The
minimum section of the specimen is 80mm wide. An analysis was therefore undertaken to
determine the remaining stresses in a specimen of this width. The weld residual stress
distribution was found to be mainly uniform around the pipe circumference so the specimen
was removed from the 3 o’clock location and this was assumed to be representative of the
rest of the weld. The bar of elements removed at this location was 40mm wide. The
circumferential displacements on one side of the bar were held constant as the bar was
removed. This boundary condition represented a plane of symmetry, so that the remaining
region of the model represented a specimen of 80mm width.
The original model had a plane of symmetry at the centre of the weld. This plane of
symmetry was retained when the specimen was removed from the pipe. The two planes of
symmetry restrained motion in the circumferential and axial directions. A single node was
restrained in the radial direction to prevent the remaining rigid body motion.

5.7.3

Results
The post processing facilities in Abaqus can show the boundary conditions at the start of
the complete analysis. However, it is not possible to plot the boundary conditions during
subsequent steps. The boundary conditions of the specimen analysis are revealed in the
plots in Figures 49 and 50. These plots show contours of displacement in the complete pipe
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after welding and then when the specimen was removed from the pipe. Figure 49 shows
contours of the circumferential displacement and Figure 50 shows contours of the axial
displacements. The pairs of plots in each figure show that displacement distributions
changed when the specimen was removed. However, they also show that the displacement
normal to each plane of symmetry remain fixed when the specimen was removed as is
necessary. The plots therefore show that the correct boundary conditions had been applied
to the model.
Contour plots of the von Mises stress in the completed weld and in the strip specimen are
shown in Figure 51. Comparison of the two plots shows that the stresses did redistribute
when the strip specimen was removed. The stresses on the free edge of the specimen
(opposite the circumferential plane of symmetry) are significantly lower than in the original,
intact weld. However, significantly less redistribution occurs on the circumferential plane of
symmetry in the region of the weld. This behaviour is also shown more clearly in Figures 52
and 53 where the axial and hoop stress components are plotted through the weld from the
weld root to the cap. A single line in the two graphs shows the result in the complete weld.
Two lines from the model of the specimen show the results on the plane of and on the outer
edge of the weld. Both plots show that the stress reduces at the edge of the specimen, but
the distribution is substantially unchanged on the plane of symmetry at the centre of the
weld width in the specimen. The behaviour of the residual stresses at the root and cap are
of interest because these are locations where fatigue is likely to initiate. The specimen is
loaded in the pipe axial direction, so the axial stress component is important. This stress
component increases at the root at the edge of the specimen and at the cap at the centre of
the specimen width. The axial stresses at the cap (specimen edge) and the root (specimen
centre) reduce when the specimen is removed. The largest reduction is at the specimen
edge where fall from close to zero to a value close to the material yield strength in
compression.

6

Derivation of Axial Residual Stress Distribution for Low Heat Input

6.1

Introduction
Because of the new data generated in this project and collected from the literature, an
opportunity was taken to:




Compare these new data with the guidance given in BS 7910.
Establish the upper confidence limits.
Determine the upper bound through-wall thickness residual stress distribution.

As the experimental data generated in this project were from welds made with low heat
input and residual stresses in the axial direction are often more important in structural
integrity assessment, the analysis has focused on residual stresses in this direction and on
welds with low heat input. The database considered in the statistical analyses includes:





6.2

The database used for BS 7910 low heat input. The axial residual stress profiles given
in BS 7910 were developed at TWI as a result of a review of publications in the open
literature and TWI’s own database. It should be noted that the proposed equations were
obtained by fitting upper bound curves to published data and not based on statistical
analyses.
The residual stresses measured in the current project for the 16 and 20 inch pipes.
They included three through wall-thickness distributions for the 16 inch pipe and two
through wall-thickness distributions for the 20 inch pipe.
New published data for girth welds made with or close to low heat input (He et al, 2011;
Ogawa et al, 2008).

Statistical analyses
The residual stresses were normalised with the yield strengths of the parent materials and
the distances from the inside surface were normalised with the relevant wall thicknesses.
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Figure 54 shows all the experimental data considered in the analysis. The database is
composed of a total of 296 data points. The BS 7910 curve with low heat input is also
included for comparison. It will be seen that the BS 7910 curve generally represents an
upper bound for these data. However, near the surface regimes (x/t between approximately
0.1 to 0.2 and 0.8 to 0.9), some data points are above the BS 7910 curve.
The whole data set was statistically analysed to determine the mean and the upper
confidence limits for 80%, 85%, 90% and 95%. Results of the statistical analyses, together
with the experimental data and the low-heat input curve from BS7910, are shown in
Figure 55. It will be seen that the BS 7910 curve represents an approximately 80% upper
confidence limit which is less than the 90% upper confidence limit found by Serco (2007)
when they analysed the database for BS 7910.
The regression curves derived are then compared with the FE predictions in Figure 56 for
the 16 inch pipe and Figure 57 for the 20 inch pipe. It will be seen that the mean curve
derived agrees reasonably well with the curves predicted by the FEA. The curve
corresponding to the 80% upper confidence limit provides the upper bound for the FE
predictions for the two pipes, with a more conservative margin for the 20in pipe.
The results shown in Figure 55 suggest that the BS 7910 curve can still provide a good
estimate for the upper bound residual stress distribution for girth welds with low heat input.
However, the BS 7910 curve does not always agree with the distributions of the data. For
example, the current BS 7910 profile underestimates the residual stresses near x/t=0.15 but
overestimates the residual stresses in the mid-wall thickness regime. Furthermore, it would
be better to establish the curve based on a 90% confidence limit. Therefore, an attempt was
made to establish a new expression to replace the current curve given in BS 7910. The
expression was based on the 90% upper confidence limit derived above. However, it was
slightly modified by limiting the ratio of residual stresses to yield strength to a maximum
value of 1.0. This applied to the few data points near x/t>0.7 where the values of the ratios
were slightly greater than 1.0. This was done to ensure consistency with the guidance given
in codes on residual stresses for level one assessment where residual stress is assumed to
be of the magnitude of the yield stress (the simplest and most conservative approach).
The new expression for the upper bound RS distribution was thus obtained as:
SR / SY  1.00  3.33(

x
x
x
x
)  4.87( ) 2  1.96( ) 3  3.63( ) 4
t
t
t
t

[1]

Where SR is the residual stress and SY is yield strength of the parent metal. Since the mean
curve was below the curve with 90% upper confidence limit by a factor of 0.72 (Figure 55),
the mean curve proposed was obtained by shifting the upper bound curve, given in Eq.1, by
a factor of 0.72, ie:
SR / SY  0.28  3.33(

x
x
x
x
)  4.87( ) 2  1.96( ) 3  3.63( ) 4
t
t
t
t

[2]

Figure 58 shows the new expressions proposed, in comparison with the BS 7910 low heat
input and the 90% upper confidence limit curves. It can be seen from the figure that the
proposed upper bound curve:
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Represents the combined data better than the current BS 7910 curve in that: (i) it
increases the residual stresses at x/t=0.15; (ii), it reduces the residual stresses in the
mid-wall thickness regime.
Represents an approximately 90% upper confidence limit for the whole data (except for
in the x/t=0.8 regime.
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Stress Intensity Factor due to Residual Stresses
To investigate the effect of residual stresses on crack growth and fracture, stress intensity
factor, K, was calculated for a series of crack sizes assumed. The calculations were carried
out using the weight functions (Glinka and Shen, 1991) which was incorporated in the TWI
software Crackwise 4 with a special version (version: 4.3.11041). Each residual stress
distribution was fitted to a polynomial equation of order 4 and the primary stress was
assumed to be zero. A semi-elliptical surface-breaking crack was assumed and the K value
for each crack size was calculated at the deepest point. Figure 59 shows the normalised K
values (normalised by ya) as a function of normalised crack depth for five different
residual stress distributions: the mean and upper bound curves proposed, the 90% upper
confidence limit determined from the regression analysis, the upper bound curve given in
BS 7910 Annex Q and a uniform RS distribution with a magnitude of yield strength of
material – the simplified approach given in BS 7910. In all calculations, a shallow crack
aspect ratio, a/2c, of 0.1 was assumed and the crack was assumed to be at the weld root. It
can be seen that the:






K values corresponding to the proposed mean RS curve were low and decreased
gradually with increasing crack size and approaches zero;
Curves corresponding to the four upper bound RS distributions are significantly greater
than that corresponding to the mean RS curve proposed;
Curve corresponding to the proposed upper bound RS distribution is slightly lower than
that corresponding to the 90% upper confidence limit;
Curve corresponding to the proposed upper bound RS is higher than that
corresponding to BS 7910 Annex Q when a/t<0.5, but slightly lower after a/t>0.5;
Normalised K values corresponding to the uniform RS distribution are considerably
greater than those of other curves for all crack sizes. The over-conservatism with this
simplified approach given in BS 7910 can be appreciated by the differences from other
curves.

In the Appendix, the stress intensity factors for two fully circumferential internal crack sizes
of 1 and 2mm deep were determined by FEA for both the 16 and 20 inch pipes. The
residual stresses predicted by the FEA were used in the calculations. For crack sizes of 1
3/2
and 2mm, the K values calculated by the FEA were respectively 430.6N and 35.9N/mm
3/2
for the 16 inch pipe and 122.1N and 361.2N/mm for the 20 inch pipe. The K values for
these two crack sizes were also calculated using the mean residual stress distribution
proposed above and using weight function. They were respectively 191 and 153N/mm3/2 for
the 16 inch pipe, and 214 and 198N/mm3/2 for the 20inch pipe. The results obtained based
on the mean RS distribution curve proposed agreed reasonably well with the FEA
predictions.
Figure 60 compares the normalised K distribution between cracks on weld cap and weld
root. The stress intensity factor was calculated using the upper bound RS distribution
proposed. It can be seen that, except for small cracks, a crack on weld cap produces larger
K value than its counter at the weld root when compared at the same crack size, especially
for the normalised crack sizes between 0.2 and 0.6.
The effect of crack aspect ratio on RS-induced K is shown in Figure 61 where the K
distributions for three different crack aspect ratios were compared: a/2c=0.1, a/2c=0.2 and
a/2c=0.4. Again the upper bound RS distribution proposed was used in this comparison. It
should be noted that the K value at the deepest point was not always the greatest for the
crack shape with a/2c=0.4. It can be seen from Figure 61 that a shallow crack aspect ratio
(a/2c=0.1) always predicts a higher K value than those for the other aspect ratios.

8

Impact of the Residual Stress Results on Structural Integrity
Assessment
In the statistical analyses on the new database, it has been shown that the current residual
stress profile given in BS 7910 for girth welds with low heat input represents an
approximate 80% upper confidence limit. Therefore, the new data will not have a significant
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impact on the current guidance on residual stresses and hence structural integrity
assessment for girth welds.
In spite of this, it would be more accurate and more conservative to use the upper bound
distribution proposed in the previous section. Compared to the current BS 7910 curve, it
increases the residual stresses near the inside surface but reduces the residual stresses in
the mid-wall thickness.

9

Discussion
Comprehensive residual stress measurements were carried out in this project. For the
16 inch pipe, the results from the centre-hole measurements suggested that the residual
stress in the axial direction depended on the position along the circumference of a weld. It
was higher (more tensile) at the weld root than at the weld cap at the start/stop positions.
High tensile residual stresses on the surface of the weld root were also predicted by the
FEA both in the present project and in other research (Wei and He, 2010). As a result, the
effective mean stress level (effective mean stress = mean stress applied + residual stress)
and hence the stress ratios would be higher at the weld root than at the weld cap in fatigue
tests. Fatigue tests had been carried out on these girth welds and fatigue cracking had
almost always initiated from either the weld start or the stop positions (Zhang and Maddox,
2011). As both crack growth threshold and crack growth rates strongly depend on the
effective stress ratio, which was higher at the weld start/stop positions, it is possible that
residual stresses were part of the explanation for the fact that the weld start/stop positions
were the preferred sites for fatigue crack initiation from the weld root.
However, there was no clear effect of measurement location on residual stress for the
seam-welded 20 inch pipe. The RS results measured near the seam weld and at a position
opposite to it were similar. This might be because of the processes following the seam
welding, such as mechanical expanding (to achieve circularity), which may have diminished
the difference in residual stresses at different positions.
It was noted that there was a disagreement between the centre-hole and deep-hole
measurements of axial residual stresses near the pipe surfaces for the 16 inch pipe. It is
believed that the centre-hole method would be more reliable for measuring near-surface
residual stresses. Indeed, VEQTER (Bowman, 2010) agreed that the near-surface results
obtained from the deep-hole method should be taken with caution due to plastic
deformation. Thus, the centre-hole results should be considered to represent the residual
stress state near the surfaces. With respect to residual stress distribution through the wall
thickness, the results from the deep-hole method should be acceptable.
Residual stresses generally exhibit large scatter as can be seen from both the database for
BS 7910 and the new database used in the current statistical analysis. This is because of
many factors (Xu and Leggatt, 2002):
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Pipe wall thickness.
Heat input per unit weld length (welding voltage, current and electrode speed).
External restraints.
Interpass temperature.
Ratio of radius to thickness.
Weld preparation (narrow gap, single or double V).
Number of passes.
Ambient environment (affecting cooling rate).
Pre-heat.
Phase transformation.
Melting and re-melting.
Non-symmetry (eg weld start-stop, pipe roundness, pipe thickness mismatch, seam
weld).
Pre-existing residual stresses due to steel making and manufacturing.
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In the current BS 7910 guidance for axial residual stresses in girth welds, residual stress
distributions are considered to be a function of heat input: low heat input (≤50J/mm2),
medium heat input (between 50-120J/mm2) and high heat input (>120J/mm2).
Differences in residual stresses between measurements and numerical predictions have
been found near the surfaces of pipes. It is suggested that this is probably due to the shape
of the test pipes or the grinding of the weld cap (for the 16 inch pipe) which would result in a
change of the original residual stresses. It should be noted that the residual stress levels at
the start/finish were also predicted to be higher by FEA (Wei and He, 2010): tensile at the
weld root but compressive at the weld cap.
The database for girth welds with low heat input has been updated. The statistical analysis
indicated that the current residual stress profile given in BS 7910 for low heat input
represents an approximate 80% upper bound confidence limit. Therefore, the new data will
not have a significant impact on the current guidance on residual stresses and structural
integrity assessment for girth welds. However, a better version of the through-wall thickness
residual stress distribution was proposed which was based on the updated, larger database
and an almost 90% upper confidence limit. Figure 59 suggests that, for surface cracks less
than half of the wall thickness, it would be conservative to use the RS distribution proposed
than the current BS 7910 curve. The simplified approach by assuming a uniform RS of yield
strength magnitude in BS 7910 is unduly conservative.

10

Summary and Conclusions
Literature review
1 There were still limited experimental data on residual stresses in girth welds. Only one
reference was found which provided measured residual stresses in offshore girth welds.
2 None of the data contained in the literature significantly contradicts the idealised RS
profiles provided in the main standards.
Residual stress measurements on the 16 inch pipe
1 Through-wall thickness residual stress distributions were determined using the DHD
technique at three locations of a girth welded pipe: one at the weld start, one at the weld
stop and the other at a position remote from these two features (3 o’clock).
2 The residual stress in the longitudinal direction (perpendicular to the girth weld) depends
on position around the circumference of the weld. It was higher (more tensile) at the
weld root than at the weld cap at the start/stop positions. However, away from these two
positions the residual stresses were tensile at the weld cap but compressive at the weld
root. The residual stress in the circumferential direction of the pipe (along the girth weld)
was tensile and predominantly a membrane stress
Residual stress measurements on the 20 inch pipe
1 Through-wall thickness residual stress distributions were determined using the BRSL
technique at two locations of a girth welded pipe: one near the intersection between the
seam and girth welds, and the other opposite to it.
2 The surface stresses determined from the hole-drilling method and the BRSL technique
were generally in agreement in indicating tensile stress at the surfaces, although the
magnitudes were significantly different.
3 Similar distributions of through-wall hoop and axial stresses at the two locations were
observed, implying a small influence of the seam weld on residual stresses in this case.
4 The residual stress distributions in the axial direction for the 20 inch pipe exhibited a “U”
shape: tensile near the inside and outside surfaces while compressive in the mid-wall
thickness. It was different from that seen in the 16 inch pipe.
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Numerical modelling
1 For the 16 inch pipe, generally there is a good agreement between the measured hoop
stresses and the predictions about 5mm below the surfaces of the weld. The agreement
of the axial stresses in this region is fair, though it is poor at the 3 o’clock position. The
modelling tends to show increased stresses at the root. This was in agreement with the
surface measurement results (centre-hole method) at the weld start and stop positions,
but not with those measured by the DHD technique or the centre-hole method at the 3
o’clock position.
2 For the 20 inch pipe, generally there is good agreement between the measured axial
stresses and the predictions about 5mm below the surfaces of the weld. Elsewhere
there is a difference between the predicted and measured residual stresses. The
predicted hoop stresses on the plane of symmetry of the model are higher than the
measured values at this location. There appears to be a reasonably good correlation
between the measured and predicted hoop residual stresses once the predicted
distributions over the full width of the measurement block have been averaged.
Derivation of axial residual stress distribution
Based on the updated database, which included the database for the current BS 7910, the
data experimentally obtained in the present project and the data collected in the literature, a
new expression for residual stress distribution in the axial direction has been derived for
welds with low heat input. It was based on a 90% upper bound limit (slightly modified).
Impact of residual stress results on structural integrity assessment
The current residual stress profile given in BS 7910 for girth welds with low heat input
represents an approximately 80% upper confidence limit. Therefore, the new data will not
have a significant impact on the current guidance on residual stresses and hence structural
integrity assessment for girth welds.

11

Recommendation
Although the current guidance given in BS 7910 for axial residual stresses in girth welds
with low heat input represents an approximate 80% upper confidence limit and provides a
good and conservative estimate, it would be more accurate and more conservative to use
the upper bound RS distribution proposed. It was based on 90% upper confidence limit
derived in the present project based on the updated database. The new expression for
residual stress distribution is:
S R / SY  1.00  3.33(
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x
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t
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where SR/SY is the residual stress normalised with the yield strength of base metal and x/t is
the distance from weld root normalised with wall thickness of pipe.
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Table 1 Summary of articles deemed relevant and reviewed
Material
Stainless steel
(Type 316)

Specimen
geometry
Pipe girth
weld

Mizuno,
2008

Stainless steel
(Type 304)

Pipe girth
weld

Iwamatsu,
2008

Stainless steel
(Type 316)

Pipe girth
weld

Miyazaki,
2009

Stainless steel
(Type 316)

Pipe girth
weld

No

Pardowska,
2008

Carbon steel
(Type AS/NZS
3678 grade
250)
Carbon steel
(Type AS15487-460)

Bead on
plate

Yes neutron
diffraction

Repaired
plate (c.f.
butt weld)

Yes neutron
diffraction

No

Barsoum,
2007

Carbon steel
(Type
SS142171-91)

Tube on
circular
plate

Yes - using
hole drilling

Yes - 2D and
3D FE model
using ANSYS
8.1

Ogawa,
2008

Stainless steel
(Type 316)

Pipe girth
weld

Yes - DHD

Yes – 2D FE
model

He et al,
2010

C-Mn steel

Pipe girth
weld

Yes BRSL

Yes - 2D
axisymmetric
FE model

Author and
year
Noda, 2008

Price, 2009

Measured
RS profile?
Yes neutron
diffraction
Yes neutron
diffraction
No

Predicted RS
profile?
Yes - 3D
ABAQUS FE
model
Yes - 2D
axisymmetric
FE model
Yes - 3D
model in
ABAQUS
Yes axisymmetric,
elastic-plastic
2D FE model
No

RS profiles
reported
Longitudinal
distribution at the
surface
Transverse and
longitudinal stress
at the surface
Axial residual
stress distribution
Through-thickness
transverse stress
distribution
Through-thickness
longitudinal and
transverse
distributions
Through-thickness
longitudinal and
transverse
distributions
Through-thickness
longitudinal and
transverse
distributions and
across the radius
of the plate
Through-thickness
longitudinal and
transverse
distributions
Through-thickness
longitudinal and
transverse
distributions

Table 2 Tensile properties of the base and weld metals of the two girth welded pipes
Pipe
diameter, mm
406 (16 inch)
508 (20 inch)

Metal
Base
Weld
Base
Weld

Yield
strength,
MPa
519.0
728.0
539.2
653.7

Tensile
strength,
MPa
601.0
782.1
615.9
720.5

Elongation,
%
19.4
18.1
18.9
19.0

Reduction
area, %
64.5
69.8

Loading direction
Perpendicular to weld
Parallel to weld
Perpendicular to weld
Parallel to weld

Table 3 Details of fabrication for the 16 inch girth welded pipe

Welding process

Type
Size
Fabrication
Welding procedure
Joint alignment
Pre-heat method
Post-weld treatment
Backing method
Inspection

Travel speed,
Arc energy,
Pass Process
cm/min kJ/mm
1
PGMAW
80
0.37
2
PGMAW
46
0.62
3
PGMAW
46
0.61
4
PGMAW
46
0.64
5
PGMAW
45
0.64
6
GMAW
36
0.69
7
GMAW
30
0.71
API 5L X70
406mm (16 inch) OD x 19.1mm WT in 0.9m length
Seamless
5G position
Maximum internal hi-lo = 0.5mm
Propane torch
Flush grinding of weld cap at weld start/stop positions
Copper shoe backing
Rotoscan and MPI

Table 4 Results of the surface residual stress measurements for the 16 inch girth-welded pipe

Sample
Ring 11

Ring 5

Ring 6

1

Location
Weld cap toe, 12 o’clock
Weld root toe, 12 o’clock
Weld cap toe, 6 o’clock
Weld root toe, 6 o’clock
Weld cap toe, 2 or
10 o’clock3
Weld root toe, 2 or
10 o’clock3
Weld cap toe, 2 or
10 o’clock3
Weld root toe, or
10 o’clock3

Residual stress levels, MPa, and directions
Maximum
Stress in
Angle to the
principal
axial
axial
stress
direction
direction, o
290
74
-21
360
90
54
314
66
-126
469
89
111

Stress in
circumferential
direction
263
360
227
469

244

67

114

222

195

90

-109

195

214

63

104

186

147

87

-137

146

Notes:
1 The data are from Zhang and Maddox (2010).
2 The 12 and 6 o’clock positions corresponded to the weld start and stop, respectively.
3 These positions cannot be uniquely identified - it depends on the side on which the weld is
viewed.

Table 5 Details of fabrication for the 20 inch girth welded pipe
Travel speed, Arc energy,
Pass Process
cm/min
kJ/mm
1
PGMAW
79
0.33
2
PGMAW
55
0.54
3
PGMAW
53
0.55
4
PGMAW
51
0.58
5
PGMAW
49
0.60
6
PGMAW
47
0.61
7
GMAW
40
0.62
8
GMAW
31
0.66
API 5L X65
508mm (20 inch) OD x 22.9mm WT in 0.9m length
Seam-welded UOE
5G position
Internal pneumatic/maximum internal hi-lo = 1.0mm
Propane torch
Copper shoe backing
UT and RT

Welding process

Type
Size
Fabrication
Welding procedure
Joint alignment
Pre-heat method
Backing method
Inspection

Table 6 Results of the surface residual stress measurements for the 20 inch pipe (HD1 and HD3 on
the outside and HD2 and HD4 on the inside)

Measurement
ID
HD1
HD2
HD3
HD4

Angular
distance from
a
Datum A ,
degree
-7.13
-7.13
172.87
172.87

Distance from the
toe of the cap/root
girth weld, mm
2
2
2
2

Max,
MPa
263
451
246
288

Min,
MPa
95
181
18
-55

Xb,
MPa
252
450
246
287

Yc,
MPa
107
182
18
-54

,
degreed
105
267
269
92

Notes:
a
Datum A is indicated in Figure 20.
b
X represents the hoop direction of the pipe sample.
c
Y represents the axial direction of the pipe sample.
d
 is the angle between the Y direction and maximum principal stress direction measured
clockwise.
Table 7 Surface residual stresses from the hole-drilling method and estimated from the through-wall
distributions
Estimated from through-wall
distributions

Hole-drilling
Position 1
(near the intersection
between the seam
weld and the girth
weld)
Position 2 (almost
opposite to Position 1)

OD

Hoop MPa
252

Axial MPa
107

Hoop MPa
469

Axial MPa
420

ID

450

182

200

349

OD
ID

246
287

18
-54

454
272

445
391

Figure 1 Comparison of the through-wall thickness axial residual stress distributions between
standards BS 7910 and API 579. The residual stress distributions given in R6 and FITNET are similar
to those in BS 7910. The residual stress is normalised by the yield strength of the material and the
distance is normalised by the wall thickness t.

Figure 2 Variation of the surface hoop and axial residual stresses with distance from the weld (from
Leggatt, 1982).

Figure 3 Through-thickness variation of axial residual stress at a) the weld centre line, b) 10mm from
the weld and c) 20mm from the weld (Leggatt, 1982).

Figure 4 Circumferential (hoop) surface residual stress measured along the pipe length (Noda et al,
2008), comparing the values measured with neutron diffraction to those predicted using FEA.

Figure 5 Axial and hoop stresses from Mizuno et al (2008) showing the comparison between
measured (squares and triangles) and predicted (lines) values. Note that the RS was only measured
10mm on either side of the weld centre line.

Figure 6 Typical through-thickness residual stress distribution predicted by FE model by Miyazaki et
al (2008). ‘z’ is the distance from the weld centreline.

Figure 7 Hoop (longitudinal) residual stress distribution from Pardowska et al (2008) showing that
some of the measured values were above the weld metal yield strength (= 1 on the y-axis).

Figure 8 a) Longitudinal (parallel to weld) and b) transverse (perpendicular to weld) residual stress
distributions measured through the sample thickness for a carbon steel plate sample with a repair
weld (Price et al, 2009). The dotted lines show the values of RS given in BS 7910 and R6. The
‘indicative error bar’ shows the size of the typical experimental error for each measured point.

Figure 9 The radial (perpendicular to weld) and hoop (parallel to weld) stresses for the tube on plate
joint in Barsoum (2007) showing the discrepancy between the measured and predicted RS values.

Figure 10 The through-thickness distributions of a) transverse (perpendicular to weld) and b)
longitudinal (parallel to weld) residual stresses from Barsoum (2007). The longitudinal stress shows
the characteristic S-shape. ‘[5]’ refers to Free and Porter Goff (1989).

Figure 11 Measured and predicted transverse (perpendicular to weld) and longitudinal (parallel to
weld) residual stresses on the outside surface of the welds from the papers reviewed. The residual
stresses were normalised by yield strengths of base and weld metals for stress directions
perpendicular and longitudinal to weld, respectively.

Figure 12 Through-thickness distribution (from the inner surface) of the axial residual stresses
reported in the papers reviewed. The residual stresses were normalised by the yield strength of the
pipes.

Figure 13 Through-thickness distribution (from the inner surface) of the hoop residual stresses
reported in the papers reviewed. The residual stresses were normalised by the yield strength of the
welds.

angular
misalignment

weld
WT

weld root hi-lo

Figure 14 Schematic, showing the angular misalignment produced in a strip specimen when it was
extracted from a pipe.

Figure 15 An image showing the set-up for the residual stress measurements by the DHD method.
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Figure 16 The axial (longitudinal) residual stresses of the girth weld in the 16 inch pipe, measured by the deep-hole drilling method. The surface residual
stresses measured by the centre-hole method were also included for comparison.
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Figure 17 The circumferential (hoop) residual stresses of the girth weld in the 16 inch pipe, measured by the deep-hole drilling method. The residual stresses
at the surfaces measured by the centre-hole method were also included for comparison.

Figure 18 Girth-welded pipe for residual stress measurement, 20 inch OD.

Figure 19 Set-up for the hole-drilling with the CEGB kit.

2
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HD 4

HD 3
Inside view of the pipe

Figure 20 Surface RS measurements for the 20 inch pipe, using the hole-drilling method.

Y1 gauge (0.55o)
HD1
(-7.13o) Datum A
Cold saw cut
(-9.13o)

#2

X1 gauge (10.4o)
#1

HD2

#4

Cold saw cut (20.23o)
#3

OD = 508mm
t =21mm

#7

Cold saw cut
(196.72o)

#8

HD4

#5
X2 gauge (186.87o)

#6

HD3
Y2 gauge (172.87o)
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Cold saw cut
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a)
Figure 21 Strain gauges, saw cuts and block locations for through-thickness residual stress
measurement. XX is the section 2mm from the toe of girth weld cap:
a) The end view of the pipe sample; Datum A is defined in Figure 20 (ie the edge of the seam weld).
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Cut 9

Figure 21 (continued) Strain gauges, saw cuts and block locations for through-thickness residual
stress measurement. XX is the section 2mm from the toe of girth weld cap. The plan view of:
b) Blocks X1 and Y1;
c) Blocks X2 and Y2.
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band saw

#4 or #8

#1 or # 5

Split here,
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#3 or # 7

Figure 22 Splitting and layering of removed blocks. The block at top is orientated in the longitudinal
direction (ie Y direction), and the one at bottom is around the circumferential direction (ie X direction).
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Figure 23 Through-thickness distributions of the residual stresses for the 20 inch pipe, near the
intersection between the seam and girth welds (2mm from the weld toes):
a) Hoop stress, parallel to the weld;
b) Axial stress, perpendicular to the weld.

a)

b)
Figure 24 Through-thickness distributions of the residual stresses for the 20 inch pipe, measured at a
position opposite to the seam/girth weld intersection (2mm from the weld toes):
a) Hoop stress, parallel to the weld;
b) Axial stress, perpendicular to the weld.
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Figure 25 Data from the literature and the assumed relationship between specific heat capacity and
temperature of low carbon steels.
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Figure 26 Data from the literature and the assumed relationship between thermal conductivity and
temperature of low carbon steels.
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Figure 27 Experimentally determined stress versus strain curves for the base metal and weld metals
in both the 16 and 20 inch girth welded pipes.
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Figure 28 Data from the literature for low carbon steels together with the assumed relationship
between the weld/base metal yield strengths and temperature.
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Figure 29 Data from the literature for low carbon steels together with the assumed relationship
between the weld/base metal ultimate strengths and temperature
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Figure 30 Measurement of the relationship between Young’s modulus and temperature of a low
carbon steels (He et al, 2010).
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Figure 31 Data from the literature and the assumed relationship between thermal expansion
coefficient and temperature of low carbon steels.

a)

2010-3-2-17-50-49-002

b)

2006-4-26-14-4-0-002

Figure 32 Macro-sections of the girth welds in the 16 inch and 20 inch pipes:
a) 16 inch;
b) 20 inch.

Figure 33 Addition of elements representing the build up of the second bead of the model of the
seven pass girth butt weld in a 16 inch pipe.

Figure 34 Contours of the von Mises equivalent stress during the build up of the second bead of the
model of the seven pass girth butt weld in a 16 inch pipe.

Figure 35 Contours of the von Mises equivalent stress between beads of the seven pass girth butt
weld in a 16 inch pipe.

Figure 36 Contours of the predicted welding residual stresses in terms of the von Mises equivalent
stress in the seven pass girth butt weld in a 16 inch pipe. The two plots show sections through the
pipe to reveal the stress distributions.

Figure 37 Contours of the predicted welding residual stresses in terms of the von Mises equivalent
stress in the seven pass girth butt weld in a 16 inch pipe. The plots show sections through the pipe to
reveal the stress distributions on the faces named.

a)

b)
Figure 38 Comparison of the FEA prediction of through-thickness distributions of hoop and axial
residual stresses at three locations for the seven pass girth butt weld in a 16 inch pipe:
a) hoop stress;
b) axial stress.

a)

b)
Figure 39 Comparison of the FEA predicted and DHD measured through-thickness distributions of
hoop and axial residual stresses for the seven pass girth butt weld in a 16 inch pipe:
a) hoop stress;
b) axial stress.

a)

b)
Figure 40 Comparison of the computer predicted and DHD measured through-thickness distributions
of hoop and axial residual stresses at the 12 o’clock position for the seven pass girth butt weld in a
16 inch pipe:
a) hoop stress;
b) axial stress.

a)

b)
Figure 41 Comparison of the computer predicted and DHD measured through-thickness distributions
of hoop and axial residual stresses at the 6 o’clock position for the seven pass girth butt weld in a
16 inch pipe:
a) hoop stress;
b) axial stress.

Figure 42 Contours of the von Mises equivalent stress during the build up of the second bead of the
model of the eight pass girth butt weld in a 20 inch pipe.

Figure 43 Contours of the von Mises equivalent stress between beads of the eight pass girth butt
weld in a 20 inch pipe.

Figure 44 Contours of the predicted welding residual stresses in terms of the von Mises equivalent
stress in the eight pass girth butt weld in a 20 inch pipe. The plots show sections through the pipe to
reveal the stress distributions at different locations.

Figure 45 Contours of the predicted welding residual stresses in terms of the von Mises equivalent
stress in the eight pass girth butt weld in a 20 inch pipe. The plots show section through the pipe to
reveal the stress distributions at the start and end of welding.
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a)

b)
Figure 46 Comparison of the FEA predicted and BRSL measured through-thickness distributions of
hoop and axial residual stresses for the 20 inch pipe. The FEA results are from the weld centre line
plotted at the welding start and end locations and mid-way between these points (3 o’clock). The
measurements were made near the seam weld and remote from it:
a) hoop residual stress;
b) axial residual stress.

a)

b)
Figure 47 Comparison of the FEA predicted and BRSL measured through-thickness distributions of
hoop and axial residual stresses. The FEA results are plotted at the location of the start of welding.
Two FEA lines are given. These show the stresses through the centre of the weld and also at 6mm
from the weld centre:
a) hoop residual stress;
b) axial residual stress.

Figure 48 Dimensions of the strip fatigue test specimen.

Figure 49 Contour plots of the circumferential displacement after welding (left) and after removal of
the strip specimen from the full-scale girth-weld pipe (right).

Figure 50 Contour plots of the axial displacement after welding (left) and after removal of the strip
specimen from the full-scale girth-welded pipe (right).

Figure 51 Distributions of the residual stress (von Mises) at the 3 o’clock position in the complete
weld (top left) and in a 80mm wide strip specimen removed from the complete weld (bottom right).

Figure 52 Comparison of the through thickness plots of the axial residual stress.

Figure 53 Comparison of the through thickness plots of the hoop residual stress.

Figure 54 Experimental data for girth welds. The residual stress distribution given in BS 7910 for low
heat input is included for comparison.

Figure 55 Confidence levels for the experimental data with low heat input.

Figure 56 Comparison of the residual stress distributions between the experimental data with different
confidence levels and the FE predictions for the 16 inch pipe.

Figure 57 Comparison of the residual stress distributions between the experimental data with different
confidence levels and the FE predictions for the 20 inch pipe.

Figure 58 Comparison of the recommended upper bound (UB) residual stress (RS) distribution curve
(red, solid line) with the database and the others.

Figure 59 Through-wall thickness distributions of normalised stress intensity factor (SIF) K under axial
residual stresses.

Figure 60 Comparison of normalised K distributions between cracks on ID and OD under the
proposed upper bound axial residual stress distribution.

Figure 61 Effect of crack aspect ratio on K distribution under the proposed upper bound axial residual
stress distribution.

Appendix A
Stress intensity factor calculations

A1

Introduction
In this Appendix, the driving force, in terms of J-integral, for crack growth in a welding
residual stress field, was determined by finite element analysis. Two fully circumferential
internal crack sizes were simulated with heights of 1mm and 2mm. The results of the
analyses are provided here for future comparison with predictions from relevant standards.

A2

16 inch pipe
The predicted stress intensity factors (SIFs) from the axisymmetric models of cracks in the
root of the weld are listed below.
1mm crack – 430.6N/mm3/2
2mm crack – 35.9N/mm3/2
The predicted J versus applied axial strain for the two crack sizes are given in Figure A1.

A3

20 inch pipe
The predicted SIFs from the axisymmetric models of cracks in the root of the weld are listed
below.
1mm crack – 122.1N/mm3/2
2mm crack – 361.2N/mm3/2
The predicted J versus applied axial strain for the two crack sizes are given in Figure A2.

Figure A1 Predicted J versus applied strain for cracks in the root of the weld under the action of the
residual stress and axial loading for the 16 inch pipe.

Figure A2 Predicted J versus applied strain for cracks in the cap of the weld under the action of the
residual stress and axial loading for the 20 inch pipe.
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Residual stress measurements
and modelling
Residual stresses are generated in engineering
structures and components as a consequence of the
welding process and are an important consideration
in structural integrity assessment. Compressive
residual stresses can have a beneficial effect on
structural integrity, inhibiting crack propagation and
enhancing fatigue life, but tensile residual stresses
generally have an adverse effect on brittle fracture,
corrosion properties and fatigue performance. The
consequences of residual stress effects on structural
integrity may be significant as residual stress levels
can reach the yield strength of the material, particularly
for offshore installations which are subject to severe
loading arising from the harsh operating environment.
Published experimental data from residual stress
measurements are generally limited and experimental
data for offshore welded joints are rather scarce.
Increased knowledge of the magnitude and the
distribution of through-wall thickness residual stresses
in offshore structures can help the offshore industry
gain more understanding and confidence in the
structural integrity of critical components.
TWI carried out a comprehensive study of residual
stresses in offshore girth-welded joints. It included a
brief literature review, through-wall thickness residual
stress measurements in 16-inch and 20-inch diameter
pipes, numerical modelling of residual stress profiles,
determination of an upper bound expression for the
through-thickness residual stress distribution for girth
welds based on the revised database and assessment
of the impact of the results on structural integrity
assessment.
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