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a b s t r a c t

Spiral welded pipes have gained interest for application in strain-based design related pro-
jects. However, there is a lack of fundamental knowledge about their performance in terms
of tensile strain capacity. By means of parametric finite element analyses, the influence of
pipe forming angle, weld strength overmatch and material strength anisotropy on the ten-
sile strain capacity was investigated for (un-)pressurized pipe sections and wide plates. It is
concluded that larger forming angles, when compared to lower angles, result in significant
higher strain capacity and less sensitivity to anisotropy. Neglecting anisotropy in finite ele-
ment analysis may overestimate strain capacity.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Spiral welded pipes gain interest for the transportation of hydrocarbons in strain-based design related projects due to
economic benefits in comparison with traditionally used UOE pipes [1]. Recent developments in steel coil production facil-
ities have enabled the possibility to manufacture spiral welded pipes with sufficient wall thickness and of adequate steel
grade quality (strength and toughness properties) [2–4]. Based on the work of several research groups it can be concluded
that in comparison to UOE-pipes, spiral pipes can perform equal or better when considering the following elements: cold
field bending [5], buckling resistance [6], fracture arrest [7,8], ductile tearing [9], plastic collapse [10], bending [11], and
burst fracture tests [12]. However, the evaluation of spiral pipe performance and its applicability in a tensile strain-based
design context has received little attention [13].

A key element in the study on the applicability of spiral welded pipelines for strain-based design projects is the evaluation
of their tensile strain capacity. The evaluation of tensile strain capacity of pipelines constructed with UOE pipes is reasonably
well understood. Focus is traditionally addressed to the girth weld region with a possible presence of weld defects. When a
spiral welded pipe is used for the construction of a pipeline, also the helical seam weld region deserves attention.

The tensile strain capacity in the presence of (weld) defects can be evaluated based on experimental small and/or medium
scale test specimens and/or by means of numerical finite element analysis. Full scale test specimens are cost intensive and
lack the possibility to perform a small scale characterization of weld and base metal, thus complicating the interpretation of
the obtained results. A subscale specimen, e.g. a curved wide plate section cut from a pipe, does allow for a thorough material
characterization. However, a curved wide plate cannot incorporate the effect of internal pressure. Additionally, finite ele-
ment analysis may facilitate a better understanding of the complex occurring phenomena. However, a sound numerical
model requires accurate input data related to geometry and material properties.
tensile
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Nomenclature

a flaw depth (mm)
a0 initial flaw depth (mm)
afinal final flaw depth (mm)
COD Crack Opening Displacement (mm)
CODI mode I Crack Opening Displacement (mm)
CODIII mode III Crack Opening Displacement (mm)
Do pipe outer diameter (mm)
Lpipe length of spiral welded pipe section (mm)
Lprism length of prismatic section of SCWP specimen (mm)
LVDT linear variable differential transformer
PP pressurized spiral welded pipe
Rp degree of planar anisotropy (%)
SCWP curved wide plate from spiral welded pipe
t wall thickness (mm)
TSCSCWP tensile strain capacity of SCWP specimen (%)
TSCPP tensile strain capacity of PP specimen (%)
TSCUP tensile strain capacity of UP specimen (%)
UP unpressurized spiral welded pipe
Wprism width of prismatic section of SCWP specimen (mm)
a pipe forming angle (�)
d1 factor in COD resistance curve
d2 exponent in COD resistance curve
erem remote strain (%)
rH equivalent Hill yield stress
rij directional stress components for rH

rLRD material strength in longitudinal to skelp rolling direction (MPa)
rTRD material strength in transverse to skelp rolling direction (MPa)
rLPA material strength in longitudinal to pipe axial direction (MPa)
rTPA material strength in transverse to pipe axial direction, i.e. pipe hoop direction (MPa)
r45� material strength in 45� to skelp rolling direction (MPa)
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Contemporary linepipe steel with high strength, toughness, weldability and sufficient wall thickness (approx. 25 mm) is
traditionally rolled using thermo-mechanical controlled processing technology. This production process inevitably intro-
duces an anisotropic material response in the steel. Additional anisotropy can be introduced during the forming process
of the pipe [14,15]. In a strain-based design context, the actual pipe stress–strain behavior containing yield strength, tensile
strength, work hardening exponent and uniform elongation, plays a key role. This motivates an investigation into effects of
anisotropy. Pipe geometry comes into play here, too, as the forming angle of the spiral pipe influences the orientation of ani-
sotropy with respect to the pipe axis.

Recent publications mainly focus on the influence of anisotropic material properties for UOE pipes. In this respect, Hilgert
et al. [16] concluded that anisotropic material response (implemented in his study by means of Hill’s 1948 yield criterion
[17]) can have beneficial effects when compared to fully isotropic behavior. To the authors’ knowledge, however, no
in-depth study has been performed for spiral welded pipe, relating plastic anisotropic material response to flaw acceptability
and strain capacity of the pipe.

This paper compares the structural response in terms of tensile strain capacity of a curved wide plate extracted from a
spiral pipe (SCWP), an unpressurized (UP) and a pressurized spiral pipe (PP), assuming three-dimensional isotropic or ani-
sotropic material behavior. The following section focuses on the specimen geometry, developed finite element models and
the remote strain evaluation. The third section outlines material definitions based on the Hill’s 1948 yield criterion. The
fourth section provides the analysis of crack driving force, mode mixity and the evaluation of ductile tearing and tensile
strain capacity based on the mapping approach. Followed by a section for discussion and, finally, conclusions.

2. Finite element analysis

2.1. Specimen geometry

For this paper, a constant pipe wall thickness, t, of 23.7 mm is used. The forming angle, a, is set to discrete values: 20�, 30�
and 40�. The selected pipe outer diameter, Do, is 762 mm (3000), Fig. 1. It has been observed that, with constant pipe hoop
stress, the diameter has a minor influence on the crack driving force curve and thus on the tensile strain capacity [18].
For pressurized spiral welded pipes, a minimum pipe length to diameter ratio of four has been applied to avoid end boundary 
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Fig. 1. Spiral welded pipe with SCWP specimen and dimensional properties.
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effects, as advised in [18]. For unpressurized pipe specimens on the other hand, a ratio of six has been chosen, based on the
same study. These ratios are independent of pipe forming angle. This advice is in agreement with guidelines for full scale
pipe testing of flawed girth welds [19,20]. The modeled internal pressure introduces a hoop stress equal to 70% of the yield
strength of the base metal in the pipe hoop direction.

For SCWP specimens, the length of the prismatic section, Lprism, to width of the prismatic section, Wprism, ratio was pre-
viously determined [21] to be given by, Eq. (1):
Fig. 2.
specim

Please
strain
Lprism ¼Wprism 3þ sina
2

� �
ð1Þ
Wall thickness, original pipe diameter and forming angle range have been adopted from the pipe specimens. Wprism is
chosen to be 300.0 mm, in agreement with the UGent guidelines for girth weld curved wide plate specimens [22].

2.2. Finite element model

An in-house developed Python script generates finite element models of spiral pipe specimens using the software package
ABAQUS� (version 6.11). Model creation, analysis and post-processing are fully parametric, and therefore highly suited for
systematic studies to identify parameter influences on pipe behavior. The models have been developed for the analysis of
curved wide plate sections obtained from spiral welded pipes [21], and full scale pipe specimens [18], see Fig. 2. The load
is applied at the specimen ends and controlled in displacement mode. For the pipe specimen, an internal pressure can be
applied.

Both models are based on the meshing scheme of a previously developed and validated model for girth welds [23,24]. The
parametric three-dimensional finite element models have been developed with a focus on mesh refinement for the sake of
accuracy. Three-dimensional solid linear brick elements with reduced integration scheme (ABAQUS� type C3D8R) have been
selected for the analyses. Previous study has shown that the reduced elements provide a significant reduction in calculation
time without sacrificing accuracy. The applied models incorporate finite strain assumptions and have a total number of ele-
ments of approximately 75,000 and 250,000 for the SCWP and pipe specimens respectively. Attention is directed to geom-
etry, material definition and flexibility to easily perform parametric studies. Such studies provide insight in the first and
second order influences on the structural behavior of the pipe. More detailed background can be found in [18].

The SCWP and pipe finite element model allow for a forming angle, a, of 10� up to 50�. This forming angle range covers the
typical actual pipe production range. Wall thicknesses of 6.0 mm and above can be modeled. The lower limit for outer diam-
eter, Do, is 508 mm (2000). A diameter below this value would require some additional mesh optimization to account for the
strong curvature.
(a)

(b)

P
UU
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Example of a SCWP (a) and a complete spiral welded pipe (b) model with helical weld flaw. Specimens are loaded in displacement (U) control at the
en ends.
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The finite element model includes a surface-breaking notch at the weld metal centerline in the helical weld. This
semi-elliptical surface breaking notch is located at the inside diameter. The models do not include crack extension, but
are limited to model discrete values of crack length (e.g. 75.0 mm), notch depth (a = 4.0 mm, 5.0 mm, 6.0 mm, 7.0 mm,
and 8.0 mm) and a root radius of 75 lm. The developed model allows for an accurate geometrical representation of an actual
weld (variable fusion line profile, weld cap geometry, bevel angle and misalignment). Additionally, a heat affected zone can
be attributed with an individual material property.

The weld geometry used in this study is simplified to represent a symmetrical X-weld bevel preparation neglecting heat
affected zone effects. It has no geometrical overmatch, a weld cap width of 21 mm is selected with a weld bevel angle of 25�,
see Fig. 3.

The effect of misalignment [25], geometrical weld reinforcement [26], or variable fusion line profile [23] is outside the
scope in this paper. It is noted that these aspects may significantly increase the crack driving force as observed in studies
on girth weld flaws [27–30].

 

 

2.3. Remote strain evaluation

The remote strain is of critical importance to evaluate the tensile strain capacity of the specimen. It is defined as the strain
level in the pipe body, or curved wide plate, in a region not influenced by boundary loading conditions nor by the presence of
a notched weld. The curved wide plate specimen geometry and instrumentation has been based on Ghent University’s
curved wide plate testing guidelines [22]. The remote strains in the base metal are obtained through virtual LVDT (linear
variable differential transformer) displacement measurements as illustrated in Fig. 4.

The required length for the LVDTs equals Wprism/2 and they are positioned Wprism(1 + sin a) apart, thus the positioning
depends on the pipe forming angle, as determined in [21].
Fig. 3. Weld geometry with mesh refinement in notch region and spider web mesh at notch tip.

W
pr

is
m

Wprism*(1+sin α)

Wprism*(2+sin α)

LVDTLVDT

__

7.5%axial strain

__

2.5%

P
LVDTpipe

Lpipe

Lpipe/3

LVDTpipe

Fig. 4. Strain pattern of pipe without internal pressure at the moment of maximum applied force and SCWP model with identification of LVDT positions for
remote strain determination.
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For pipes, the axial strain is measured at the location corresponding to one third of the half pipe length starting from the
pipe ends. This location was found to eliminate the effect of boundary loading conditions in an optimal manner [18]. The use
of four LVDTs, spaced equally around the pipe circumference, with length given by Eq. (2) is advised to measure the remote
strain from the average displacement provided by these four LVDTs, see Fig. 4.

 

 

Please
strain
LLVDT;pipe ¼
1
4
pDo tan a ð2Þ
3. Material definition

3.1. Material strength properties

In contrast to UOE pipe, the transverse to rolling direction of the skelp material is not aligned with the pipe hoop direction
in spiral welded pipe. The typically stronger transverse to rolling direction of the skelp is thus shifted towards an orientation
that is not necessarily coincident with the pipe’s axial or hoop direction. The anisotropic influence is thus dependent on the
forming angle of the pipe. To identify the degree of anisotropy, the planar anisotropy, Rp, is introduced by Eq. (3):
Rp ¼
rLRD � 2r45� þ rTRD

2rLRD
� 100% ð3Þ
For this paper a pipe metal has been selected based on experimental data from a spiral welded pipe, as formed, without
coating or equivalent heat treatment. The metal (API 5L grade X80 [31]) has a yield strength of 595 MPa, a tensile strength of
670 MPa, a yield-to-tensile ratio of 0.89, and a uniform elongation of 9.75% as measured from full thickness prismatic spec-
imens in the pipe’s axial direction. The weld metal is considered to be isotropic. The weld strength overmatch is determined
on the basis of yield strength (in pipe axial direction). The heat influence of welding on base metal is neglected, thus the heat
affected zone properties are assumed to be equal to these the base metal. A more detailed description of applied material
properties is described in following sections.

Stress–strain curves have been determined for various positions relative to the rolling direction (i.e. 0�, 45� and 90� rel-
ative to the rolling direction of the skelp). Hereto round bar specimens with a nominal diameter of 12.0 mm were extracted
in different directions. Yield strength, tensile strength and uniform elongation values are listed in the table below (Table 1).

The axial elongation and directional diameter reduction were continuously (online) measured during the tests by means
of diametral extensometers up until maximum tension load. The quantified ovalization is used to evaluate the plate through
thickness characteristics based on Lankford coefficients, as provided in the Abaqus� 6.11 user’s manual for materials with
anisotropic yielding. The transverse to rolling direction has a 2% tensile strength increase, the 45� to rolling direction has
a 3% relative tensile strength decrease relative to the longitudinal to rolling direction (0�). These values result in a planar
anisotropy, Rp, of 4%. Notably, these numbers are in agreement with published datasets of anisotropy for API 5L grade
X70 and X80 pipes, Fig. 5. The through wall thickness properties are estimated from Lankford coefficients during traditional
round bar tensile testing. A decrease of 4% on tensile strength (relative to the longitudinal to rolling direction) was derived.

3.2. Hill’s 1948 yield criterion

Linepipe steel is known to be anisotropic with respect to not only yield strength but also work hardening, ductility and
toughness [32–37]. A numerical implementation of all aspects requires highly advanced material definitions. The calibration
would require an extensive amount of experimental data with non-traditional testing. For this paper, therefore, the simpli-
fied Hill’s 1948 yield criterion [17] has been implemented as proposed by [16]. It is limited to yield strength anisotropy, but
suffices to illustrate the basic phenomena related to strength anisotropy.

In a strain-based design concept, large (plastic) strains will mainly occur in pipe axial direction. Here, the crack driving
force response will be dominated by axial stress–strain properties and their corresponding yield strength, work hardening
and ductility. The non-axial directions will mainly develop elastic or small plastic strains which will be dominated by the
directional relative yield strength. By incorporating the stress–strain curves corresponding to the pipe axial direction and
a directional anisotropy based on tensile strength, a preliminary study can be performed on the influence of anisotropic
material response in spiral pipe sections. Anisotropy of material toughness is not considered in this paper. It may be noted
Table 1
Yield strength, tensile strength and uniform elongation of round bar specimens extracted in various positions relative to the rolling
direction.

Yield strength (MPa) Tensile strength (MPa) Uniform elongation (%)

0� 596 665 9.75
45� 575 645 7.60
90� 601 678 9.10
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that weld residual stresses are not included in the numerical model. However, their effect is limited under the occurrence of
gross plasticity [38].

The Hill’s 1948 yield criterion (further simply referred to as Hill’s criterion) is an extension of the von Mises yield crite-
rion. The equivalent stress rH is defined by following equation, Eq. (4):
Fig. 6.
and �3
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strain
rH ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Fðr11 � r22Þ2 þ Gðr22 � r33Þ2 þ Hðr33 � r11Þ2 þ 2Lr2

23 þ 2Mr2
31 þ 2Nr2

12

q
ð4Þ
where the Hill’s parameters F, G, H, L, M, N are calibrated from measured stress levels rij. Here, rij is the measured stress
value when rij is the only non-zero applied stress tensor component. An analytical background on the calibration procedure
is given in [39]. To correctly evaluate the influence of an anisotropic material response based on strength ratios, the rij are
scaled to obtain an equivalent strength in the pipe hoop direction. The scaling provides the possibility to evaluate the axial
straining capacity while maintaining the actual pipe hoop yielding characteristic, which is a key element from an in service
point of view (i.e. the allowable internal pressure). When this equivalent strength is neglected, a change of the Hill’s param-
eters, would result in a stronger or weaker grade pipe, this evidently alters the tensile strain capacity.

Fig. 6 represents the used planar strength anisotropy which is based on the stress–strain curve of the material in the lon-
gitudinal to pipe axis direction. The dotted and dashed line, in Fig. 6, respectively represent the transverse and the 45� to
rolling direction curve as used for the Hill representation of anisotropy. The Hill’s yield criterion implemented in Abaqus
does not allow for a different stress–strain curve implementation and the directional anisotropy is accomplished by means
of a parallel scaling of the entire reference stress–strain curve. The stress–strain curve of the pipe axial direction is selected
as the reference curve as the pipe axial behavior will be most influential on the straining capabilities of a pipe. The relative
directional anisotropy is defined with regard to this curve. The stress–strain curve in the pipe axial direction shows a pro-
nounced two-stage strain hardening behavior as often observed for high strength linepipe steel. It can be parametrically
described on the basis of the UGent stress–strain model, developed to describe such behavior [40]. Corresponding UGent
model characteristics are: r02 = 597.7 MPa (yield strength), r1 = 604.8 MPa, r2 = 634.0 MPa, n1 = 62.3 (first strain hardening
exponent), n2 = 17.8 (second strain hardening exponent).
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Summarized, the following materials have been simulated for each of the considered specimens (SCWP, UP and PP), form-
ing angles (20�, 30� and 40�) and flaw depths (4.0 mm, 5.0 mm, 6.0 mm, 7.0 mm and 8.0 mm) resulting in a total of 540 sim-
ulations: material anisotropy (rTRD/rLRD = 1.00, 1.02 and 1.04) and weld strength overmatch (�5%, 0%, +5%, +10%).

4. Analysis

4.1. Crack driving force curve and mode mixity

The notch behavior (opening) is related to the applied remote axial strain. Since the notch is slanted (in accordance with
the forming angle of the pipe) with respect to the tensile loading direction, mixed mode crack loading occurs. The conven-
tional J integral or Crack Tip Opening Displacement (CTOD) for pure mode I failure is thus no longer valid. An alternative
quantity has been proposed by Liu et al., where modes I and III are taken into account [41]. The so-called Crack Opening
Displacement (COD) is determined as the vector sum of the mode I component (CODI) and the mode III component
(CODIII) of crack opening:

 

 

Fig. 8.
ductile

Please
strain
COD2 ¼ COD2
I þ COD2

III ð5Þ
In this study, the crack opening is monitored by tracking two distinct points at a distance of 0.36 mm above the original
crack tip, which is in accordance with [42] (Fig. 7).

The Crack Driving Force (CDF) curve, which relates the COD to the remote strain, is an important characteristic of the pipe.

4.2. Ductile tearing and tensile strain capacity based on mapping approach

Ductile tearing was not explicitly modeled within the simulations. Instead, simulations with different (but fixed) flaw
depths, a, were performed for each configuration, i.e. a mapping approach using multiple simulations as suggested by
[43,44]. Starting from its initial value, a0, the flaw depth was increased to a0 + 4 mm in discrete steps of 1.0 mm, resulting
in five simulations for each configuration. Fourth-degree polynomial curve fitting between these five simulation results
led to crack driving force curves in terms of crack tip opening displacement, COD(a,erem), where erem represents the average
remote strain. The flaw depth corresponding to a remote strain erem,i then corresponds with the intersection between COD(a,
erem,i) and the crack growth resistance curve CODR(a), (see Fig. 8(b)), represented by the following two-parameter (d1 and d2)
power law fit [45],
Fig. 7. Mixed mode crack opening. Pure crack opening in mode I: CODI, shear displacement of the crack faces in mode III: CODIII.
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CODR ¼ d1ða� aoÞd2 ¼ d1ðDaÞd2 ð6Þ 
The selected crack growth resistance curve (CODR) parameters d1 equal to 1.1 and d2 equal to 0.6 are considered to be
independent of specimen type and forming angle. The parameters are based on the average reported crack growth resistance
curve for pipeline steels by [42].

Failure by unstable tearing is then identified by means of the tangency criterion, i.e.

 

@ CODða; eremÞ
@a

¼ dCODR

da
ð7Þ
Østby et al. have shown that this pragmatic approach leads to conservative strain capacity predictions from a fracture
mechanics point of view [46], provided that the crack growth resistance curve represents the crack tip constraint conditions
of the specimen.

To illustrate the approach adopted in the tearing analysis, an example configuration with failure in the weld is illustrated
in Fig. 8 (illustrated case for an unpressurized pipe with forming angle of 30� and 10% weld metal overmatch). Unstable crack
extension occurs when the remote strain, erem, is equal to 0.0755. This strain is then defined as the tensile strain capacity of
the analyzed case. The final notch depth, afinal, is determined to be 6.8 mm as an interpolated value of notch depths 6.0 mm
and 7.0 mm.
5. Results and discussions

Section 5.1 focusses on the influence of specimen type on the crack driving force behavior. Section 5.2 is addressed to
study the effects of forming angle and weld strength overmatch on tensile strain capacity. Here, the base and weld metals
are modeled using isotropic material parameters. In Section 5.3 the influence of anisotropy is investigated.
5.1. Influence of specimen type

Fig. 9(a) illustrates the crack driving force curves for a SCWP, a UP and a PP for a specific theoretical case: a constant notch
depth of 5.0 mm, a total notch length of 75.0 mm, a forming angle of 30� and a weld strength overmatch of 5%. In Fig. 9(b)
crack growth extension has been incorporated by means of the mapping approach as described in Section 4.2. It has to be
noted that the used notch size represents a severe theoretical case to more clearly illustrate the occurring trends.

Based on Fig. 9(a) it is observed that SCWP and UP specimen show similar COD behavior except for their failure strain.
Additional simulations indicate that overmatching welds or short flaws are less influenced by the shear mode in the
SCWP specimen. The pressurized pipe shows a higher COD versus remote strain response when compared to the unpressur-
ized specimen. This is as expected from similar observations for girth welded pipes [20,47]. The good agreement between UP
and SCWP up to a COD value of approximately 1.5 mm is particularly useful as a first approximation to estimate the tensile
strain capacity based on the moment of crack initiation (TSCinitiation) [48,49], and is proven by the good correspondence
shown in Fig. 9(b).
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5.2. Weld strength overmatch and forming angle influence

Isotropic material parameters are used to investigate the influence of weld strength over- or undermatch when maintain-
ing identical material properties independent of forming angle. Fig. 10 illustrates the tensile strain capacity of the SCWP
specimen, TSCSCWP, for a range of forming angles (20�, 30� and 40�), and a range of weld strength undermatch (�5%), strength
evenmatch (0%) and strength overmatch (5% and 10%). Those values are based on hardness mappings of submerged arc
welded helical welds [50–52].

For the tensile strain capacity of SCWP specimens, Fig. 10, it is observed that an increase of weld metal strength over-
match can result in a significant increase of the tensile strain capacity (e.g. a weld strength increase of 10% can double
the obtained tensile strain capacity). The case of weld strength evenmatch (+0%) can be considered as a homogenous
non-welded pipe section with a notch. Here it is observed that the forming angle, i.e. the degree of mode mixity of the crack
opening, does not have a significant influence on strain capacity. This behavior can also be observed for the undermatched
(�5%) weld strength.

More significantly, the influence of forming angle on the tensile strain capacity is significant for the case of 10% weld
metal strength overmatch. When compared to the 30� forming angle, the strain capacity is reduced by 17% for the 20� geom-
etry and increased by 14% for the 40� forming angle. It can be concluded that within the boundaries of the simulations both a
weld metal strength overmatch and an increase of pipe forming angle is beneficial for the tensile strain capacity of SCWP
specimens.

Figs. 11 and 12 illustrate respectively the calculated tensile strain capacity for an unpressurized pipe, TSCUP, and a pres-
surized pipe, TSCPP.

For undermatched (�5%) welds the forming angle is not highly influential on the tensile strain capacity. The evenmatched
(+0%) welds, i.e. the homogeneous pipe, show a slight increase of strain capacity for increasing forming angles. For higher
degrees of strength overmatch, the influence of forming angle becomes significant. For the 10% weld strength overmatch case
a 20� forming angle results in an 18% relative reduction of tensile strain capacity when compared to the 30� geometry. The
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40� on the other hand shows an 18% increase of tensile strain capacity when compared to the 30� geometry. In other words,
the influence of weld strength overmatch shows a dependency on forming angle.

Additionally, the graphs for SCWP and UP specimens (Figs. 10 and 11) show a good correspondence. When comparing the
individual values of strain capacity for the SCWP an UP, it is observed that the tensile strain capacity of the SCWP specimen is
on average about 5.2% higher (with a standard deviation of 6.2%) than the strain capacity of the unpressurized pipe. This
observation is expected from the good correspondence between the crack driving force curves as illustrated in Fig. 9.
Here, the COD-curve for the SCWP specimen is shifted slightly to the right when compared to the UP specimen, thus the
strain capacity for SCWP specimens is expected to be slightly higher.

The tensile strain capacity of a pressurized pipe, as illustrated in Fig. 12, still shows the same overall trends as observed in
Figs. 12 and 13 for the SCWP and UP, i.e., the obtained strain capacity increases with increasing weld strength overmatch
and/or pipe forming angle. However, unlike the UP specimens, the influence of forming angle is no longer a function of weld
strength overmatch. Additionally, the obtained strain capacity is much smaller than the values obtained for the unpressur-
ized case. This observation is expected from the shift in crack driving force curves as illustrated in Fig. 9. Here, the COD-curve
for the PP specimen is shifted significantly to the left when compared to the UP specimen, thus the strain capacity for PP
specimens is expected to be lower.

For the simulated conditions, a pressure influence factor TSCPP/TSCUP can be estimated. For pipes with a forming angle of
20�, the weld strength overmatch does not significantly influence the pressure factor. The factor for the overmatched weld
strength is determined to be 0.67 (with a standard deviation of 0.085). For undermatching (�5%) or evenmatching (0%) weld
strength, the correction factor can increase up to unity for a forming angle of 40�.
5.3. Influence of anisotropic material response

In previous sections, isotropic properties were assumed to focus on the effects of specimen type, weld strength overmatch
and pipe forming angle. In this section, the anisotropic material response is specifically investigated. Focus is directed to the
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comparison of pipes with an equal hoop strength. For the investigated range of forming angles and the typical directional
strength anisotropy, the pipe axial direction becomes stronger than the hoop direction. Compared with the isotropic case
and assuming fixed weld properties, the considered anisotropy results in a same weld strength overmatch in the transverse
to welding direction, but in a lower weld strength overmatch in the pipes axial direction. Since axial strain capacity assum-
edly is mainly driven by axial stress–strain properties (weld strength overmatch), it is assumed to decrease as a result of the
considered anisotropy.

Fig. 13 illustrates the effect of weld strength mismatch (0%, 5% and 10% in the transverse to rolling direction) for two
degrees of directional anisotropy, (rTRD/rLRD = 1.02 and 1.04).

In Fig. 13, it is clearly observed that the 40� forming angle geometries are less influenced by the degree of anisotropy.
Here, the relative reduction of strain capacity is limited to 2.5%. For the 30� orientation or even more pronounced for the
20�, the strain capacity can be reduced up to 13% in the anisotropic case relative to the isotropic case. This highlights the
added value of incorporating anisotropy in finite element analyses for strain-based design purposes.

One could compensate the effect of anisotropy on reduced strain capacity by increasing the weld strength overmatch. The
required relative increase of weld strength overmatch is given in Fig. 14 for two ratios of yield stress in the transverse to
rolling direction of the skelp to the yield stress in the longitudinal to rolling direction: rTRD/rLRD = {1.02 and 1.04}

On Fig. 14 it is observed that the forming angle of 20� in combination with a rTRD to rLRD ratio of 1.04 requires a circa 3%
weld strength increase to obtain a similar strain capacity. The 40� forming angle on the other hand does not require such a
significant increase of tensile strength, less than 1%. The required weld strength increase is given as a point of attention and
promotes to use dedicated welding procedures dependent on material properties as well as pipe forming angle. However,
one should take into account that this study neglects heat affected zone effects and geometrical overmatch effects and
mainly focusses on ‘strong’ or ‘weak’ welds in terms of strength mismatch.
6. Conclusions

Specific combinations of directional anisotropy and helical forming angle can have a detrimental effect on the strain
capacity of flawed spiral weld pipes. More specifically, when considering the Crack Opening Displacement (COD), the crack
driving force can increase due to anisotropy, compared to an isotropic pipe with equal hoop yielding characteristic. It is con-
cluded that:

� Concerning specimen type; a good agreement between a spiral curved wide plate specimen and an unpressurized pipe
specimen is observed in terms of crack driving force behavior and tensile strain capacity.
� Pipes with a small forming angle tend to have a reduced tensile strain capacity when compared to the larger forming

angle. The influence of weld strength overmatch is more pronounced for larger forming angles. For spiral curved wide
plates and unpressurized pipes, a dependence of weld strength overmatch and forming angle on the strain capacity is
observed. The dependency of forming angle on weld strength mismatch influence is not observed for the pressurized pipe
specimen.
� Anisotropic material response with a focus on pipe hoop strength, with a 4% transverse to rolling direction strength dif-

ference with respect to the longitudinal to rolling direction can result in an overestimation of the tensile strain capacity of
up to 13%. To compensate for this reduction of strain capacity a 3% additional strengthening of the weld is required.
Additionally, pipes with a smaller forming angle tend to be more susceptible to the undesirable effect of base material
strength anisotropy.
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Additionally, it should be noted that a constant resistance curve independent of forming angle was used in this study.
Further research should indicate the validity of this assumption. Concluding matters, neglecting anisotropic plasticity when
conducting finite element calculations of spiral welded pipe sections can yield unconservative flaw assessments.
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