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Abstract:

Tensile strain capacity (TSC) of pipelines with girth weld flaws have been traditionally measured
experimentally using wide plate tests. However, Numerical analysis in recent studies showed that the
TSC are affected by the level of internal pressure inside the pipeline, Y.Wang (2008). Most of the past
studies focused on the effect of circumferential flaws on the TSC for pipelines of steel grade X65 or
higher. The current Oil and Gas Pipeline System Code CSA Z662-11 provide equations to predict the
critical TSC as a function of geometry and material properties of the pipelines. These equations were
based on extensive studies on pipes having grades X65 or higher without considering the effect of
internal pressure which makes it beneficial to be investigated. In this study, eight full-scale experimental
tests of NPS 12" pipes with 6.91 mm wall thickness and grade X52 were conducted in order to investigate
the effect of circumferential flaws close to a girth weld on the TSC for vintage pipelines subjected to
eccentric tensile forces and internal pressure. A digital image correlation system and biaxial strain gauges
were used to obtain the tensile strain along the pipe length during the test. Post-failure macro-
fractography analysis was used to confirm the original size of the machined flaw and to identify areas of
plastic deformation and brittle/ductile fracture surfaces. From the experimental and numerical results, the
effect of internal pressure and flaw size on the TSC was investigated. The CMOD at failure for different
pipes were compared.

1 INTRODUCTION

In arctic and seismically active regions, pipelines may experience high longitudinal plastic strains
that cause high longitudinal deformations. The high strain could be resulted from large ground
movements such as seismic activity, slope instability or temperature variations in addition to internal
pressure. Fabrication flaws that exist in girth welds are one of the major reasons leading to failure of a
pipeline due to high tensile longitudinal strains. In order to avoid failures in the pipeline due to high tensile
strains, the dimensions of the inevitable fabrication flaws in girth welds need to be restricted within
acceptable limits. The lack of knowledge about the effects of flaw sizes and internal pressure on the
structural behaviour of a pipeline can lead to violating the design limit states. This violation may cause
loss of life and property, damage to the environment, and derangement of pipeline operations. Therefore,
there is a direct impact on the safety and integrity of pipeline systems by developing the tensile strain
design models. In order to understand the structural behaviour of a pipeline in the presence of fabrication
flaws and internal pressure, it is necessary to conduct full-scale tests of the pipe for different crack sizes
and internal pressure levels.

In previous studies, the frequently used technique has been the curved wide plate (CWP) tests to
evaluate the tensile stresses and strains of pipelines with a girth weld without considering the effect of
internal pressure on pipelines behaviour. The current CSA 7662 [1] adopts tensile strain equations
published in Annex C that were validated against CWP test data based on extensive research of Wang et
al [2] where the internal pressure effect was not considered. Recently, Some studies based on numerical
analysis have proven that internal pressure will lead to a reduction in the tensile strain capacity of a
pipeline [3]. Ostby and Hellesvik, 2007 [4] conducted full-scale tests and compared the data with
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numerical analysis results. Both results showed good agreement and indicated the effect of internal
pressure on the tensile strain capacity of pipes. Many industrial companies in North America are
investigating the tensile strain capacity of girth weld pipelines in harsh arctic or seismically active regions.
Currently, two main projects are investigating the strain-based design of pipelines; a research project
supported by PRCI [5] published equations to evaluate the tensile strain capacity of pipelines beyond
yield strain. This study involved fundamental fracture mechanics, small-scale material characterization
tests, and full-scale tests of pipes. Another ongoing research is conducted by ExxonMobil [6 - 8] based on
extensive numerical analysis and full-scale pipe tests to derive a parametric equation for the tensile strain
capacity. The investigation is CTOD (Crack tip opening displacement) based and a multi-tier level of
engineering critical assessment was proposed. Currently, two levels were published. Level 1 being the
more simplified equation and level 2 is the complicated equation involving FEA analysis. These previous
studies were conducted on pipes with grade X65 or higher, therefore, it is beneficial to analyse the
variation of tensile strain capacity for vintage pipelines with grade X52 at different internal pressure levels.

The scope of this paper covers the effect of surface type girth weld flaws on the tensile strain
capacity of X52 vintage pipes under internal pressure. In order to investigate this effect, eight full-scale
tests were investigated under different levels of internal pressure and a flaw was machined near a girth
weld with different sizes. The experimental results concluded that the internal pressure causes a
significant reduction in the tensile strain capacity of the pipeline. In addition, the flaw depth was found to
have the greatest effect on the TSC when compared to the effect of flaw length. Moreover, the test results
showed that the level of internal pressure has no effect on the final CMOD at failure for two tests with
consistent flaw size. The experimental setup and the results of the eight full-scale tests are presented in
this paper.

2 METHODOLOGY

2.1 Full-scale Test Setup

Full-scale tests were conducted on vintage pipes to investigate the effect of internal pressure on the
tensile strain capacity of pipelines with flaws near the girth weld. The tested pipes were NPS 12" of grade
X52 having an outer diameter of 12.75” (324mm) and nominal wall thickness 0.273” (6.95 mm) being cut
out of the Norman Wells pipelines. Small-scale tension coupon tests were conducted to determine the
tensile properties of the pipe base metal and girth welds [1]. The X52 pipes had specified minimum yield
strength (SMYS) of 359 MPa (52 KSI) and an average yield to tensile (Y/T) ratio equal 0.717. Table (1)
presents the test matrix for the eight full-scale pipe experiments, showing the flaw sizes and pipe lengths.
The pipe length varied according to the availability of cut out parts from the main pipe. A flaw was
introduced close to the girth weld by a machined saw cut. The flaw dimensions had two lengths (50 mm
and 150 mm) with a depth of 25% or 50% of the nominal wall thickness (1.3mm and 3.4mm). The pipes
were tested in an MTS machine under eccentric tensile displacement in the presence of internal pressure.
The eccentricity was introduced to ensure that the circumferential flaw was exhibiting the highest tensile
strain throughout the test.

The loading in all tests was applied in two steps. In the first step, the internal pressure that causes
30% and 80% SMYS hoop stress was calculated using the Barlow's formula and was applied by filling the
pipe with water through an opening located in the bottom end plate. Another opening at the top end plate
was provided to avoid any trapped air in the pipe throughout the filling process and was closed with a ball
valve once the pipe is completely filled with water. The level of internal pressure was controlled and
monitored with a pressure relief valve connected to the bottom end plate that has a capacity of 12 MPa
(1750 PSI). In the second step, the internal pressure was kept constant while the eccentric tensile
displacement was applied to the top end plate in increments until the point in time where the water seeps
out of the crack, which is defined as the instance of failure.
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Table 1: Test Matrix

Pipe Length Internal Flaw depth | Flaw length
Test (mm) Pressure (mm) (mm)
applied
1 1828.8 80% 17 50
2 1828.8 30% 17 50
3 1828.8 80% 34 50
4 1828.8 30% 34 50
5 1219.2 80% 17 150
6 1219.2 30% 17 150
7 1219.2 80% 34 150
8 1219.2 30% 34 150

The instrumentation plan was designed to evaluate and record the strains along the pipe length
throughout the test. A digital image correlation (DIC) technique was used to obtain the strain variation
along the pipe length at the tension side during each experiment. In addition, axially and circumferentially
strain gauges were positioned at a quarter of the pipe length away from the cap plate and at 90 degrees
intervals of the pipe circumference. The reaction force and displacement during the test were measured
and recorded by the MTS. All tests were conducted at room temperature.

For test 1 and 2, The DIC was recording the strain readings on two specific areas. First area had
a length of 1.25-OD with the mid-length lying on the crack location. However, the second area had a
length of 0.7-OD from the cap plates. For test 3 to 8, the DIC was used to record the strain readings along
the full pipe length. Figure (1) shows the paint and speckle pattern used for the DIC technique.

The crack growth during the experiment was observed by developing the crack mouth opening
displacement (CMOD) for each test. The displacement of two points lying on each side of the flaw was
recorded throughout the test up to failure. The average distance between the two points for all tests had
an initial value equal to 10 mm. The digital image correlation (DIC) technique was used to evaluate the
displacements for the chosen two points and plot it against the applied MTS load. The distance between
the two chosen points were minimized to reduce the pipe strain effect on the CMOD values.

(a) Speckle pattern for Tests 3to 8 (b) Speckle pattern for Tests 1 and 2
Figure 1: Speckle pattern of DIC system
GEN-201-03
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3 RESULTS AND DISCUSSION
3.1 Full-Scale Test Results
3.1.1 Experimental Strain Results

The remote strain is defined as the strain reading at a quarter of the pipe length from the end plate.
This location was decided to be one of the remote strain measurements as it represents the flat part in
the strain profile along the pipe length, where the effect of the crack on the TSC is not sensed and the
effect of the end connections are not reflected on the TSC values. The remote strain is denoted by €5, .
The tensile strains measured by the strain gauges on the tension side of the pipe aligned with the
circumferential flaw were used in comparison with the DIC strain readings to validate both measuring
instruments. The DIC and strain gauge readings at a quarter of the pipe length from the cap plate were
plotted against the applied load up to failure as shown in Figure (2). Tests 1 and 2 were not used in the
comparison between the DIC and strain gauges since the DIC covered specific areas not recorded by the
strain gauges. For tests 3 to 8, both systems readings (DIC and strain gauges) show that they follow the
same profile. When the strain exceeded a certain value, the strain gauges failed and the measurements
afterwards were based on the DIC alone. Depending on the DIC calibration accuracy, the DIC readings
were equal to the strain gauge reading + 0.02 %. Figure (2) shows that the strain gauges and DIC results
have good agreement with differences less than 7% for all tests except test 4 the difference was 15%.
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Figure 2: Tensile strain reading from DIC and strain gauges.

3.1.2 Experimental CMOD Results

The CMOD was plotted against the applied load to observe the crack growth during the experiment
and up to the point of failure. Two CMOD values are used to compare between two test having the same
flaw size, but subjected to different internal pressure levels. First value was the CMOD-failure, which is
the CMOD at the failure load by the end of the test. Second value was the CMOD-critical which is at 97%
of the failure load. The CMOD-critical is the value of CMOD at a point of time during the test when the
applied load is almost constant however the CMOD keeps increasing.

For tests 1 and 2, the CMOD-failure recorded at the end of each test was observed to be 2.15 mm.
The CMOD-failure readings for tests 3 and 4 were 2.05 and 2.35 mm respectively. In tests 3 and 4, some
cracks formed in the paint layer during loading around the flaw which didn't enable reducing the distance
between the two points which accordingly lead to the observed differences (0.3 mm) between the CMOD
obtained for test 3 and 4. Tests 5 and 6 had a CMOD-failure of 1.5 mm while tests 7 and 8 had 1.3 mm.
The CMOD-critical for tests 1 and 2 was found to be 1.06 mm while for tests 3 and 4 it was 1.013 mm.
The CMOD-critical was 0.81 mm for tests 5 and 6, while it was 0.78 mm for tests 7 and 8. This shows that
two pipes with consistent flaw and different internal pressure will have the same CMOD when the applied
load reaches 97% of the failure load.

The CMOD at failure decreases when the flaw length and flaw depth increase. For two tests with
consistent flaw dimensions and different internal pressure, the resulting CMOD was found to be equal as
shown in figure (3). This shows that the CMOD is not affected by the change in internal pressure level
and accordingly the crack tip opening displacement (CTOD) will not depend on the internal pressure as
well. For pipes with high internal pressure (80 % SMYS), the crack will reach to the critical CMOD at lower
load and displacement values if compared to pipes with low internal pressure (30% SMYS). In case of
tests having short flaws (tests 1, 2, 3 & 4) the load at failure was observed to increase by 24% when the
internal pressure was decreased from 80% to 30% SMYS. However, for pipes with long flaws (Tests 5, 6,
7 & 8) the load at failure has an increase of 15% when the internal pressure decreased from 80% to 30%
SMYS (Figure (3)). It is observed from the curves that by decreasing the internal pressure level, the
applied load required to cause fracture of the flaw will increase and this increase is higher in the case of
pipes with a short flaw lengths than pipes with long flaw lengths.
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Figure 3: Variation of CMOD (a) Test 1 and Test 2, (b) Test 3 and 4, (c) Test 5 and 6, and(d) Test 7 and 8
(The circles show the location of CMOD-critical for each test)

3.2 Key Parameters Affecting Tensile Strain Capacity

Three main parameters were considered in this study and their effect on the tensile strain capacity of
pipelines were investigated: Internal pressure, flaw length and flaw depth. The effect of each parameter is
discussed below. The pipe diameter was constant for all tested pipes since its effect on the TSC was
found to be weak [9].

3.2.1 Effect of internal pressure

The evaluated remote strain (€y5.) was used to compare two pipes with consistent flaw, but different
internal pressure levels and show the effect of internal pressure on the TSC. The remote strain (€q5.) was
plotted against the applied load throughout the test up to failure (Figure (4)). The curves show that the
applied load at failure and the axial strain will decrease when the internal pressure increase. When the
internal pressure increase, the longitudinal and circumferential tensile stresses on the pipe increase,
which cause the crack to fail at lower applied loads.

For tests 1 and 2, the strain gauges on the tension side of the pipe failed before fracture occurred.
The curves for tests 1 and 2 give a good indication on how the internal pressure will affect the tensile
strains, but these strain gauges were not used to compare the tensile strain at fracture. The DIC
technique was used to compare test 1 and 2. The axial strain readings were recorded at length of 0.7-OD
(225 mm) and 2.15-OD (700 mm) from the flaw location, then linear interpolation was used for the zone
not covered by the DIC. The axial strain at 225 mm was found to be 2.2% for test 1 and 5% for test 2.
However, at 700 mm the strain was 4.8% for test 1 and 10% for test 2. This shows that decreasing the
internal pressure from 80% SMYS to 30% SMYS will increase the TSC by about 50% between tests 1
and 2. For tests 3 to 8, readings from the DIC and the strain gauges were used to evaluate remote strain
(€0.5.) and both showed good agreement. The evaluated remote strains (Table (2)) show that increasing
the internal pressure will result in a decrease in the tensile strain measured. For tests 3 and 4, decreasing
the internal pressure from 80% SMYS to 30 % SMYS resulted in increasing the strain by 20%. However,
for tests 7 and 8, the increase in strain was found to be 31%. The effect of internal pressure had the
highest percentage in the case of tests 1 and 2 when compared with the rest of the tests, since it had the
smallest flaw size so it required more energy to cause fracture in the crack. Tests 5 and 6 did not follow
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the same behaviour of the other test since increasing the internal pressure resulted in a negligible
increase in the strain by 5%. There could be many possibilities caused the different pattern that tests 5
and 6 followed. One possibility could be that test 5 had higher material properties from the other pipes or
different thickness at the flaw location that increased the pipe resistance to fracture and resulted in higher
strains. Another possibility, which is more likely to be the reason for having higher strains in test 5 when
compared to test 6, is the existence of multiple notches at the machined flaw that may require more
energy to cause crack fracture. A metallurgy test was conducted on all the pipe samples after testing the
pipes and the results showed that the pipe in test 5 had a high percentage of multiple notches at the
machined flaw that caused an increase in the fracture energy. Accordingly, the higher fracture energy
observed in test 5 led to a higher strain that exceeded the strains expected from the case of machined
flaw with less notches as the case of test 6.

Table 2: Remote strain evaluated for each test

Test | DIC Remote strain (€y5.) % | Strain Gauge (€y5.) %
1 2.4 Failed early
2 3.85 Failed early
3 0.51 0.55
4 0.63 0.53
5 1.35 Failed early
6 1.28 Failed early
7 0.20 0.21
8 0.29 0.30
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Figure 4: Variation of internal pressure for tests (a) Test 1, 2, 3and 4 (b) Test 5, 6, 7 and 8

3.2.2 Effect of flaw size

The applied load is plotted against the remote strain (€q5.) up to fracture as shown in figure (5). Each
curve shows Four tests that have the same flaw length but different flaw depth and internal pressure
level. By comparing two tests having the same internal pressure level will show the effect of flaw depth on
the TSC. Figure (5) shows that the TSC decreases drastically by increasing the flaw depth. Increasing the
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flaw depth from 25% to 50% of the wall thickness will reduce the tensile strain capacity up to 85%. On the
other hand, the effect of flaw length on the TSC of the pipe was investigated and shown in Figure (6).
Each curve represents four tests having the same flaw depth, but different flaw lengths and internal
pressure levels. By comparing two tests subjected to the same level of internal pressure, It was observed
that increasing the flaw length resulted in a decrease in the TSC by up to 67%.

The test results showed that the effect of flaw depth was more influential than the effect of flaw length
on the TSC. Figure (7) shows the longitudinal strain profile for all eight tests on the tension side of the
pipe aligned with the circumferential flaw just before fracture. These curves show that the effect of flaw

depth on the tensile strain capacity is more significant than the flaw length for girth weld pipes with
circumferential flaw.

Effect of Flaw Depth

3500

Test-1

Test-2 e= e= o Test-3 e= e= o Test-4

3000

2500

2000

Applied Load (KN)

1 2 3 5
€0.5L %

@)

Effect of flaw depth
Test-5 Test-6 o= e= = Test-7 = = = - Test-8
= 3500
zZ
<
5 3000
o
-
3 2500
=
£ 2000 {, _—
1500 { ’//
1000
500
o + + +
0 1 2 3 4 £05.%

Figure 5: Load vs. €0.5L for tests (a) Tests 1, 2, 3 and 4 (b) Tests 5, 6, 7 and 8
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Figure 6: Load vs. £0.5L for tests (a) Test 1, 2, 5 and 6 (b) Test 3,4, 7 and 8
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Figure 7: Tensile strain along the pipe length aligned with the flaw

4  CONCLUSION

Most of the past research conducted on girth weld pipelines were investigated using curved wide
plate (CWP) tests without considering the effect of internal pressure and these tests were conducted for
pipes with grades X65 or higher. The CSA Z662 [1] adopted the equations published in Annex C based
on an extensive research of Wang et al [2] based on CWP tests for pipes X65. Recently, some studies
considered the effect of internal pressure by conducting full-scale tests on girth weld pipelines with grades
X65 and higher and indicated that the internal pressure has a significant effect on the tensile strain
capacity [5 - 8].

In this paper, eight full-scale tests with a circumferential flaw close to a girth weld were tested under
the effect of internal pressure and eccentric tensile loading in order to evaluate the tensile strain capacity
of X52 vintage pipes. The results showed that the tensile strain capacity of welded pipelines is strongly
influenced by the level of internal pressure, flaw depth and flaw length. The test results showed that the
level of internal pressure could reduce the tensile strain capacity by up to 50% or more depending on the
flaw size. On the other hand, the experimental results showed that the CMOD was not affected by the
level of internal pressure and was a function in the material properties.
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