
Article

Prediction of Tensile Strain Capacity for X52 Steel Pipeline
Materials Using the Extended Finite Element Method

Nahid Elyasi 1, Mohammadmehdi Shahzamanian 2, Meng Lin 2, Lindsey Westover 1, Yong Li 2, Muntaseer Kainat 3,
Nader Yoosef-Ghodsi 3 and Samer Adeeb 2,*

����������
�������

Citation: Elyasi, N.; Shahzamanian,

M.; Lin, M.; Westover, L.; Li, Y.;

Kainat, M.; Yoosef-Ghodsi, N.; Adeeb,

S. Prediction of Tensile Strain

Capacity for X52 Steel Pipeline

Materials Using the Extended Finite

Element Method. Appl. Mech. 2021, 2,

209–225. https://doi.org/

10.3390/applmech2020013

Academic Editor: Vijaya

B. Chalivendra

Received: 4 March 2021

Accepted: 12 April 2021

Published: 15 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Mechanical Engineering, University of Alberta, Edmonton, AB T6G 1H9, Canada;
nelyasi@ualberta.ca (N.E.); lwestove@ualberta.ca (L.W.)

2 Department of Civil and Environmental Engineering, University of Alberta, Edmonton, AB T6G 1H9, Canada;
mshahzam@ualberta.ca (M.S.); lin4@ualberta.ca (M.L.); yong9@ualberta.ca (Y.L.)

3 Enbridge Pipelines Inc., Edmonton, AB T5J 0T6, Canada; muntaseer.kainat@enbridge.com (M.K.);
nader.yoosef@enbridge.com (N.Y.-G.)

* Correspondence: adeeb@ualberta.ca

Abstract: Strain-based design (SBD) plays an important role in pipeline design and assessment of
pipelines subjected to geo-hazards. Under such hazards, a pipe can be subjected to substantial plastic
strains, leading to tensile failure at locations of girth weld flaws. For SBD, the finite element method
(FEM) can be a reliable tool to calculate the tensile strain capacity (TSC) for better design in pipelines.
This study aims to investigate the ductile fracture properties for specific vintage pipeline steel (API 5L
grade of X52) using the extended finite element method (XFEM). Eight full-scale tests were simulated
using the commercial finite element analysis software ABAQUS Version 6.17. Maximum principal
strain is used to assess the damage initiation using the cohesive zone model (CZM) when the crack
evolution is evaluated by fracture energy release. A proper set of damage parameters for the X52
materials was calibrated based on the ability of the model to reproduce the experimental results.
These experimental results included the tensile strain, applied load, endplate rotation, and crack
mouth opening displacement (CMOD). This study describes a methodology for validation of the
XFEM and the proper damage parameters required to model crack initiation and propagation in X52
grades of pipeline.

Keywords: X52 steel pipeline materials; tensile strain capacity; extended finite element method;
maximum principal strain

1. Introduction

With the rapid growth in the pipeline industry, new developments that enable a
high operating pressure, long-distance traverses, and a large diameter are essential [1].
Pipeline design, like the majority of structural engineering applications, is a balancing
act that aims to maximize the economics and efficiency of a pipeline without sacrificing
its safety and reliability. Under the effect of internal pressure, pipeline design is stress-
based and acceptable for steel with a well-defined yield ductility, yield point, and strength.
However, stress in pipelines can surpass the limit under displacement control loads, such
as landslides and earthquakes. In this case, stress-based design can be greatly impractical
and inordinately uneconomical [2]. Strain-based design (SBD), on the other hand, is based
on displacement-controlled loading and a strain limit state precipitating more practical
criteria in designing pipelines subjected to ground movement-induced plastic strains [1–3].

The recent pipeline research literature mostly focuses on modern high-grade pipe
materials (X60 and above), while there is little research on vintage lower-grade pipes [4].
Wang et al. [5–7] developed equations to predict the tensile strain capacity (TSC) of pipelines
that do not include the effect of internal pressure and are not applicable to vintage pipelines.
Similarly, TSC predictive models developed by ExxonMobil (EM) and Pipeline Research
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Council International (PRCI) are only applicable to modern high-grade pipelines [8–11].
However, a high percentage of vintage pipelines are still in service to transport energy
resources, thus it is necessary to develop numerical models that can predict the response of
such pipelines under complex loading conditions [12].

The finite element method (FEM) is a cost-efficient technique for analyzing pipelines
under such loading conditions. The cohesive zone model (CZM) is the applicable numer-
ical tool in FEM used in simulating the propagation of a crack [13]. In CZM, the stress
singularity corresponding to linear elastic fracture mechanics at the crack tips is avoided.
Complete separation between crack surfaces happens when the cohesive zone stiffness
drops to zero [14]. CZM in conjunction with the extended finite element method (XFEM)
is widely used in simulating the fracture process [15]. XFEM is an extension to the tradi-
tional finite element analysis in which the initiation and propagation of cracks that follow
arbitrary paths can be simulated without the need for remeshing [12]. Crack or damage
initiation in XFEM occurs when a stress- or strain-based criterion is met, while damage
evolution follows the CZM model with fracture energy release (Gc) as the input parameter.
Ameli et al. [16] used XFEM to obtain the fracture parameters, maximum principal stress
(Maxps) = 1400 MPa for damage initiation and Gc = 200 N/mm for damage evolution,
by simulating the single-edge notch tension (SENT) test of X42 vintage pipelines. Simi-
larly, Lin et al. [13] obtained the XFEM set of damage parameters, Maxps = 750 MPa and
Gc = 900 N/mm, by simulating the reported eight full-scale tests of an X52 vintage pipe
subjected to internal pressure, external tensile stress, and bending. However, the use of a
stress-based damage initiation in XFEM is a bit problematic; both Ameli’s and Lin’s simu-
lations reported a maximum principal stress that is higher than the ultimate stress of the
material, implying that such damage criterion is impractical and probably not applicable
to modeling damage in materials subjected to plastifying crack tips.

In the recent literature, XFEM pipeline modeling approaches have started using a
strain-based approach as a damage initiation criterion. Liu et al. [17] used XFEM to obtain
an appropriate set of damage parameters, namely, maximum principal strain (Maxpe) for
damage initiation and fracture energy release (Gc) for damage evolution, to simulate the
crack propagation in beam specimens of X80 pipeline steel. They concluded that Maxpe
is a more suitable criterion in comparison with Maxps to simulate the crack propagation.
They noticed, however, that the critical strain decreases when the beam specimen thickness
increases, suggesting that a fixed criterion might not be suitable for all failure scenarios.
Okodi et al. [18] used Maxpe and Gc in XFEM analysis to predict the burst pressure in
X70 pipe specimens with dent–crack defects. They investigated the effects of the denting
pressure as well as dent and crack sizes on the burst pressure and validated the predicted
XFEM results with experiments [18]. Okodi et al. [19] simulated the propagation of cracks
in X60 grades of pipeline using the XFEM damage criterion, Maxpe, and Gc and validated
their results with small-scale and full-scale tests. They used proposed XFEM models
to predict the burst pressure in pipes with external longitudinal rectangular cracks [19].
Agbo et al. [20] predicted the ductile fracture response of an X42 vintage pipe under biaxial
loading using Maxpe and Gc and obtained the TSC of this specific grade of pipe. The effects
of loading conditions, as well as the geometry of the crack and pipe on the TSC, were also
investigated in this research. Agbo et al. [12] calculated the strain-based XFEM damage
parameters, Maxpe = 0.013 and Gc = 450 N/mm, and TSC for an X42 vintage pipeline
through calibrating numerical results with full-scale test results.

In the present study, a strain-based fracture criterion is used to simulate fracture
initiation in full-scale tests of pressurized pipes, and a set of parameters to provide the
TSC of X52 steel pipeline material is found. Maxpe is chosen as the damage criterion.
In contrast to Maxps, which was used previously by Lin et al. [13] to predict the fracture
response of this grade of vintage pipeline, Maxpe critical values are relatable to the physical
critical strain values expected in the vicinity of the crack tip [12]. The crack initiation
and propagation are numerically predicted through simulating eight published full-scale
tests of X52 vintage pipes that are subjected to the combination of internal pressure and
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external eccentric tension which were reported by Abdulhameed et al. [21]. A proper set of
damage parameters for X52 grades of pipes is obtained by calibrating the XFEM model
implemented in ABAQUS [22]. The numerical results are compared with data from eight
full-scale experimental tests including tensile strain and CMOD at failure, applied force,
and rotation at the endplates.

2. Full-Scale Test Experiment

The fracture behavior of vintage API 5L grade X52 steel pipes was investigated
experimentally by Abdulhameed et al. [21] and Lin [23]. The experimental work included
full-scale and small-scale tests. For the full-scale test, eight pipe specimens were cut out
of the vintage X52 pipeline grade with girth welds situated in the middle length of each
sample. The pipe specimens had a wall thickness of 6.9 mm and an outer diameter of
324 mm. A circumferential crack-like defect was created in each pipe sample on the outer
surface of the pipe close to the girth weld. The circumferential flaw length was 5% or
15% of the pipe circumference, while the flaw depth was 25% or 50% of the pipe wall
thickness [21]. For small-scale tests, 25 tension coupon tests were used to obtain the tensile
properties of the X52 grade of pipeline. The specimens were machined from different
locations of the X52 pipe sample; 13 small round specimens were machined from the
circumferential direction, and 12 standard rectangular specimens were machined from the
pipe’s longitudinal direction [23]. Additionally, 24 Charpy V-notch (CVN) impact tests were
performed by Lin [23] to obtain the fracture properties of X52 vintage pipeline specimens.

3. Problem Formulation and the XFEM Model

In this study, the strain-based damage parameters Maxpe and Gc were obtained for the
X52 pipe XFEM model. Eight 3D XFEM models were developed in ABAQUS software to
simulate the experiments. Table 1 presents the dimensions of the full-scale tests and initial
cracks as well as the applied internal pressure. Figures 1 and 2 show the schematic and the
finite element (FE) configuration of the model, respectively. In order to reduce the analysis time
and the computational effort, the center part of the pipe was modeled as a solid part (40 mm
long), while the side parts were modeled as shells, as shown in Figure 1. A shell–solid coupling
constraint was used at the junction between the shell and solid parts. Additionally, only half
of the pipe on the longitudinal side was modeled to take advantage of the symmetry of the
pipe around the YZ plane (Figure 1). The pipe model contains two endplates and two loading
tongues; both are modeled as shell planar rigid bodies represented by reference nodes with
50 mm eccentricity from the pipe’s longitudinal axis. The tie constraint was used to connect
the endplates to the shell parts to simulate the perfectly welded joints. Lastly, a tie constraint
connecting the loading tongues to the endplates at an eccentricity of 50 mm was used to model
the experimentally applied eccentric loading.
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Table 1. Basic information of tests and models.

Test
/Model

Pipe Specimen
Dimensions

Crack
Dimensions

Internal
Pressure Level

Outer
Diameter

(mm)

Pipe
Length
(mm)

Wall
Thickness

(mm)

Crack
Depth
(mm)

Crack
Length
(mm)

Internal
Pressure

(MPa)

Hoop
Stress/SMYS

(%)

Test 1 324 1828.8 6.95 1.7 50 11.65 75
Model 1 324 1828.8 6.8 1.7 50 11.65 77

Test 2 324 1828.8 6.8 1.5 50 3.50 23
Model 2 324 1828.8 6.8 1.5 50 3.50 23

Test 3 324 1828.8 6.8 3.1 50 11.67 77
Model 3 324 1828.8 6.8 3.1 50 11.65 77

Test 4 324 1828.8 6.8 3.3 50 4.70 31
Model 4 324 1828.8 6.8 3.3 50 4.65 31

Test 5 324 1219.2 6.8 1.4 150 11.65 77
Model 5 324 1219.2 6.8 1.4 150 11.65 77

Test 6 324 1219.2 6.8 1.8 150 4.60 31
Model 6 324 1219.2 6.8 1.8 150 4.65 31

Test 7 324 1219.2 6.8 3.5 150 11.65 77
Model 7 324 1219.2 6.8 3.3 150 11.65 77

Test 8 324 1219.2 6.8 2.7 150 4.65 31
Model 8 324 1219.2 6.8 2.7 150 4.65 31

Figure 1. Assembled components of pipeline XFEM model showing the geometry and reference points.

Figure 2. Mesh pattern of the XFEM model of pipeline and location of the circumferential crack.

The XFEM circumferential crack was modeled as a shell planar part and located in
the middle length of the solid part (Figures 1 and 2). Shell parts, tongues, and endplates
were meshed using four-node linear shell elements with reduced integration and hourglass
control (S4R). The global mesh size was 5 mm for the shell parts and 10 mm for tongues and
endplates. The solid part was meshed with an 8-node linear brick element with reduced
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integration and hourglass control (C3D8R) as well. Based on mesh convergence analysis
performed by Lin et al. [13], a finer mesh (0.5 mm) was used in the partitioned zone near the
crack propagation path and a coarser mesh (5 mm) was used in the area far from the crack
to guarantee the accuracy of calculation, as displayed in Figure 2. The mesh construction
in the solid part was generated with a mesh size between 0.5 and 5 mm. The finer mesh,
including elements with a height of 0.5 mm, a thickness of 2 mm, and a length of 0.5 mm,
was applied in the partitioned region near the crack propagation line. The element height
was in the direction of the crack propagation line, and element thickness and length were
parallel and perpendicular to the crack plane, respectively.

The pipe was simulated using the elasto-plastic isotropic hardening material model.
The yield stress and plastic strain parameters were taken from the average of true stress–
strain curves obtained from the small-scale tension test carried out on X52 pipe specimens
by Lin [23]. The true stress–strain curve is shown in Figure 3 and the parameters used as
material properties in the XFEM models are shown in Table 2. Maxpe and Gc were selected
as two damage criteria to predict the initiation and propagation of the crack in the XFEM
model of the X52 vintage pipe, respectively. Failure in the model was defined as the onset
of the crack tip (or element damage) reaching the inner edge of the last element of the
wall thickness. Since the experimental results from Abdulhameed et al. [21] showed that
failure in the X52 occurred in the base metal, the material properties of the base metal were
applied for the whole pipe. To compare the predicted XFEM results with experimental
results, the ratios of test-to-model predictions and the concomitant coefficient of variation
(COV) of the ratios were calculated in the current study, in which COV = the standard
deviation/the mean of the ratios of test-to-model predictions of all eight tests.

Figure 3. Average true stress–plastic strain curve of the X52 pipe material.

Table 2. Material properties of the X52 pipe [23].

Young’s Modulus
(GPa) Poisson’s Ratio 0.2% Offset Yield

Strength (MPa)
Ultimate True Plastic

Strain

199 0.3 411 0.147

4. Results and Discussion
4.1. Tensile Strain Capacity Comparison with Experiments

Two sets of damage parameters are used in the analysis. The first set is obtained
through calibration in two steps. First, the damage sets which can accurately predict each
of the eight experiments are obtained independently for every model. Then, by obtaining
the proper range of Maxpe and Gc for all models, the final set of parameters that can predict
all eight models with minimum calibration errors from curve fitting and average TSC are
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obtained. The final damage parameters (Maxpe = 0.085 mm/mm and Gc = 900 N/mm)
are proposed as fracture properties of the X52 vintage pipe. The second set of damage
parameters (Maxpe = 0.013 mm/mm and Gc = 450 N/mm) was previously obtained by
Agbo et al. [12] in the simulation of the ductile X42 grade of pipeline and applied in the
current analysis for comparison.

Figures 4 and 5 represent the XFEM longitudinal tensile strain distribution at the onset
of failure and its comparison with longitudinal tensile strains obtained from tests. For each
model, the tensile strain values were calculated on the pipe’s outer surface and plotted
throughout the pipe length at the tension side. As it can be observed in Figures 4 and 5,
generally, a good agreement is obtained between the experiments and the XFEM results.
Apart from models 5 and 6, it is seen in these two figures that the damage parameters
selected in the XFEM model (Maxpe = 0.085 and Gc = 900 N/mm) are appropriate for the
modeled X52 grade. It must be emphasized that the tensile strain capacity is defined as
an “average” value of the strain around the flaw since the strain profile is disrupted at the
flaw location [21]. The simulation cannot accurately predict the tensile strain results with a
distance of less than 20 mm from the crack tip due to the complex stress–strain state near
the crack tip. Similar to the observed experimental distribution, the tensile strain increases
from the crack location at the pipe center towards the pipe ends.
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Figure 4. Comparison of tensile strains measured along the pipe length at failure obtained from models and tests 1–4 (a–d),
respectively.

Figure 5. Comparison of tensile strains measured along the pipe length at failure obtained from models and tests 5–8 (a–d),
respectively.
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The TSC is calculated from the XFEM tensile strain values in Figures 4 and 5 and
compared with those obtained from full-scale experiments and presented in Figure 6 and
Table 3. In this study, the TSC was defined as the average tensile strain at failure. The TSC
is obtained by averaging tensile strain values from 10% to 40% of the pipe length on
both sides far from the crack, which is in the range of 185–730 mm for tests and models
1–4, and 120–490 mm for tests and models 5–8. Table 3 represents the mean of the ratios
(test/model) and COV (%) between XFEM and test results. Additionally, Figure 6 shows the
comparisons between two results with a 45-degree line. The comparisons show that XFEM
TSC values underestimate the test results. Comparing the results of Figures 4 and 5 with
the CMOD–applied load (Figures 8 and 9) and rotation–applied load results (Figures 11 and
12) indicates that using a Maxpe of 0.085 and a Gc of 900 N/mm slightly underestimates
the TSC results, but in the CMOD–applied load and rotation–applied load results, higher
prediction can be observed in some models in comparison with the test results.
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Figure 6. Comparison of TSCs obtained from XFEM models and experiments 1–4 (a), and 5–8 (b).

Table 3. Tensile strain capacities (TSCs) of XFEM models and full-scale tests.

Model/Test Test TSC
(%)

XFEM TSC
Maxpe = 0.085
Gc = 900N/mm

(%)

Difference
(%)

Ratio
(Test/Model)

XFEM TSC
Maxpe = 0.11

Gc = 900N/mm (%)

Difference
(%)

Ratio
(Test/Model)

1 4.187 2.730 34.798 1.534 3.0680 26.726 1.365
2 11.25 6.310 43.911 1.783 7.0750 37.100 1.590
3 0.537 0.476 11.359 1.128 0.600 −11.732 0.895
4 0.546 0.372 31.868 1.468 0.415 23.992 1.316
5 1.829 0.478 73.865 3.826 0.628 65.660 2.912
6 0.726 0.373 48.622 1.946 0.432 40.495 1.681
7 0.217 0.146 32.719 1.486 0.151 30.414 1.437
8 0.312 0.165 47.115 1.890 0.170 45.510 1.835

Mean
(Ratios) - - - 1.883 - 1.629

COV (%) - - - 44.038 - 36.228

Choosing higher Maxpe values (Maxpe = 0.11 and Gc = 900 N/mm) results in TSC
values that better match the experimental results with less variability and percentage
differences, as presented in Table 3, but sacrifices the accuracy in the results of CMOD–
force (Figures 8 and 9) and rotation–force (Figures 11 and 12). Therefore, the set of Maxpe of
0.085 and Gc of 900 N/mm is chosen to balance the accuracy in all three types of numerical
results. Additionally, the percentage differences in Table 3 and Figure 6 are a bit misleading
since the distributions shown in Figures 4 and 5 show a good agreement between the
numerical and experimental results and indicate the capability of the XFEM model to
predict the TSC of X52 vintage pipes.

Models 5 and 6 showed the biggest difference in TSC values between the numerical
and test results, as shown in Figure 5a,b and the percentage difference in TSCs in Table 3.
One explanation could be the higher material properties of the pipes used in tests 5 and 6
in comparison with other pipes or the different thickness at the location of the flaw, which
increases the fracture resistance of the pipe, leading to higher strains. Another possibility
could be the higher percentage of multiple notches in the machined flaw observed in the
metallurgical study of test 5 in comparison with other tests, leading to higher fracture
energy and, eventually, higher strain [21]. Calibration of damage parameters in the XFEM
for models 5 and 6 showed that when Maxpe = 0.2 and Gc = 900 N/mm, the XFEM results
are in good agreement with the tests (Figure 7).
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Figure 7. Comparison of (a) tensile strains measured along the pipe length at failure, (b) rotation–force curves, and
(c) force–CMOD curves obtained from models and tests 5 and 6 (Maxpe = 0.2 and Gc = 900 N/mm).

4.2. CMOD, Applied Tension Force, and Endplate Rotation

The CMOD–applied load curves were obtained numerically using the damage parame-
ters Maxpe = 0.085 and Gc = 900 N/mm and compared with the experimental results and
are presented in Figures 8 and 9 as well as in Table 4. As it can be observed from Figures 8
and 9, all the obtained curves show the same nonlinearity pattern, similar to that observed in
the tests, starting with zero initial slopes with a precipitous rise near failure. CMODcritical
was proposed by Abdulhameed et al. [21] and calculated at the point where CMOD rapidly
increases and the applied load is almost constant. CMODcritical equals CMOD at 97% of
the failure load. In Table 4, the CMODcritical values for all tests and models are compared
with the results of CMODfailure, which is the CMOD value when the failure occurs, as de-
scribed previously and shown in Figure 10. The numerical CMODfailure values were between
33% lower to 12% higher than the experimental CMODfailure. The maximum difference of
0.74 mm was obtained in test and model 3. The endplate rotations obtained from the XFEM
are also plotted against the applied load and compared with experiments. The results are
shown and summarized in Figures 11 and 12 and Table 4, respectively. A good agreement is
observed for all the models and tests. As shown in Table 4, the XFEM results for maximum
loads are approximately between 15% lower and 9% higher than the experiments for all tests
and models. The maximum difference of 275 kN was obtained between test and model 8.
Additionally, it can be seen that the XFEM rotations at failure are roughly from 67% lower to
1% higher than the experiments for all tests and models, with a maximum difference of 1.2
degrees calculated between test and model 5. It is concluded that in tests 5 and 6, using a
Maxpe of 0.085 and a Gc of 900 N/mm produces the biggest difference in results, as shown
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in Figure 9a,b for CMOD–force and Figure 12a,b for rotation–force results. The experimental
observations showed higher fracture resistance than the models, as discussed previously.
When a Maxpe of 0.2 is chosen for these tests, better predictions can be observed (Figure
7b,c). Future work will attempt to obtain the material damage parameters from small-scale
tests and to develop a variable failure criterion that is a function of the crack tip constraints.

Figure 8. Comparison of force–CMOD curves obtained from models and tests 1–4 (a–d), respectively.

Figure 9. Comparison of force–CMOD curves obtained from models and tests 5–8 (a–d), respectively.



Appl. Mech. 2021, 2 220

Table 4. Comparison between XFEM results and tests at failure.

Model/Test Max Load
(kN)

Rotation at Endplate
(Degrees)

CMODfailure
(mm)

CMODcritical
(mm)

Reduction in
Pipe Wall

Thickness (%)

Test 1 2299 5.080 2.110 1.190 32.400
Model 1 2360 5.135 1.910 1.508 16.050

Difference (%) 2.661 1.093 −9.455 26.723 −50.462
Ratio 0.974 0.989 1.105 0.789 2.019
Test 2 3100 6.820 2.160 1.090 27.900

Model 2 3112 5.634 2.060 1.367 14.253
Difference (%) 0.415 −17.391 −4.611 25.413 −48.914

Ratio 0.996 1.211 1.049 0.797 1.957
Test 3 1623 0.980 2.370 1.180 19.100

Model 3 1773 0.847 1.631 1.304 10.032
Difference (%) 9.259 −13.578 −31.169 10.508 −47.476

Ratio 0.9153 1.157 1.453 0.905 1.904
Test 4 2061 1.040 2.050 1.160 20.600

Model 4 1996 0.663 1.373 0.943 8.107
Difference (%) −3.145 −36.242 −33.035 −18.707 −60.64

Ratio 1.032 1.569 1.493 1.230 2.541
Test 5 1934 1.860 1.520 0.770 26.500

Model 5 1755 0.621 1.693 0.761 16.850
Difference (%) −9.218 −66.588 11.395 −1.169 −36.415

Ratio 1.102 2.995 0.898 1.0119 1.572
Test 6 2261 1.400 1.560 0.900 27.900

Model 6 1990 0.506 1.745 0.878 15.325
Difference (%) −11.981 −63.820 11.829 −2.444 −45.072

Ratio 1.136 2.767 0.894 1.025 1.821
Test 7 1304 0.260 1.300 0.900 19.100

Model 7 1275 0.204 1.273 0.998 8.295
Difference (%) −2.254 −21.664 −2.061 10.888 −56.571

Ratio 1.023 1.275 1.021 0.902 2.303
Test 8 1831 0.420 1.270 0.850 20.600

Model 8 1556 0.221 1.152 0.898 7.295
Difference (%) −15.018 −47.314 −9.274 5.647 −63.146

Ratio 1.177 1.900 1.102 0.947 2.824
Mean (Ratios) 1.044 1.733 1.127 0.951 2.118

COV (%) 8.390 44.086 20.281 14.950 19.377
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Figure 10. The CMODfailure for model 4.

Figure 11. Comparison of rotation–force curves obtained from models and tests 1–4 (a–d), respectively.



Appl. Mech. 2021, 2 222

Figure 12. Comparison of rotation–force curves obtained from models and tests 5–8 (a–d), respectively.

The damage parameters (Maxpe = 0.013 and Gc = 450 N/mm) obtained by Agbo
et al. [12] for X42 vintage material were used as damage parameters in this study to test
whether these parameters can universally be used among different vintage pipelines or
not. The results show underestimation of the TSC (Figures 4 and 5), CMOD–applied load
(Figures 8 and 9), and rotation–applied load (Figures 11 and 12) for all eight models in
comparison with the test results, which shows that Maxpe = 0.013 and Gc = 450 N/mm are
not a proper damage set for the X52 vintage pipe. This poor prediction could be attributed
to the difference in the location of the cracks in both sets. For Agbo et al.’s tests, the flaws
were machined in the reportedly inferior weld material, in contrast with the X52 where
failure occurred in the base metal [12,21]. There is a need for a larger set of experimental
results to correlate the material damage parameters with the quality of the weld metal and
the grade and toughness of the base metal.

4.3. Geometry of Cracked Pipe in the Vicinity of the Flaw

The numerical fracture surface analysis at failure for the X52 pipe was performed by Lin
et al. [13] using the XFEM and damage parameters Maxps = 750 MPa and Gc = 900 N/mm.
The fracture surface compared well with experiments presented by Abdulhameed et al. [21].
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Figure 13 shows the fracture surface of model 1 when Maxpe = 0.085 and Gc = 900 N/mm
and the fracture geometry obtained by fractography of test 1. The parameters A, C, and E
represent the original pipe wall thickness, reduced pipe wall thickness, and original crack
depth, respectively. The experimental analysis of fracture surfaces revealed that fracture
surfaces were flat with no significant ductile dimpling or tearing, suggesting a fracture
that is brittle in nature [21]. A comparison of the reduction in wall thickness at failure
with the experimentally observed value is presented in Table 4. The results show that the
model consistently underestimates the reduction in the wall thickness at the onset of failure
(mean = 2.118 and COV = 19.377%). One reason for this discrepancy, as proposed by Lin
et al. [13], is the exclusion in the numerical analysis of the mechanical deformation associated
with the sudden release of internal pressure at failure [13].

Figure 13. Geometry of fracture location at failure in the longitudinal direction from (a) model 1 and
(b) test 1 [21].

5. Conclusions

This study aimed to use the XFEM to simulate the fracture of API 5L X52 grades
of X52 vintage pipes with circumferential flaws under the effect of internal pressure and
eccentric tension loading. The maximum principal strain and fracture energy were chosen
as the damage parameters in the XFEM simulation. Appropriate values for these damage
parameters were obtained by a comprehensive comparison with eight full-scale experi-
mental test results. The comparison included tensile strain, CMOD, applied load, and
rotation at endplates. The XFEM results indicated that appropriate damage parameters
of maximum principal strain of 0.085 and fracture energy of 900 kN/mm can be used to
replicate the experimental results. The comparisons of the numerical and experimental
results of tensile strain capacity along the pipe length showed good agreement. The XFEM
models satisfactorily predicted the tensile strain along the pipe length using the proposed
fracture properties. Regardless of the differences in the pipe and crack dimensions as
well as the internal pressure of each model, the XFEM analysis can accurately predict the
initiation and propagation of the crack in all eight models. The XFEM predicted results
of CMOD–applied force and rotation–force were also compared with the test results and
good agreement was observed. Models 5 and 6, characterized by shallow and long cracks,
exhibited a slightly more ductile behavior. For these two models, the maximum principal
strain of 0.2 and fracture energy of 900 N/mm produced a model with a better match of the
experimental results of tests 5 and 6. This difference can be justified due to the existence
of multiple crack fronts or the natural variability associated with the fracture, which both
lead to higher fracture energy and, eventually, higher tensile strain capacity. Similar to the
experimental study of the crack surface, the XFEM analysis of the crack surface suggests
a brittle fracture in X52 grades of pipeline. Future work will focus on obtaining the dam-
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age parameters of the X52 grade of pipeline in small-scale tests. Analysis of the fracture
response in both small-scale and full-scale tests will help to better predict the material
damage parameters considering the impact of the base metal fracture toughness and the
weld metal structure and will lead to developing a tensile strain equation that can predict
the TSC for this grade of vintage pipeline.
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