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Abstract

Vintage pipelines are widely used in the transmission of gas and oil in North America. They are
subject to varieties of loading conditions, especially in aggressive environments in arctic region.
Displacement-controlled loads lead to severe longitudinal plastic strain and consequently failure
in pipelines. Strain-based design (SBD) can be an effective and economical method in designing

pipelines under severe plastic strain.

The goal of the current study was to investigate the efficiency of strain-based damage criteria using
the extended finite element method (XFEM) to predict the initiation and propagation of the crack

in two specific grades of vintage pipelines.

First, the damage criteria, maximum principal strain (Maxpe), and fracture energy (G _c) were
obtained for the X52 vintage pipeline under internal pressure and eccentric tension loading using
XFEM analysis in the ABAQUS software. Then, the predicted XFEM results were validated with
previously published eight full-scale experimental tests, and tensile strain capacity (TSC) for each

model was calculated.

In the second step, to investigate the capability of the strain-based XFEM analysis in the prediction
of small-scale tests as well, the initiation and propagation of the crack in the single edge notched
tension (SENT) test was simulated. The strain-based damage parameters were applied in the SENT
model of vintage X42 grade of pipeline and XFEM results were validated with experiments.

The current research investigated the reliability of strain-based damage parameters in the

prediction of fracture response in X42 and X52 grades of the vintage pipeline using XFEM. The
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results showed the capability of the XFEM tool to predict the damage response in both full-scale

and small-scale models for these grades of the vintage pipeline.
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Chapter 1: Introduction

1.1 Background and motivation

Pipelines are considered to be the most economical method for transportation of natural gas and
oil over long distances [1]. To transport the energy from the source to target locations, long
distance pipeline networks traverse regions with different soil and geological conditions (Figure
1.1) [1]. In harsh environments, characterised by extreme temperature variations and large ground
movements, the pressurised pipelines may develop large longitudinal plastic strains. The large
longitudinal deformations in onshore pipelines occur as a result of ground movements due to slope
instability, seismic activity, and frost heave. Large deformations happen in offshore pipelines when
girth welded parts of the pipelines are wound to a spool, causing high bending strains. Also, flaws
in girth weld can cause excessive tensile strains in the pipeline. All of these situations cause the
failure of pipes as a result of high strain levels and represent significant threats to the integrity of

pipelines [2].

Traditional stress-based designs are not economical in designing pipelines under large plastic
strains [3] because it uses the minimum yield stress of the pipe as the failure condition. On the
other hand, the strain-based design (SBD) criterion is based on displacement controlled loading
and limit state design. Under displacement loading, pipeline longitudinal strain is allowed to
exceed the pipeline yield strain. Although in such loading conditions, the pipeline is subjected to
some plastic strains, it still satisfies the operation safety requirements and is able to tolerate the
excess deformation over the yield. The SBD approach can therefore be supplementary to a stress-
based design criterion and it improves the pipeline's capability to satisfy the operation

requirements, resulting in economic and secure designs [4].



Figure 1.1 The trans-Alaska oil pipeline crosses the landscape [1].

The recent studies mostly investigated the fracture properties of high grades pipeline steel (X60
and above), while limited research focused on vintage low-grade pipelines [5]. On the other hand,
a significant percentage of pipelines used in transmission energy in North America are vintage
pipelines [6]. It shows the importance of the development of SBD for vintage pipelines subjected

to large plastic strain in such a harsh environment.
1.2 Objectives

The main objective of this research is to predict the crack initiation and propagation of two specific

grades of the vintage pipeline (X42 and X52)

1.2.1 Specific objectives

The following are the specific objectives (SO) of the research:



1. Extensive literature search to obtain results of tests conducted using small-scale

samples of X42 grade and full-scale samples of X52 grade of pipeline steels

il. Calibrate and validate XFEM models of the two vintage grades of the pipes using their

respective test data

1il. Assess the effect of varying (maximum principal strain, fracture energy, mesh size,

crack extension criteria) on accurate prediction of fracture strength

1v. Assess the correlation between the set of data used in modelling and resulting fracture

strength.

SO 1: For the X52 grade of the vintage pipeline, the XFEM-based model of the full-scale test will
be developed and damage properties obtained and then used to calculate the tensile strain capacity

of this grade of pipelines.

SO 2: For the X42 grade of the vintage pipeline, the XFEM-based model of the small-scale test
will be developed and fracture response will be obtained and compared with experimental results.
Finally, the correlation between fracture response in the small-scale and full-scale approach using

the same damage parameters will be discussed.

1.3 Thesis outline

The research is organized into five chapters as follows:

Chapter 1 provides an introduction, a brief background and motivation of the research.

Chapter 2 covers the necessary background literature on selective topics in pipelines, including
vintage pipelines, fracture mechanics as well as the theoretical approach of XFEM.

3



Chapter 3 presents the XFEM modelling of the X52 grade of pipeline. The analysis used to predict
the damage parameters of the pipe model under internal pressure and external loading. The XFEM
results of the proposed model are compared with experiments and the TSCs of the X52 vintage

pipeline are calculated.

Chapter 4 presents the XFEM modelling of Single Edge Notch Tension (SENT) tests to predict
the crack initiation and propagation parameters of the X42 vintage pipeline. The XFEM models
of the X42 pipes is used to predict the tensile strain capacity of the pipe and the results compared

with test results.

Chapter 5 summarizes the results of this research and presents recommendations for future work.



Chapter 2: Literature Review

2.1Introduction of pipelines

2.1.1 Evolution of the pipe grades

Vintage pipeline steels (e.g. X46, X52, and X56 pipelines) were manufactured from relatively low
yield strength steels and old construction techniques in the early 1960s [7,8]. Although vintage
pipelines with normal strength such as X60, X65, and X70 were introduced in the 1970s, they were
not widely used in pipeline construction due to restrictions in the welding technology [7].
However, thermomechanical treatment strengthened the weldability of these grades of pipeline
and prepared the way for the manufacturing process of the modern high strength pipelines.
Although modern high strength pipelines such as X80, X100, and X120 are currently being
produced, still there is a limitation in utilizing them in pipeline construction due to a lack of data
on their load response history. On the other hand, vintage pipes have high ductility and can safely

undergo large strain under applied load due to differential ground movement [9,10].

The vintage steel pipes were manufactured before the 1990s. They have higher carbon content
and manufacturers put micro-alloying elements to strengthen their microstructure. The higher
carbon content in the form of pearlite increases the strength but causes welding difficulties in
comparison to modern steel pipes with lower carbon content [11]. It can be observed from the
microstructure of the vintage pipeline steel that ferrite and pearlite are the majority. On the other
hand, modern steels have ferrite and bainite and contain a lower level of carbon [12,13].
Thermomechanical controlled processes produce the higher strength microstructure containing an
acicular ferrite and bainite in modern pipelines instead of the structure with ferrite and pearlite

observed in the vintage pipelines [ 14]. The microstructure of the vintage X52 pipeline with a high

5



carbon level is shown in Figure 2.1 and compared with the new X52 grade of pipelines [15]. The
observations show almost 70 % volume fraction of vintage X52 pipe contain ferrite, and 30%
pearlite, which can be observed as the light and dark colored parts in Figure 2.1, respectively [15].
On the other hand, the microstructure of the new X52 pipe mostly contains acicular and polygonal
ferrite. Also, it can be seen that vintage X52 has a coarser grain size in comparison with new X52,
which causes higher resistance to hydrogen attack in new X52 grade of pipelines [15]. Although
the high percentage of carbon in the vintage pipelines caused higher fatigue resistance, it resulted

in welding difficulties. Therefore, the high percentage of carbon is not used in modern pipelines

[15].

(@) (b)

Figure 2.1 Microstructure of (a) vintage X52 alloy contains ferrite and pearlite and (b) new X52 alloy

(scale bars 50 um) [15].

2.1.2 Failure of pipelines
Pressurized onshore steel pipelines are usually buried underground. So, they are susceptible to
threats caused by both external loadings and internal pressure. The external loadings like

6



displacements and loads from geotechnical instabilities lead to bending strains and stresses and

substantial axial tension on pipelines [16].

Failure in pressurized pipelines mainly happened when the stress in the pipe wall surpasses a
critical failure value and is observed in the pipeline as leakage or rupture. External bending forces
due to soil movements typically cause circumferential cracks in pipeline. It typically occurs in
pipes with a small diameter and the crack can fully or partially propagate around the pipe’s

circumference [16].

Failure happens not only on the base metal of the pipes but may also occur at the joints like girth
welds. Girth weld flaws are the potential threats in welded pipelines as inappropriate joint
connection can lead to leakage through the welded joints, especially at high operation systems

[17].

2.2 Fracture

2.2.1 Characterization of fracture

The term fracture can be described as the separation of a solid body under applied stress. The
general process of a fracture can be described by the crack formation followed by the crack
propagation [18]. Figure 2.2 shows the different stages of the creation of cup-and-cone fracture in
a ductile specimen such as X52 and X42 steel vintage pipelines under uniaxial tensile stress. First,
ductile fracture begins with the nucleation and growth of micro voids in the interior of the test bar.
Then, by increasing the local stress, the micro voids grow and coalesce into larger cavities to form
an internal crack. The crack grows outward vertical to the tension stress into larger cracks and then

propagates rapidly to the edge of the test bar at 45° to the tensile stress. Finally, shear lips are



formed due to shear stress around the periphery of the neck, giving the final fracture surface the

cup and cone shape (Figure 2.2) [19,20].

2.2.2 Fracture mechanics

Anderson [21] and Czichos et al. [22] identified and described the fracture mechanics design
approach (FMDA) and the traditional design approach (TDA) for the selection of materials and
structural design. The traditional design approach focuses on the strength of materials. Both tensile
and yield strength of the material are usually obtained in a tension test to determine the resistance

of the material to applied tension force.

(Vnids>
+ /Microvoids
- O O O
Coalescence
+ of microvoids
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\

/
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lip

Figure 2.2 The sequence of formation of tensile fracture in ductile steel specimen [19]

In the fracture mechanics approach the crack size was added as a new parameter and the fracture
toughness of the material is measured instead of its tensile properties. The fracture toughness

calculates the material’s resistance to the formation and propagation of the crack. It can be



calculated directly using a fracture toughness test or indirectly using a Charpy V-notch (CVN)
impact test to predict the required fracture energy of the notched specimen [16]. It is important to
prefabricate a notch or crack to produce the extreme condition and stress concentration near the

tip of the crack to measure the material’s fracture toughness [23].

However, the fracture mechanics approach aims to determine the stress and strain fields near the
crack tip using a single toughness parameter, such as the stress-intensity factor (K). The crack
growth begins when the stresses near the crack tip reach the fracture toughness of the material,

which is defined by the stress-intensity factor [21].

The stress distribution at the crack tip can be broken up into three components, according to the
modes of fracture, namely Mode I, Mode II, and Mode III, as sketched in Figure 2.3. For these
basic fracture modes, the stress intensity factor is written as Ki (for Mode I), Ky (for Mode II), and
K (for Mode I1I), with subscript in Roman numbers [24]. The stress-intensity factor is a function
of the size of the crack, the applied stress, and the effect of the specimen geometry constraint.

Anderson [21] and Czichos et al. [22] generally expressed the stress intensity factor (K) as follows:
KI, 11, HI:YG\/E 2.1

where Ki 1, m is the stress intensity factor related to each fracture mode (MPaym), o is the
characteristic stress (MPa), a is the characteristic crack dimension (m), and Y is a dimensionless

constant that depends on the mode of loading and the geometry of the specimen.

The three fracture modes defined according to the applied loading condition at the crack surfaces

are presented in Figure 2.3 and described as follows:



Mode I Mode Tl Mode I

Figure 2.3 The three basic modes of fracture: Mode I (opening), Mode II (In-Plane Shear), and Mode I1I

(Out-of-Plane Shear) [25].

Mode I (Opening mode): The crack opens orthogonal to the local fracture surface. In this mode,

the applied tensile stress is normal to the crack surface.

Mode II (In-plane shear mode): The crack surfaces slide relatively to each other normal to the

crack front and cause shear stress which is parallel to the crack surface.

Mode III (Out-of-plane tearing mode): The crack surfaces slide relatively to each other on their
plane and parallel to the crack front, and cause shear stresses ahead of the crack in the direction

shown in Figure 2.3 [24].

For Mode I, the remote singular stress fields ahead of a crack tip, which caused by applied

remote stress can be calculated using the following set of equation (equations 2.2-2.4) [21]:

Ox= cos(=|[1-sin(=]sin|—= )
\2mr 2 2 2
ny—mcos 5 sin{ ) sin{ )
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Also, the crack-tip displacement fields for Mode I can be expressed as follows (equations 2.5-

2.6) [21]:
KT (e>[ 142 si 2(6)- 25
ux—2H 57005 |5 ) [k 1+2sin” (5 .

u

iz (5) 2 3) 26
y_2|,L 27_cSIIl 5 KT1-2COS 7)) .

where p is the shear modulus, K:?_:\// (plane stress) and k=3-4v (plane strain), where v is the

Poisson’s ratio.

2.2.3 Linear elastic fracture mechanics and elastic-plastic fracture mechanics

Fracture mechanics can be classified from different viewpoints. Usually, it is classified into two
major categories; linear elastic fracture mechanics (LEFM) and elastic-plastic fracture mechanics
[21,22,25]. The LEFM explains fracture processes using linear elasticity theory. Since LEFM is a
proper approach especially for fracture in brittle materials, linear fracture mechanics are also
identified as brittle fracture mechanics [25]. Brittle fracture applies to materials with linear elastic
deformation at the tip of the crack, ideally brittle material (Figure. 2.4 (a)), or with a small amount

of plastic deformation, quasi-brittle elastic-plastic material (Figure. 2.4 (b)) [21,25].

In contrast, elastic-plastic fracture mechanics identify fracture processes that are governed by
nonlinear material behavior (i.e., plastic deformation) [21,25]. Figure. 2.4 (c) illustrates elastic-

plastic fracture mechanics; the crack surfaces moved apart before fracture and created an area with

11



plastic deformation by blunting the tip of the initial sharp crack and led to a finite displacement &

at the tip of the crack [21].

Figure 2.5 shows the loading and unloading paths in both materials, which are identical in the
loading paths but different in unloading paths. For nonlinear elastic material, the unloading path
follows the loading path. The unloading path of the elastic-plastic material is parallel to the original

linear elastic path, with its slope equivalent to Young’s modulus [21].

Crack Propagation | Plastic Deformation
Broken Bonds i .

(a) Ideally brittle fracture (b) Quasi-brittle elastic-plastic fracture

_Sﬁ_'"P crack
o o

Blunted crack

(¢) Elastic-plastic fracture

Figure 2.4 The crack propagation in three types of fracture [21]
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Figure 2.5 The comparision of the nonlinear elastic and elastic-plastic materials under loading and

unloading conditions [21].

2.3 Simulation of fracture

2.3.1 Traditional finite element analysis

The finite element method (FEM) is the applicable method in fracture mechanic analysis and
capable to approximately predict the stress intensity factor in the absence of exact solutions. FEM
has advantages of simplicity and applicability to wide varieties of different loading conditions,
materials, as well as geometries [26]. FEM also is applicable to predict fracture response in
pipelines. Vazouras et al. [27] investigated the mechanical behavior of buried steel pipelines
(grades of X65 and X80) with active strike-slip tectonic fault. They investigated the effects of
internal pressure and soil characteristics on the pipelines failure. Hsu [28] analyzed the dynamic
elastoplastic modeling of the buried pipelines under seismic ground movement. Their proposed

model considered the effect of soil structure to analyze the behavior of soil surrounding the

13



pipeline. Zhang et al. [29] developed the three-dimensional (3D) FEM for X100 grade of steel pipe
with double-ellipsoidal corrosion defect. The effects of the corrosion defect inclination on local
stress distribution were investigated. Chen et al. [30] evaluated the mechanical response of
damaged steel pipelines with Carbon fiber reinforced polymer using FEM. The effects of
maximum acceptable operating pressure and burst pressure on the mechanical response of
damaged pipes were investigated and the predicted FEM results were validated with experiments.
Although traditional FEMs cannot represent the stress singularity near the crack tip, the method
can predict the meaningful values for stress intensity factor for the crack tip using a simple process
[26]. FEM is considered an effective method in computational fracture analysis, but three-
dimensional mesh generation is burdensome in the simulation of the models with multiple crack
formations. Furthermore, modeling the crack topology could be difficult due to considerable

refinement needs in the area near the crack tip [31].

2.3.2 Damage based models in finite element analysis

Damage models in material science play a big role in the prediction of rupture under different
loading conditions [32]. Different damage models were proposed such as cohesive zone models
and continuum damage models to predict failure in complex structures [33]. Cohesive zone model
(CMZ) defines the cohesive forces when material elements are separated [34,35]. Parmar et
al. [35] used CMZ to investigate the ductile fracture behavior in X70 and X100 grades of pipeline
under different constraint conditions. Alvaro et al. [34] used experimental and numerical 3D
FEM analysis based on the CMZ to investigate hydrogen embrittlement in the X70 grade of
pipeline. Bonora et al. [36] experimentally evaluated damage parameters of the continuum-based
damage model in ductile 20MnMoNi55 steel. Their experimental analysis included tension tests

on hourglass-shaped samples under multiple and partial unloading to investigate the reliability of
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the proposed damage model. Ma et al. [37] proposed a continuum damage model of porous sintered
metal under low cycle fatigue loading. Their nonlinear fatigue damage model was used to predict
the fatigue damage evolution as well as the cyclic deformation behavior. They also verified their
proposed model with experimental and FEM results. Shen et al. [38] numerically and experimental
investigated the ductile fracture of a high-strength API X70 pipeline steel. They employed the
enHill48 plasticity model in conjunction with Bai-Wierzbicki damage model to accurately predict

the anisotropic fracture in this specific grades of steel pipe.

2.3.3 Extended finite element method

To simulate the crack propagating in ABAQUS, XFEM provides a major advantage in comparison
with the traditional FEM. In classic FEM, the crack has to follow element edges. On the other
hand, in XFEM crack does not need to align with the element edges, which causes XFEM more
flexible method [39]. As a result, discontinuities such as crack can be included in the finite element
model without any modification of the discretization and the mesh can be built without considering
the crack [40]. XFEM is implemented in ABAQUS software and this matter makes it possible for
crack to propagate without need of remeshing and matching its geometry. Crack propagation
happens when strains and/or stresses surpass a user-defined value (damage criteria) at areas where
crack initiates. Damage criteria can be defined as maximum principal strain strain (Maxpe) or
stress (Maxps). Maxpe and Maxps along with fracture energy (G_c) as damage evolution criterion
are unknown damage parameters, which are being predicted through calibration with experimental

results [41].

XFEM can be applied to simulate the initiation and propagation of the crack in pipelines in both

small-scale and full-scale tests. For example, in the analysis of the small-scale test, Ameli et al.
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[42] used Maxps = 1400 MPa for damage initiation and G_c = 200 N/mm for damage evolution
in their XFEM analysis to model the Single-Edge Notch Tension (SENT) test of X42 vintage
pipelines. Lin et al. [43] obtained Maxps = 750 MPa and G_c = 900 N/mm in XFEM simulation
of eight full-scale tests of X52 vintage pipe subjected to complex loading conditions. Okodi et al.
[44] predicted burst pressure in the XFEM model of the X70 pipeline using Maxpe and G _c. The
validations of XFEM results with tests were applied to investigate the effects of the dent and crack
sizes as well as denting pressure on burst pressure [44]. Agbo et al. [45] analyzed the initiation
and propagation of X42 vintage pipe using Maxpe and G ¢ and predicted tensile strain capacity.
Also, they investigated the effects of the geometry of the crack and pipe as well as loading
conditions on TSC. Okodi et al. [41] in another study simulated the fracture response of X60 grades
of the pipeline using Maxpe, and G _c as damage parameters and validated their predicted XFEM
results with small-scale and full-scale tests. They also predicted the burst pressure in pipes

contained longitudinal cracks using XFEM analysis [41].
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Chapter 3: Prediction of tensile strain capacity for X52 steel pipeline

materials using the extended finite element method

This chapter was published in Applied Mechanics:
N. Elyasi, M.M. Shahzamanian, M. Lin, L. Westover, Y. Li, M. Kainat, N. Yoosef-Ghodsi, S.
Adeeb, Prediction of Tensile Strain Capacity for X52 Steel Pipeline Materials Using the Extended

Finite Element Method, Appl. Mech. 2 (2021) 209-225.

3.1 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.
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3.2 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 [4]. 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 [46]. 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

[4,47].

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 [3]. Wang et al. [48—50]
developed equations to predict the Tensile Strain Capacity (TSC) of pipelines that don’t include
the effect of internal pressure and are not applicable to vintage pipelines. Similarly, TSC predictive
models developed by ExxonMobil (EM) and Pipeline Research Council International (PRCI) are
only applicable to modern high-grade pipelines [51-54]. 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 [5].
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The finite-element method (FEM) is a cost-efficient technique in analyzing the pipelines under
such loading conditions. The cohesive zone model (CZM) is the applicable numerical tool in FEM
used in simulating the propagation of a crack [43]. 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 [55]. CZM in conjunction with
the extended finite element method (XFEM) is widely used in simulating the fracture process [56].
XFEM is an extension to the traditional finite element analysis in which initiation and propagation
of cracks that follow arbitrary paths can be simulated without the need for remeshing [5]. 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 (G_c) as the input parameter. Ameli
et al. [42] used XFEM to obtain the fracture parameters, maximum principal stress (Maxps) = 1400
MPa for damage initiation and G_c = 200 N/mm for damage evolution, by simulating the Single-
Edge Notch Tension (SENT) test of X42 vintage pipelines. Similarly, Lin et al. [43] obtained the
XFEM set of damage parameters, Maxps = 750 MPa and G_c¢ = 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 simulations 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. [57] used XFEM to obtain an appropriate set
of damage parameters, namely, maximum principal strain (Maxpe) for damage initiation and

fracture energy release (G c) for damage evolution, to simulate the crack propagation in beam
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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. [44] used Maxpe and G_c¢ in XFEM
analysis to predict burst pressure in X70 pipe specimens with the cent-crack defect. They
investigated the effects of denting pressure as well as dent and crack sizes on burst pressure and
validated the predicted XFEM results with experiments [44]. Okodi et al. [41] simulated the
propagation of cracks in X60 grades of the pipeline using XFEM damage criterion, Maxpe, and
G c, 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 [41].
Agbo et al. [45] predicted the ductile fracture response of an X42 vintage pipe under biaxial
loading using Maxpe and G_c¢ and obtained the TSC of this specific grade of pipes. The effects of
loading conditions, as well as the geometry of the crack and pipe on TSC, were also investigated
in this research. Agbo et al. [5] calculated the strain-based XFEM damage parameters, Maxpe =
0.013 and G_c =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. [43] 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 [5]. 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
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internal pressure and external eccentric tension which were reported by Abdulhameed et al. [58].
A proper set of damage parameters for X52 grades of pipes is obtained by calibrating the XFEM
model implemented in ABAQUS [59]. 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 end plates.

3.3 Full-scale test experiment

The fracture behavior of vintage API 5L grade X52 steel pipes was investigated experimentally by
Abdulhameed et al. [58] and Lin [16]. 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 [58]. 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 [16]. Also, 24 Charpy V-notch (CVN) impact tests were performed

by Lin [16] to obtain the fracture properties of X52 vintage pipeline specimens.

3.4 Problem formulation and the XFEM model

In this study, the strain-based damage parameters Maxpe and G. were obtained for the X52 pipe

XFEM model. Eight 3D XFEM models were developed in ABAQUS software to simulate the
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experiments. Table 3.1 presents the dimensions of the full-scale tests and initial cracks as well as
the applied internal pressure. Figures 3.1 and 3.2 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 3.1. 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 3.1).
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. The XFEM
circumferential crack was modeled as a shell planar part and located in the middle length of the
solid part (Figures 3.1 and 3.2). Shell parts, tongues, and endplates were meshed using four-node
linear shell element with reduced integration and hour-glass control (S4R).

Table 3.1 Basic information of tests and models

Pipe specimen Crack Internal
dimensions dimensions pressure level
Test
Model Outer Pipe Wall Crack Crack Internal Hoop
diameter length thickness depth length pressure stress/SMYS

(mm) (mm) (mm) (mm)  (mm) (MPa) (70)
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
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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 33 50 4.70 31
Model 4 324 1828.8 6.8 33 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 33 150 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

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 integration and hourglass

control (C3D8R) as well.

Pipe shell Bottom
reference

node

Top
reference
node

Pipe solid Pipe shell

- End plate =\ Tongue

Figure 3.1 Assembled components of pipeline XFEM model showing the geometry and reference points.

Based on mesh convergence analysis performed by Lin et al. [43], 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 3.2. The
23



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 [16]. The true
stress-strain curve is shown in Figure 3.3 and the parameters used as material properties in the
XFEM models are shown in Table 3.2. Maxpe and G_c 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. [58] 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.
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Figure 3.2 Mesh pattern of the XFEM model of pipeline and location of a circumferential crack.
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Figure 3.3 Average true stress-plastic strain curve of the X52 pipe material.

Table 3.2 Material properties of the X52 pipe [16].
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3.5Results and discussion

3.5.1 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 G ¢
for all models, the final set of parameters that can predict all eight models with minimum
calibration errors are obtained. The final damage parameters (Maxpe = 0.085 mm/mm and G ¢
=900 N/mm) are proposed as fracture properties of X52 vintage pipe. The second set of damage
parameters (Maxpe= 0.013 mm/mm and G_c¢ =450 N/mm) were previously obtained by Agbo et
al. [5] in the simulation of the ductile X42 grade of pipeline and applied in the current analysis for

comparison.

Figures 3.4 and 3.5 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 3.4 and 3.5, 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
G _c¢ = 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 [58]. The simulation cannot accurately predict the tensile
strain results with a distance 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 centre towards the pipe ends.
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The TSC is calculated from the XFEM tensile strain values in Figures 3.4 and 3.5 and compared
with those obtained from full-scale experiments and presented in Figure 3.6 and Table 3.3. 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 185730 mm for tests and models 14, and 120490 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 3.4 and 3.5 with the CMOD-applied load (Figures 3.8 and 3.9)
and rotation-applied load results (Figures 3.11 and 3.12) indicates that using Maxpe of 0.085 and
G _c of 900 N/mm slightly underestimates the TSC results, but in CMOD-applied load and
rotation-applied load results, higher prediction can be observed in some models in comparison

with the test results.

Choosing higher Maxpe values (Maxpe = 0.11 and G. = 900 N/mm) results in TSC values that
better match the experimental results with less variability and percentage differences, as presented
in Table 3.3, but sacrifices the accuracy in the results of CMOD-force (Figures 3.8 and 3.9) and
rotation-force (Figures 3.11 and 3.12). Therefore, the set of Maxpe of 0.085 and G ¢ of 900 N/mm
is chosen to balance the accuracy in all three types of numerical results. Additionally, the
percentage differences in Table 3.3 and Figure 3.6 are a bit misleading since the distributions
shown in the Figures 3.4 and 3.5 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.
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Figure 3.4 Comparison of tensile strains measured along the pipe length at failure obtained from models

and tests 1-4 (a-d, respectively).
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Figure 3.5 Comparison of tensile strains measured along the pipe length at failure obtained from models
and tests 5-8 (a-d, respectively).

Models 5 and 6 showed the biggest difference in TSC values between numerical and test results,
as shown in Figures 3.5 (a) and (b) and percentage difference in TSCs in Table 3.3. One
explanation could be the higher material properties of the pipes used in tests 5 and 6 in comparison
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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.

Table 3.3 TSCs of XFEM models and full-scale tests.

XFEM TSC
XFEM TSC
Maxpe = 0.085 Ratio Ratio
Model/Test Test TSC (%) Difference (%) Maxpe =0.11 Difference (%)
G_c=900N/mm (Test/Model) (Test/Model)
G_c =900N/mm (%)
(%)
1 4.187 2.730 34.798 1.534 3.0680 26.726 1.365
2 11.25 6.310 43911 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

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 [58]. Calibration of damage parameters in the XFEM
for models 5 and 6 showed that when Maxpe = 0.2 and G_c¢ = 900 N/mm, the XFEM results are

in good agreement with the tests (Figure 3.7).

3.5.2 CMOD, applied tension force, and end plate rotation
The CMOD-applied load curves were obtained numerically using the damage parameter Maxpe =

0.085 and G_c = 900 N/mm and compared with the experimental results and are presented in
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Figures 3.8 and 3.9 as well as in Table 3.4. As it can be observed from Figures 3.8 and 3.9, 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.
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Figure 3.6 Comparison of TSCs obtained from XFEM models and experiments 1-4 (a), and 5-8 (b).

CMODyvriticat Wwhich was proposed by Abdulhameed et al. [58], and calculated at the point where
CMOD rapidly increases and the applied load is almost constant. CMODurisicat equals CMOD at
97% of the failure load. In Table 3.4, the CMODyiiticat values for all tests and models are compared
with the results of CMOD#ilure, Which is the CMOD value when the failure occurs, as described
previously and shown in Figure 3.10. The numerical CMOD#iwre Values were between 33% lower
to 12% higher than the experimental CMODjiure. The maximum difference equals to 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
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in Figures 3.11and 3.12 and Table 3.4, respectively. A good agreement is observed for all the

models and tests.
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Figure 3.7 Comparison of (a) tensile strains measured along the pipe length at failure, (b) rotation—force
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N/mm).
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Figure 3.8 Comparison of force-CMOD curves obtained from models and tests 1-4 (a-d, respectively).
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Table 3.4 Comparison between XFEM results and tests at failure.

Rotation at Reduction in
Model/Test Ma)lcdl\}oad Endplate CMOD gaiture CMODcrica Pipe Wall
(kN) (Degrees) (mm) (mm) 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

As shown in Table 3.4, 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.
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Figure 3.10 The CMODgiiure for the model 4.

It 1s concluded that in tests 5 and 6, using Maxpe of 0.085 and G_c¢ of 900 N/mm produce the
biggest difference in results, as shown in Figures 3.9(a) and (b) for CMOD-force and Figures
3.12(a) and (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 (Figures 3.7(b) and (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.

The damage parameters (Maxpe = 0.013 and G_c = 450N/mm) obtained by Agbo et al. [5] 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 3.4 and 3.5), CMOD-applied load (Figures 3. 8 and 3.9), and
rotation-applied load (Figures 3.11and 3.12) for all eight models in comparison with test results,
which shows that Maxpe = 0.013 and G_c = 450 N/mm are not a proper damage set for X52

vintage pipe. This poor prediction could be attributed to the difference in the location of the cracks
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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 [5,58].
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Figure 3.11 Comparison of rotation-force curves obtained from models and tests 1-4 (a-d, respectively).

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.
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Figure 3.12 Comparison of rotation-force curves obtained from models and tests 5-8 (a-d, respectively).

3.5.3 Geometry of cracked pipe in the vicinity of the flaw
The numerical fracture surface analysis at failure for X52 pipe was performed by Lin et al. [43]

using the XFEM and damage parameters Maxps = 750 MPa and G_c = 900 N/mm. The fracture
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surface compared well with experiments presented by Abdulhameed et al. [58]. Figure 3.13 shows
the fracture surface of model 1 when Maxpe = 0.085 and G_c¢ = 900N/mm and the fracture
geometry obtained by fractography of test 1. The parameters A, C, and E represent 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 [58]. A
comparison of the reduction in wall thickness at failure with the experimentally observed value is
presented in Table. 3.4. 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. [43] is the exclusion in the numerical analysis of the

mechanical deformation associated with the sudden release of internal pressure at failure [43].

3.6 Conclusions

This study aims 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 experimental test results. The comparison
included tensile strain, CMOD, applied load, and rotation at end plates. 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
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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 test results and good agreement was observed.
Models 5 and 6, characterized by shallow and long cracks, exhibited a slightly more ductile
behaviour. 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 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 damage 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.

LE, LE33
(Avg: 75%)

0.23703
oo
gise

40



(@

(b)

Figure 3.13 Geometry of fracture location at failure in the longitudinal direction from (a) Model 1 and (b)
Test 1 [58].
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Chapter 4: Strain-based XFEM prediction of crack propagation in
single edge notched tension (SENT) tests

This chapter will be submitted as a journal article to a peer-reviewed journal.

4.1 Abstract

In the present study, the use of the extended finite element method (XFEM) to predict the fracture
response of the X42 vintage pipeline material is investigated. A set of damage parameters in the
cohesive zone model (CZM) which are the maximum principal strain (Maxpe) and fracture energy
(Ge), previously obtained from simulation of full-scale tests is used. The side-grooved single edge
notched tensile (SENT) model for X42 grade of pipe is simulated. The predicted XFEM force to
crack mouth opening displacement (CMOD) and crack tip opening displacement (CTOD) to crack
extension results were compared with the experimental SENT results. The force to CMOD results
indicate that the XFEM is a useful method to simulate the crack propagation in the X42 SENT
model. However, CTOD to crack extension results recommend the calibration of the XFEM
damage criterion using both small-scale and full-scale tests to ensure the accuracy in prediction of

damage response for this grade of pipeline material.

4.2 Introduction

The worldwide need for natural gas and petroleum has considerably increased in the last decade
[60—62]. Therefore, the importance of the capability of pipelines to withstand large plastic
deformations in a harsh environment is required [63—65]. Strain-based design (SBD) is a practical
method in designing pipelines that can withstand considerable plastic deformation in severe
environments [66]. In order to develop the SBD approach, proper fracture mechanics tests are
useful in predicting the strain capacity of pipeline material. The single edge notched tensile

(SENT) test is considered an effective experimental test to assess tensile fracture resistance in
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pipelines [67,68], primarily due to the similarity between the constraint conditions of the tip of the
crack in SENT tests with actual flaws in girth welds of pipelines [66]. Additionally, crack tip
opening displacement (CTOD)-crack extension curves obtained from SENT experiments are

similar to those obtained from full-scale tests [42].

Due to the intricate details and the required precision, small-scale SENT can be costly. Full-scale
experiments are also associated with exuberant costs, due to the need for providing external forces
or internal pressure as a part of the experiments as well as initial cracks. Elasto-plastic fracture
modelling techniques can help to reduce the required number of such tests and ultimately, the total
cost by calibrating models that are capable of predicting the damage mechanism and modeling the
initiation and propagation of cracks under complicated loading conditions [42]. The extended finite
element method (XFEM) is one of the most effective methods in modeling ductile fracture
mechanics. In this method, the initiation and propagation of the crack can be simulated without
the need to remesh the area near the tip of the crack, which leads to a decrease in the time of
simulation in comparison with time consuming mesh generation near crack location need in

traditional FEM [31,69,70] .

XFEM is a powerful tool in predicting the ductile damage properties of both full-scale tests for
pipes and small-scale experiments such as SENT tests [42]. This method has been widely used
recently for predicting the fracture response in pipeline. Zhang et al. [71] used XFEM to predict
the failure of three-dimensional (3D) cracks-in-corrosion flaws in X60 grades of the pipeline using
maximum principal strain (Maxpe) and fracture energy (G_c) as the damage criteria. Lin et al. [43]
used a maximum principal stress (Maxps)-based damage criterion combined with G_c in an XFEM

model to predict the fracture behavior of the X52 vintage pipe and satisfactorily compared it with
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eight full-scale experiments. Similarly, Elyasi et al. [72] investigated the fracture response of X52
vintage pipeline using the strain-based damage set comprised of Maxpe of 0.085 and G ¢ of
900N/mm, and calibrated the predicted tensile strain capacity (TSC) results with full-scale

experiments of cracked pipeline under internal pressure and bending.

Agbo et al. [5] obtained Maxpe and G_c required in the XFEM simulation of X42 vintage pipeline
as well as the TSC through the calibration with full-scale experimental result and demonstraded
the ability of the proposed XFEM model to analyze the effect of flaw size and internal pressure on
TSC. Ameli et al. [42] used the XFEM model of the SENT test of X42 vintage pipe using calibrated
damage parameters, Maxps and G _c, to predict the ductile fracture behavior of this grade of
vintage pipeline. The mesh sensitivity analysis presented by Ameli et al. [42] demonstrated the
importance of mesh size on the tearing and fracture behavior for crack extension. Okodi et al. [41]
used Maxpe and G _c as damage criteria to simulate the propagation of cracks in X60 pipe grade.
They calibrated the XFEM results using SENT experiments from full-scale tests and predicted the

burst pressure in pipes with different size of external cracks.

To Summarize the recent work, Ameli et al. [42] used a maximum principal stress-based (Maxps)
approach in XFEM analysis of X42 vintage pipes. Critical Maxpe values were related to the
critical experimental strain values obtained in the surrounding area of a crack tip, suggesting that
Maxpe may be a more suitable damage criterion compared to Maxps [5]. Subsequently, Agbo et
al. [5] obtained the strain-based damage parameters for X42 steel pipe in the full-scale XFEM
analysis. However, there is a need to investigate whether the damage parameters proposed by Agbo
et al [5] from full-scale tests, provide the same prediction for the small-scale experimental results

obtained by Ameli et al. [42,73]. This paper aimed to investigate the validation of the XFEM

44



analysis in predicting the initiation and propagation of the crack in the SENT test of ductile X42
vintage pipe. The validation of the damage parameters (Maxpe and G_c), which were previously
obtained for full-scale tests, were examined for the SENT model by comparing the predicted
XFEM results with SENT test. The comparisons are in terms of force-CMOD (crack mouth

opening displacement) and CTOD-crack extension.

4.3 Experimental tests of SENT specimens

The SENT tests were carried out on specimens that were cut from X42 vintage pipe material
[42,73]. The specimens were machined to have a thickness (B) and width (W) of equal dimensions
(12 mm). The total length and gripping length (H) were 374 mm and 120 mm (10xW), respectively
(Figure 4.1). The initial notch with a radius of 0.075 mm was carved using electrical discharge
machining (EDM) on the square cross-section of the specimens (BxW). Also, side grooves equal
to 5% of sample thickness were manufactured on all sides of the SENT sample. The ratio of the
crack depth (a in Figure 4.1) to width (W) was equal to 0.33. The schematic view of the SENT

specimen is illustrated in Figure 1 [73].
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Figure 4.1 Schematic view of SENT specimen geometry subject to a tension test (a) and a SENT test
specimen instrumented with a clip gauge and knife edges (b) [42].

In the first step, both ends of the SENT samples were clamped and subjected to tensile force
(marked as “P” in Figure 4.1) with a constant loading rate of 0.01 mm/s. To allow calculation of
the cack extension, the loading was stopped before failure occurred in the load-displacement
curves. The original and final crack profiles were determined through microscopic studies of the
crack surfaces and the average technique and the nine-point measurement were used to obtain the
crack profiles [74]. To determine the CTOD, the digital image correlation (DIC) system constantly
monitored the movement of two nodes located 2.5 mm above and below the initial crack tip during

the test (Figure 4.2).
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to the original crack tip

B b

Figure 4.2 Location of nodes 2.5 mm above and below the initial crack tip at (a) first and (b) final loading
steps [42].

According to the standard for SENT tests, the crack was allowed to propagate a maximum length
of 2 mm. Also, due to initial inspection and blunting, the calculated crack growth below 0.2 mm
could not be used for curve fitting [42]. The CTOD-Aa (crack extension) experimental results for
the X42 SENT tests obtained in Ameli et al. [73] were used in the current study using the

fracture parameters obtained by Agbo et al. [5].

Clip gauges were mounted by two knife edges to the SENT sample to accurate gauging the
CMOD (Figure 4.3). The distance between two clips as well as measured CTOD were used to

calculate the CMOD in the following equation [73]:

CTODXhl +V1 X (a())
CMOD= 4.1
(ag+hy)

where h; was the height of clip gauge, V1 was distance between two clip gauges, and ap was the

initial crack depth, which are shown in Figure 4.3. Calculated CMODs and corresponding forces
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measured by the tension machine were used to obtain the force-CMOD curves for the X42 SENT

samples as described by Ameli et al. [73].

Clip gauge
/ Vi
Y /
\ ARLE
: CMOD
Knife edge
ao
CTOoD

(a) (b)
Figure 4.3 Crack extension profile (a) and CMOD measurement parameters (b) [73].

4.4 XFEM Model

In this study, the strain-based damage parameters, Maxpe and G ¢ were 0.013 and 450 N/mm
respectively obtained from Agbo et al. [5] after calibrating an XFEM model for predicting the
tensile strain capacity of full scale X42 experimental tests. The 3D XFEM model was simulated
using ABAQUS/Standard (v. 6.17) [59]. The tensile properties of the pipe were taken from the six
true stress-strain curves obtained from the tension test carried out on X42 pipe specimens by Ameli

et al. [73]. The material properties used in the XFEM model are shown in Table 4.1.
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Table 4.1 Material properties of the X42 pipe [73].

Young’s modulus Poisson’s 0.2% Offset yield Ultimate tensile strength
(GPa) ratio strength (MPa) (MPa)
200 0.3 314 640

Figure 4.4 shows the finite element (FE) configuration and boundary conditions of the SENT
model containing the crack. To reduce the analysis time and the computational effort, only half
of the SENT sample was modeled by taking advantage of the symmetry of the model around the

YZ plane (Figure 4.4).

The XFEM crack was modeled as a shell planar part and located in the middle height of the SENT
model (Figure 4.4). The XFEM SENT model was meshed by the 8-node linear brick, reduced
integration, hourglass control element (C3D8R). The mesh size was 4 mm along the crack
propagation route. To reduce the simulation time, a coarser mesh was used for the elements far
from the crack propagation route. Mesh convergence analysis was performed to guarantee the
accuracy of the analysis, which will be discussed later in this study. To simulate the tension test
leading to crack initiation and propagation, the external displacement of 50 mm was applied on

the reference node represented in Figure 4.4(b) as a boundary condition in the Y direction.

4.5Data analysis

The CMOD-force results were obtained from XFEM analysis and compared with the experiments
obtained by Ameli et al. [73]. Since the failure in the X42 vintage pipeline occurred in the weld
metal [5], only the experiments from weld material were represented for the comparison. Also,
damage parameters (Maxpe of 0.013 and G _c of 450 N/mm) were used in the current XFEM
analysis, obtained for the weld metal part of the X42 pipeline by Agbo et al [5]. The CMOD was
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calculated by subtraction of the displacement in y-direction (Uy) of the two points shown in Figure
4.5. The applied force in the y-direction was extracted from the reference points shown in Figure

4.4.

Crack

(@

Ux=Uy=Uz=0 Ux=Uz=0
URx=URy=URz=0

Y \

Reference node

Crack

(b)

Figure 4.4 FE configuration of the symmetric SENT model (a) the location of the crack in the middle
height of the specimen, (b) boundary conditions of the specimen.
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The CTOD-crack extension results from the XFEM analysis were calculated and compared with
the experimental results obtained by Ameli et al. [73]. The CTOD values were obtained using two
different approaches of crack extension and presented in Figure 4.6. First, the crack extension was
calculated based on the propagation of the crack-tip point through the thickness of the SENT model
(Figure 4.6. (a)). In this approach, crack extension was calculated by monitoring the crack tip. This
method was also applied by Ameli et al. [42,73] in obtaining crack extension in experimental and
XFEM results. In the second approach, the crack extension was extracted based on the propagation
of the damaged element, which was defined when status in ABAQUS XFEM (STATUSXFEM)
for an element equals 1 (Figure 4.6(b)). In this approach, the crack extension was obtained when
the full separation occurred (STATUSXFEM=1) between two elements aligned with the crack
propagation route. Figure 4.6(a) and (b) represented the status of the damaged element and the

crack extension in both approaches at a crack tip extension of 1.6 mm.

S, Mises
(Avg: 75%)
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«— Point 2

Figure 4.5 The initiation and propagation of the crack in the XFEM SENT model and selected points in
calculating CMOD.
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It can be observed that the damage did not occur in the elements aligned with the crack propagation
route in the crack tip extension approach since STATUSXFEMK<I in these elements (Figure
4.6(a)). On the other hand, the crack extension based on the damaged element propagation
approach showed that the failure happened (STATUSXFEM=1) in elements along the crack
extension line (Figure 4.6(b)). The results showed that at the same crack extension, CTOD was

higher in the damage element approach in comparison with the crack tip approach.

4.6 Results
The comparison of the CMOD-force curves of the XFEM models with experiments is illustrated
in Figure 4.7. As observed, the numerical results compared well with experiments, underscoring

the capability of XFEM in predicting the fracture behavior of the modelled specimens.
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Figure 4.6 The crack extension (Aa) based on propagation of (a) the crack tip (b) STATUSXFEM=1.
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Figure 4.7 Comparison of CMOD-force from XFEM analysis with experiments from Ameli et al. [73].
53



The mesh sensitivity investigation was performed to obtain the optimum element size needed for
accuracy of the analysis. Two different element sizes aligned with the crack propagation route
were applied; 0.3 mm and 0.4 mm. As observed in Figure 4.7, the results obtained using the
element sizes 0.3 mm and 0.4 mm are similar while 0.4 mm element size provides the results with
less computational efforts. Therefore, the optimum element size of 0.4 mm was chosen to ease the

computational cost without sacrificing the accuracy.

The CTOD-crack extension curves obtained through both crack-extension approaches are
calibrated by comparing them with the experimental results obtained by Ameli et al. [73] and
presented in Figure 4.8. Similar to the CMOD-force curves, there was no significant difference in
the predicted CTOD values using mesh sizes of 0.3 mm and 0.4 mm, and an optimized mesh size

of 0.4 mm was selected to reduce the simulation time.

The results showed that the predicted CTODs underestimated the test results when the crack
extension was calculated based on the propagation of the crack tip (first crack extension criterion).
On the other hand, the predicted CTOD results were higher than the experiments when propagation
of the damaged element was the full separation (STATUSXFEM=1) crack extension criterion. It
can be concluded that the best results were aligned somewhere between the two predicted results.
This ratio of two predicted results, which can present the best results in calibration with the
experiments was obtained as follows:

CTOD (crack tip approach) B
CTOD (damaged element approach) B

2)
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Figure 4.8 Comparison of CTOD-crack extension (Aa) from XFEM analysis with experiments results
from Ameli et al. [73].

4.7 Discussion

The results from the current XFEM were capable of representing the crack propagation correctly
in 3D analysis, as shown in Figure 5. Also, the fracture parameters, Maxpe of 0.013 mm/mm and
Gc of 450 N/mm, showed good predictions of tensile strain along the pipe length and CMOD-
applied moment curves in comparison with the full-scale experiments [5]. XFEM parameters can
seemingly be calibrated from either full-scale or small-scale tests. The obtained damage
parameters for X42 pipeline material from full-scale experiments can calibrate the CMOD-force
curves of SENT tests accurately (Figure 4.7), but showed poor predictions in calibration of the
CTOD-crack extension results (Figure 4.8). These comparisons highlight the need for further
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research in the relationship between calibration of XFEM parameters using small-scale and full-

scale tests.

An explanation for differences between the CTOD-crack extension curves could be the different
location of the crack tip between the experimental test and XFEM simulation. Ameli et al. [42]
obtained the crack tip extension by monitoring the crack tip using a digital image correlation
system during the SENT test. The propagation of the crack tip in XFEM analysis happened when
the Maxps in the integration point located near the tip of the crack exceeded the tensile strength of
the material [75]. As a result, XFEM predictions of CTOD-crack extension were different from

the experimental results.

4.8 Conclusion

This study investigated the capability of XFEM in simulating the initiation and propagation of the
SENT model for X42 pipeline materials. The XFEM fracture parameters: maximum principal
strain and fracture energy were 0.013 and 450 N/mm respectively, as previously obtained by Agbo
et al. [5] through simulating the full-scale tests of X42 pipe. These parameters were applied to
simulate fracture propagation in the SENT tests conducted by Ameli et al. [42,73]. Our work shows
that XFEM can accurately simulate the propagation of cracks in the SENT model and can
succeessfully replicate the CMOD-force results. The accuracy of the numerical CTOD-crack
extension results, however, are dependent on the identification of the crack tip in the model. Two
different “physical crack tip” definitions based on two extremes were used. The first assumes the
physical crack tip to be at the location of damage initiation and the second assumes the physical
crack tip to be at the location of complete separation. The “physical crack tip” that precipitated in

the best match between the experiments and the simulation was found to be the weighted average
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of the two predicted results, in which the weight of CTODs obtained at the tip of the crack to those
obtained from damaged element was 3.0/1.0. Future work will investigate the relationships
between the damage parametes obtained from small-scale and full-scale models in various pipeline
grades in addition to properly defining the most appropriate “physical crack tip” in small-scale

tests.
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Chapter 5: Conclusion

This research investigated the capability of the strain-based design to predict crack propagation in
small-scale and full-scale tests. First, the XFEM analysis was applied to model the full-scale tests
from Abdulhameed et al. [58] and Lin [16]. The eight XFEM models of X52 pressurized vintage
pipe were developed in ABAQUS software to predict fracture behavior of X52 grade of pipelines.
The set of damage parameters included maximum principal strain (Maxpe) of 0.085 and fracture
energy (G_c) of 900 N/mm used in the XFEM model of the full-scale pipes to simulate the
initiation and propagation of the crack. The XFEM models were capable to reproduce the
experiments properly. The comparisons were investigated in terms of tensile strain values along
pipe length, CMOD-force, as well as rotation-applied force between XFEM and tests. In the next
step in the current research, XFEM models of the single edge notched tension (SENT) test of the
X42 vintage pipelines were calibrated using the experiments to investigate whether the XFEM
analysis was robust in the prediction of the fracture response in small-scale tests as well. The
results suggested the strain-based fracture properties of X42 (Maxpe=0.013, G=450 N/mm),
which successfully predicted the results of full-scale tests in previously published results by Agbo
et al. [5], could properly simulate the initiation and propagation of the crack in the 3D XFEM
model and validate the CMOD-force experimental results as well but showed poor prediction in
reproducing the CTOD-crack extension from the tests. The results raise the question of whether
the XFEM damage properties, which successfully simulated the full-scale test, have a similar trend
in predicting the small-scale test results too. The results suggested that the future work in the
analysis of the damage response of vintage steel pipelines should first focus on the XFEM
calibration process of the small-scale tests before the analysis of the full-scale tests to ensure the

accuracy of obtained damage properties.
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