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Abstract

Understanding the fracture behavior of pipeline steel is crucial for ensuring the integrity of
pipelines in the energy transportation industry. This comprehensive thesis investigates the
fracture toughness properties of API SL AO Smith X52 pipe steel through a combination of

experimental tests and numerical analysis.

The experimental component of the study utilizes Single-Edge Notched Tension (SENT)
specimens to examine fracture behavior. The focus is on assessing critical parameters such as
Crack Tip Opening Displacement (CTOD), Crack Mouth Opening Displacement (CMOD),
and crack growth length (Aa). To achieve precise displacement measurements in small-sized
samples, Digital Image Correlation (DIC) is employed. The establishment of resistance curves
(R-curves) for SENT specimens is a key aspect, and the results are used to evaluate the fracture

toughness properties, including Force-CTOD, Force-CMOD, CTOD-Aa, and J-Aa curves.

The findings reveal consistent fracture behavior across different crack sizes and highlight
variations in fracture toughness among different steel grades. This research contributes

significantly to the understanding and characterization of pipe steels.

In parallel, the numerical analysis component of the thesis the Extended Finite Element
Method (XFEM) to predict crack initiation and propagation employs in SENT specimens
fabricated from the same API 5L AO Smith X52 pipe steel. Specific fracture parameters,
Maxpe and Gc, are used to enhance prediction accuracy. The XFEM models are rigorously
compared with experimental results, focusing on Force-CTOD, Force-CMOD, and Force-

Global Displacement curves. The study reaffirms the reliability of XFEM in predicting



fracture parameters across varying geometries. This research underscores the critical role of
fracture mechanics in pipeline integrity assessment and contributes to advancements in
fracture behavior analysis for pipeline steel materials. Future investigations are planned to
expand the scope of the study by exploring other loading constraints and specimen geometries

of the same steel grade.
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1. Introduction



1.1 Introduction and Background

Oil pipelines, often unseen beneath the ground surface, serve as the silent means of energy
transport. These intricate systems facilitate the movement of oil from production sources to
the world's energy consumers. While hidden from view, these pipelines face so many
challenges, both internal and external, that threaten their reliability and integrity.
Understanding and resolving the typical problems, structural stresses, and complicated
dynamics of these pipelines is paramount to ensuring the safe and efficient distribution of this

critical resource.

1.1.1 Specification of pipe grades

In Pipeline industry, the grade of the steel is usually represented by a letter followed by a
number. For instance, X52 (L360) denotes a specific grade. The letter 'X' reveals the material's
chemical composition, while the number, like 52 or 360, corresponds to the specified
minimum yield strength (SMYS), either in inch-pound (ksi) or SI (MPa) units. To delve
deeper into these grades and their properties, the tensile requirements for X52, X60, X65,

X80, and X100 pipes are detailed in API Spec 5L [1].

1.1.2 Toughness characteristic of steel grades

Toughness, defined as the ability of a metal to deform plastically and absorb energy before
fracture, underscores the importance of energy absorption in assessing a material resilience
[2]. It's crucial to note that ductility, measuring the plastic deformation of a material before
fracturing, doesn't solely determine toughness. A toughness hinges on a balanced interplay of
strength and ductility. Materials with both high strength and ductility exhibit greater toughness
compared to those with low strength and high ductility. To quantify toughness, one common

method involves calculating the area under the stress-strain curve derived from a tensile test,



represented as "material toughness" in terms of energy per unit volume. Material toughness

signifies the gradual energy absorption by the material [2].

In Figure 1.1 below, we can observe a comparison between the stress-strain curves of high-
strength, medium-strength, and low-strength steels. Interestingly, it becomes evident that the
medium-strength steel, as sourced from NDT Resource Centre, displays the most remarkable
toughness. This observation underscores that achieving exceptional toughness hinges on

maintaining an optimal equilibrium between high strength and significant ductility.

High Carbon Steel
Strongesd

Medium Carbon Steel
Toughes!

Low Carbon Steel
Bost Ductile

Stress —=

Strain —=

Fig. 1.1 Material toughness (adapted from “Toughness” in Nondestructive Testing (NDT) Resource
Centre [2].

Numerous factors significantly influence toughness. These factors encompass:

o Strain Rate (Rate of Loading): toughness may meet expectations under static loads but
fall short under dynamic loads or impact. Generally, ductility and toughness decrease

with escalating loading rates.



o Temperature: Temperature plays a significant role in a material toughness. Lowering
the temperature leads to reduced ductility and toughness.

o Notch Effect: The notch effect is closely related to stress distribution. While a material
may exhibit good toughness under uniaxial stress conditions, the presence of a notch,
causing a multiaxial stress state, can lead to a material's inability to withstand

simultaneous elastic and plastic deformations in various directions [2].

In the realm of materials testing, various toughness tests are standardized to generate data that
corresponds to specific loading conditions or component design criteria. Three fundamental

toughness properties that warrant more detailed discussion are:

* Impact Toughness
= Notch Toughness

= Fracture Toughness

These properties provide valuable insights into a material performance and suitability for

diverse applications and loading scenarios [2].

1.1.3 Fracture Toughness

Fracture toughness stands as a significant measure, indicating the extent of stress necessary to
advance a preexisting imperfection. This material property holds exceptional significance due
to the inevitability of flaws arising during material processing, fabrication, or in-service use.
These flaws may manifest as fissures, empty spaces, metallurgical inclusions, welding
irregularities, design inconsistencies, or even a combination thereof. In light of the fact that
engineers cannot ensure the absence of all flaws, it has become common practice to assume

that some components will contain flaws of a chosen size. This assumption forms the basis



for applying the principles of linear elastic fracture mechanics (LEFM) in the design of critical
components. LEFM takes into account variables such as flaw dimensions, component
geometry, loading conditions, and the material's fracture toughness, all in an effort to assess a

flawed ability of component to withstand catastrophic fracture [2].

The manner in which a material experiences failure, whether through ductile or brittle fracture,
is intrinsically linked to its toughness. As previously elaborated, toughness is quantified by
the cumulative area beneath the engineering stress-strain curve obtained from a uniaxial
tensile test, as depicted in Figure 1.2. This metric denotes the quantity of energy, per unit
volume, that can be imparted to a material without triggering fracture. It effectively signifies
the gradual absorption of energy by the material until the point of failure. Generally, ductile

materials exhibit superior toughness compared to their brittle counterparts [3].

\ =
=
o = I
[T = [T
o g Al
Strain () Strain (&)

Figure. 1.2 Engineering stress-strain curve for (a) ductile fracture and (b) brittle fracture (adapted

from Bhushan, 2013 [3])

1.1.3.1 Fracture toughness parameters

Fracture toughness is a property often gauged through specific tests designed for this purpose,

employing parameters such as the stress-intensity factor (K), the energy release rate (G), the J



integral (J), and the crack-tip opening displacement (CTOD or §). These parameters can be
quantified by assessing a single-point fracture toughness value under conditions of plain
strain, including Klc, Glc, JIc, and d8lc, or by constructing an entire resistance curve (R-
curve). In the context of linear elastic fracture mechanics, fracture toughness is typically
determined at the point near crack initiation, denoted by the plain strain fracture toughness

(KIc) or the energy release rate (GIc) [4].

1.1.3.2 Variables and Specimens

Fracture toughness tests adhering to conventional standards demand elevated constraint levels
at the crack tip, employing deep-cracked specimens like compact tension (CT) specimens and
single-edge notch bend (SENB) specimens, detailed in ASTM E 1820-11 and illustrated in
Figure 1.3 [4]. These tests encompass a comprehensive evaluation of three essential toughness
parameters: K, J, and CTOD within a single examination. The process involves electrical
discharge machining (EDM) for initial notch creation with length a¢ and subsequent fatigue

pre-cracking in a three-point bend fixture to refine the notch tip to a final length of a [5].
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Figure. 1.3 Fracture toughness test specimens (a) compact tension specimens; (b) single edge notch

bend specimens (adapted from ASTM E 1820-11) [4]

In recent years, a paradigm shift in fracture toughness testing has led to the development of
tests requiring minimal constraint levels at the crack tip, involving shallow-cracked specimens
as single-edge notch tension (SENT) [6]. In a study of the SENT methodology, Zhang et al.
emphasized that cracked pipelines essentially function as low constraint structures because
the entire ligament, even when the pipe undergoes global bending, is subjected to tensile stress

[7]. Their research also established that crack depth is not a critical factor influencing the



fracture resistance of SENT specimens in pipelines characterized by small wall thickness and
high toughness. It is important to note that while the SENT test method has been developed
and accepted, it has not yet been standardized or incorporated into ASTM established
standards. According to the BS8571:14, The clamped SENT test specimen configuration shall

be as shown in Figure 1.4 [8].

P
s
1%
|| e
\ﬁ“x
a\\\37" a2
"

—

Figure. 1.4 Clamped SENT test specimen configuration (adapted from BS 8571:14) [8]
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1.2 Problem Statements

Understanding the fracture behavior and toughness of pipeline steel has gained paramount
importance in the contemporary era which pipelines play a pivotal role in energy
transportation across many countries, notably constituting nearly 60% of energy delivery in
nations such as Canada [11]. Study on the fracture toughness of pipe steel is crucial for
evaluating material behavior under various conditions, and this dependency on crack tip
constraint has been well-established as mentioned before [9]. In scenarios where CT tests
exhibit high constraint, resulting in low fracture toughness and brittle fractures, SENT
specimens present an alternative with notably higher fracture toughness owing to their low-
constraint nature as depicted in Figure 1.5 [10]. The current project revolves around the
exploration of SENT experimental tests and XFEM models, emphasizing the dynamic
interplay between fracture toughness, crack size, and the geometry of the specimen. The
magnitude of the crack size becomes a key factor influencing stress distribution around the
crack tip, thereby influencing fracture toughness. As crack length extends, so does the
constraint at the crack tip, potentially leading to a more brittle fracture. This underscores the
necessity of exploring the relationship between toughness and crack size, aligning our
methodology with the guidelines by BS 8571:14. This research adopts a multi-specimen
strategy, adhering to the recommendations of BS 8571:14, to systematically explore the

complex relationship between fracture toughness, crack size and specimen geometry.

This initiative is a segment of a more extensive undertaking within our research group, where
we are immersed in a comprehensive project. The outstanding goal is to conduct tests on a
considerable number of small-scale specimens featuring diverse geometries and crack sizes.

These specimens, aim to mimic real-world conditions. The primary objective is to generate



CTOD-R or J-R curves, providing valuable insights into a material resistance to fracture under

diverse conditions.

Within these experimental tests, precise measurements encompass various parameters such as
crack extension, and additional displacements like CMOD and CTOD. Concurrently, the
numerical analysis part of this thesis leverages the Extended Finite Element Method (XFEM)
to predict fracture parameters to achieve the same toughness results as the experimental one
within SENT specimens from identical pipe steel. Precision in predictions is heightened by

incorporating specific fracture parameters, Maxpe and Gc.

FRACTURE i PO,
TOUGHNESS| |
[I. K. CTOD] l ’

'

SEMBaM = 0.3)

'
:I SEMA(aMY = 0.5 CT (oMW =053
I *

¥
L

GEOMETRY / CONSTRAINT [T, (. M]

Figure 1.5. Dependence of fracture toughness on specimen geometry or crack tip constraint
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1.3 Organization of Thesis
In the current chapter as the first chapter, the introduction sets the stage for the entire thesis.
This section emphasizes the significance of fracture toughness as a key parameter and

provides a background to the research motivation.

Secondly, Chapter 2 is dedicated to the small-scale tension (SENT) experimental tests. It
commences with an exploration of the tensile and fracture properties of API X52 steel pipes.
The focus is on detailing the experimental setup, methodologies employed, and the results
obtained from the tests. This chapter aims to offer a comprehensive understanding of the

fracture behavior under various conditions.

Thirdly, Chapter 3 focuses on the Extended Finite Element Method (XFEM) models. It
elucidates the theoretical framework and details of XFEM, explaining its application in
predicting crack initiation and propagation in SENT specimens fabricated from API X52 pipe
steel. This section highlights specific fracture parameters, Maxpe, and Gc, and discusses how
they enhance prediction accuracy. The chapter concludes with insights into the numerical

analysis component of the research.

Finally, Chapter 4 serves as the conclusion of the entire thesis. It begins by summarizing the
key findings from both the experimental tests and the XFEM models. The chapter then draws
main accomplishments based on the collective results, offering insights into the tensile and
fracture properties of API X52 steel pipes. The section proceeds by offering insights for future

endeavors.

11



2. Single Edge Notched Tension (SENT) Test

12



2.1 Introduction to Tension Test

The assessment of fracture toughness in materials commonly relies on two fundamental
parameters: Crack Tip Opening Displacement (CTOD) and J-integral [12]. These parameters
were introduced over 50 years ago [13, 14], and have been widely adopted in fracture
mechanics studies as reliable indicators of material toughness. To evaluate the fracture
toughness properties of a material, various testing methods on different geometries are used
[15, 16]. These including Single-Edge Notched Bending (SENB), Compact Tension (CT), and
Single-Edge Notched Tension (SENT) specimens. Among all specimen geometries, SENT
specimens are more suitable for simulating the pipe notch constraint, mimicking the relative
crack depth observed in typical pipe defects [17]. While extensive research has been
conducted on higher grades of steel such as X100 [18,19], X90 [20], X80 [21], and even X70
[19], there is a noticeable scarcity of experimental and analytical studies on lower grades such
as X52. Regarding the load application technique, in order to assess the similarities and
differences between single-specimen and multi-specimen techniques, several comparisons
can be found in the literature. For instance, Diego et al. (2020) conducted a study on API SL
Grade X65 steel, utilizing a standard SENT specimen with a width and depth of 14 mm (B=W)
in the cracking zone [19]. The findings indicate that for small crack extensions (Aa < Imm),
both procedures i.e., single specimen and multi-specimen techniques, yield similar fracture
toughness values. This result is consistent with the comparison of these techniques reported
by Pussegoda et al. for the X70 steel [19]. Current study follows to the regulations provided
in BS 8571-2014, by employing the multiple specimen technique for all tests [8]. The multiple

specimen technique involves using specimens with different pre-crack dimensions subjected
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to varying levels of load, and subsequently, the resulting ductile crack extension is carefully

measured and analyzed.

In the present study, our focus is on investigating the fracture toughness properties of AO
Smith X52 pipe steel [22] using SENT specimens. By employing SENT specimens that
closely resemble pipe notches, we can assess the behavior of material under critical loading
scenarios relevant to pipeline integrity. In addition, testing of varying initial notch sizes will
allow us to assess the influence of crack geometry on fracture toughness factors and determine
critical points, occur after the maximum load and close to the crack initiation point, necessary
for calculating CTOD and J equations based on crack extension, following the regulations of

the BS 8571-2014 [8].

During the testing process, SENT specimens are subjected to a unique high-tension force
applied by the testing machine until the crack at the end of the notch begins to propagate, and
continuing beyond the maximum force. This test yields two essential factors: the force applied
by the machine over time and the displacement of the specimen components under this force.
In larger specimens, clip gauges are typically installed on either side of the crack tip or crack
mouth to measure the displacement over time, providing valuable data for constructing the
force-displacement diagram. However, in cases where small-sized samples are used, installing
clip gauges with sufficient accuracy becomes challenging. To address this issue, this research
employs the Digital Image Correlation (DIC) method, which involves capturing high-

resolution images and correlating them to determine the sample's deformation under load.
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2.2 Experimental Procedure

2.2.1 Test Specimens
The dimensions of SENT specimens are limited by the curvature and thickness of the pipe
wall. To ensure compliance with BS 8571-2014, the following criteria for dimensions of
specimens must be considered/met [8]. The specimen is recommended to be machined to a
final thickness of 0.5 < W/B <2 mm, where B and W are respectively the thickness and width
of the specimen, with a daylight grip length (H) of 10 W. These specifications ensure that the
specimens meet the standard guidelines for testing. For the toughness SENT specimens, a
nominal initial notch-to-width (a¢/W) ratio of 0.2<a¢/W<0.5 is required. While various
sources, including DNV-RP-F108 [23], CanmetMATERIALS [24], ExxonMobil [25], and
BS-8571-2014 [8], offer different scenarios regarding the side grooving of specimens, it
should be noted that side grooving is known to increase crack tip constraint, which is contrary
to the objective of SENT specimens [26]. As per BS 8571-2014, side grooving is not a

requirement for SENT specimens and is considered an optional process [8].

In the current study, the specimens are not subjected to side grooving, nor do they have fatigue
pre-cracks and the notches are introduced by means of electrical discharge machining (EDM).
The specimens are made from the base metal of an AO Smith long seam-welded X52 pipe
(line#41) having an outside diameter (OD) of 406 mm and a wall thickness (WT) of 7.35 mm.
The pipe was manufactured in the 1980s. Considering the specifications regarding specimen
dimensions, the fabricated specimens are prepared using the following dimensions. The
width-to-thickness ratio (W/B) is maintained at approximately 2.0. Given the prescribed width
limitation of W = 7.3 mm, the corresponding value for parameter B is set to 3.7 mm.

Furthermore, the daylight grip length (H) is calculated as 10 times the specimen width,
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resulting in a length of 73 mm. For the ao/W ratios of 0.2, 0.3, and 0.5, the initial notch lengths
are determined as 1.46 mm, 2.19 mm, and 3.65 mm, respectively, with a consistent notch
mouth size of 0.15 mm. In addition to fabricating SENT specimens, this study also involves
the fabrication of five standard tensile specimens. These additional specimens are specifically

designed to determine the material properties of the steel under investigation.

The orientation of the samples is YX, as illustrated in Figure 2.1 In this notation, the first letter
(Y) represents the direction normal to the crack plane and the latter shows the expected
direction of crack propagation within the specimen, which will align with the pipe length. The
photographs of these samples are also provided in Figure 2.2. Also, Table 2.1 indicates the
number of specimens tested for each initial notch size. In addition to SENT specimens, five
rectangular standard tensile specimens are designed following the guidelines of ASTM
E8/E8M - 11 [27] to obtain the material properties of the X52 steel grade. According to the
regulations outlined in the mentioned standard, the specimens are designed with the following
dimensions: total length of 100mm, grip section length of 32mm, width of 6mm, and thickness

of 6mm.
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Table 2.1 SENT test specimens

Initial Notch Size (ao/W) Number of specimens
0.2 3
0.3 3
0.5 3

Figure 2.1 Crack plane orientation code for fracture toughness specimens of the base metal (adapted

from BS8571-14) [8]
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Figure 2.2 (a) Engineering drawing of the specimens (b) Photograph of manufactured SENT

specimens:

(b1) as/W=0.20, (b2) aw/W = 0.30, and (b3) aw/W = 0.50
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2.2.2 Test Equipment and Setup
The experimental setup for the SENT specimens comprises the MTS Criterion Universal
Testing Systems (with a load capacity of 100 KN) as shown in Figure 2.3. The MTS testing
machine consists of two robust supports for the load frame, a load cell responsible for

converting forces into digital signals, a crosshead, and grip fixtures.

DIC system, consists of two powerful cameras, high-resolution lenses, a light source, a

computer, DIC software, and calibration kits.

2.2.3 DIC system setup
A schematic diagram of the DIC system setup is presented in Figure 2.4. The cameras are
placed at a fixed distance and angle from the specimen and are connected to the computer
running the DIC software. The specimen is then loaded while the cameras capture images of
its surface at specific intervals. The software uses these images to track the movement of
speckle patterns on the specimen's surface and calculates the displacement and strain fields.
The light source is used to ensure that the concentrated brightness remains consistent

throughout the test.

The experimental process commenced with specimen preparation, which involves coating the
entire surface of the specimen with pure white color. Subsequently, black dots were sprayed
onto the white surface from a distance of about 50 - 60 cm. The speckles resulting from the
spraying process were very small and had an approximate distance of less than 1 mm from

each other. Moreover, they were uniformly distributed across the entire specimen [28].

In certain scenarios, such as slow, quasi-static tests and moderate aperture, ambient room

lighting may provide sufficient illumination. However, in most cases, additional lighting is
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necessary to achieve optimal contrast with a given aperture and exposure time. In such
instances, white light or light of specific wavelengths or wavelength bands may be utilized.

Ensuring appropriate lighting conditions during testing is crucial for capturing high-quality
images. Therefore, specialized lighting equipment must be employed to maintain a constant
and stable illumination across the entire specimen throughout the experiment. In most of the
tests, the standing light source generating a wide white brightness was utilized. While this
lighting method appeared sufficient for initial demo testing, it was soon discovered that when
the specimen deformed due to tensile loading, the light source cast a wide shadow in the
background. Moreover, there was no recognizable difference between the brightness of the
specimen surface and the surrounding testing area due to the lack of concentrated illumination.
These issues could cause the software not to be able to recognize certain portions of the
specimen, such as the area close to the crack tip and mouth, and thus missing them in the final
analysis and were resolved by using a concentrated laser lighting source in the main phase of

the tests.

(a)
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(b)
Figure 2.3 (a) MTS test machine and (b) Test setup
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Figure 2.4 Schematic of Digital Image Correlation system setup
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In the course of the experiment, two cameras with a resolution of 2448 x 2048 pixels each,
capture images of the specimen simultaneously. The determination of the displacement of
each point in the x, y, and z directions is carried out by correlating the digital images utilizing
specialized software called VIC-3D [29]. The cameras used for this experimental test are

(Point Grey GRAS-50S5M-C), and the high-resolution lenses are Nikon Macro 100F2-8D.

The other tool employed to setup the system is the standard calibration kit. The objective of
calibrating a DIC system is twofold: First, to determine the image scale, which refers to the
number of pixels in the image that correspond to a specific physical distance on the test piece,
and to correct for any lens distortions. Second, to establish both the intrinsic camera
parameters, including focal length, image center and extrinsic parameters of the stereo-DIC
system, such as stereo-angle, distance between cameras, and distance from cameras to object.
These calibrations are crucial for accurate and reliable measurements during the DIC analysis

[30].

Once the calibration is completed, only a few parameters can be modified, and all the other
conditions should remain constant throughout the test. The selection of an appropriate
calibration kit for a DIC system is critical for achieving accurate measurements. Factors such
as the distance between the two cameras, specimen size, speckle size and object-to-camera
distance should be taken into consideration when choosing a calibration kit. For the purposes
of this study, a 9x9 glass-type calibration kit with a speckle size of 1.34 mm, as shown in the
top-right corner of Figure 2.5a, is utilized to accommodate the specific requirements of the
SENT standard tensile tests. Figure 2.5b also presents the DIC software recognition of the

dots on the calibration kit as valid points.
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(a) (b)
Figure 2.5 (a) DIC calibration kits 9%9 (1.34 mm) (b) Recognized dots by cameras

2.2.4 Test Procedure
The standard procedure for conducting a tensile test involves placing a specimen in a testing
machine, applying a uniaxial tensile load, and measuring the deformation until the specimen
fractures. The test can provide information on several material properties such as yield
strength, ultimate tensile strength, elongation at fracture, Young’s modulus, and stress-strain
curves. The tensile tests are conducted using two different loading rates. The loading rate for
the first specimen was 0.1 mm/min, with the DIC system capturing two images per second,
resulting in over 11,000 images. For the second specimen, the loading rate was increased to
0.3 mm/min, with the DIC system recording one image per second. This reduced the total
number of images to between 1800 to 2000, saving, saving testing and processing time.
Comparison of the results from the two loading rates show no significant differences, so the

second loading rate and one image per second are used for the remaining tensile specimens.

In the case of a SENT test, the testing procedure closely resembles that of the initial tensile
specimen, with a loading rate of 0.1 mm per minute and the image capture rate of two per

second. A total of approximately 1200 to 1500 snapshots per experiment are recorded. The
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crack is then propagated under a tensile load until the specimen fractures. The load and
deformation data are subsequently utilized to calculate the fracture toughness of the material.
Since the SENT specimens are specifically designed to create a crack along the initial notch
location, in order to post-process the data, only the areas above and below the notch are
analyzed with DIC system. Below is an example of the speckle pattern on a %50 SENT
specimen and the areas around the notch evaluated with the DIC system. (Figure 2.6a and

2.6b).

areas evaluared
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B o with DIC

T

(a) (b)

~ §( mm

r—.—irrrfh':e'd areas—

Figure 2.6 (a) An Example of speckling pattern, and (b) DIC local coordinate system considered

2.2.5 Data Processing
The initial data processing step in the Vic 3D software involves loading the calibration images
and determining the scale of the points. The captured images from the tensile test are then
loaded, and the desired boundaries on the first image are delineated. Scaling of the speckled
area within the selected region is achieved using a reference point near the crack tip. The

software tools can be used to quickly assess specimen dimensions and compare them with
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actual values for measurement accuracy verification. Fundamental to the measurement
requirements are the displacements of points in the vicinity of the crack during the test, which
are used for producing the desired curves or for calculating parameters such as the J integral.
Among these displacements, the crack tip opening displacement (CTOD) and the crack mouth
opening displacement (CMOD) are significant. However, a common challenge in such
measurements is the exclusion of points near the crack mouth during the process. To mitigate
limitations in direct CMOD measurement using correlation methods, a clip gauge with two
knife edges is usually employed to measure displacements between clips. However, in this
study, the use of high-resolution lenses, an optimized setup, and focused laser light on the
crack growth area eliminates missing points at the edges. Consequently, CMOD can be
directly extracted using the Vic 3D software by accurately setting two measurement points
precisely at the edges of the notch/crack (Figure 2.7a). Following the GKSS test procedure,
the conventional arrangement for CTOD measurement involves placing two points at the top
and bottom of the initial notch, with clip gauge knives positioned to measure vertical
displacement [36]. Since this study employs the DIC system without clip gauges, careful
selection of these two points in the initial image is required. Subsequently, the Vic 3D software

automatically measures displacement throughout the correlation process (Figure 2.7).

In this study, the crack growth for each specimen is also assessed using VIC-3D software,
which incorporates both measured strain contours and length measuring tools. Initially, an
automated strain measurement is conducted within the designated Area of Interest (AOI),
which here is the bottom part of the specimen daylight, resulting in comprehensive strain
distribution data along the crack growth path. This crucial step lays the foundation for

subsequent crack growth analysis.
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(@) (b)

Figure 2.7 (a) Image number 1 from the correlated images of the first specimen with a¢/W=0.2 and,

(b) Image number 1204 from the correlated images of the first specimen with ay/W=0.2

The methodology involves monitoring changes in crack length between consecutive images
and calculating the average crack length from three images preceding and three images
following the desired image. The selection of a point locating right below the crack tip is vital,
as it serves as a reference for tracking crack growth during the loading process. Before
selecting this reference point, the coordinate origin (0, 0, 0) is redefined at the crack tip,

ensuring precise and consistent measurements throughout the study.

To determine 4a and locate the new crack tip, strain contours of specimens with three different
initial notch sizes were carefully examined. The strain contours included measurements of

strain along the X direction (exx), strain in the Y direction (e,y), and shear strain (ey). The VIC-
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3D software facilitated the identification of Max (Maximum tension strain) and Min

(Maximum compression strain) values for each contour plot at every processed image.

The process involved finding the most relevant strain contour with the new crack tip location
to measuring the horizontal distance between the new crack tip and the reference point
mentioned earlier. To achieve this, the software analyzes Max and Min value points at
consecutive images. Among the evaluated contours, the location of the Max point of strain
contour perpendicular to the crack growth path (e,,) well indicated the new crack tip position.
Starting from the initial image of crack propagation, the horizontal distance between the
reference point and this Max point along the X direction provides the 4a value. To accomplish

this, the contour variable is switched to length measurement along the X direction first.

An illustrative example of applying this method is presented in the “Results” section. The
process of utilizing strain contours to determine Aa for a specific SENT specimen with a
particular initial notch size is thoroughly demonstrated and analyzed. This example highlights
the effectiveness and reliability of the new method in accurately capturing crack growth
behavior and obtaining valuable fracture parameters. Notably, this approach is being
employed in this project for the first time, further enhancing its significance in fracture

mechanics studies.

In addition to evaluating the toughness parameters of SENT specimens, the data from dog-
bone standard tensile tests is also processed to determine the true and engineering stress-strain
curves. The engineering strain values are extracted through the utilization of strain
measurement tools at VIC-3D software. To achieve this, two points are chosen on either side
of the crack growth path, each located 12.5 mm away from the centerline and totally 25 mm

apart from each other, adhering to the guidelines provided by ASTM E8/E8M — 11 [27]. The
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line that passes through these selected points is used as the gauge length along the Y direction
for strain calculation. Subsequently, the "Engineering strain" tensor type is selected, and all
the images captured throughout the test are taken into consideration for detailed analysis. The
engineering stress values are determined by dividing the load applied by the testing machine

with the initial/original cross-sectional area within the gauge length of the tensile specimens.

Substitution of engineering strain and stress values in equations (1) and (2) yields respectively
the true strain (&;) and true stress (o;) values, which are then used for plotting the true stress-
strain curve in Figure 8. The mentioned conversion has been employed in numerous studies,

among which the work of Tu et al. [31] can be referenced.

g=In(1+¢,) (1)

o =0.(1+¢.) (2)

The parameters g, and &, represent the true stress and true strain, respectively, while the
parameters g, and €, correspond to the engineering stress and engineering strain, respectively

[31].

2.2.5.1 J-integral calculation
For the calculation of J-integral from CMOD for a clamped SENT specimen with the W/B

ratio of 2.0, the method outlined in the BS 8571-14 guidelines method is followed as below

[8]:
J=Je +]pl (3)
=52 () ) @
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and:

K = [ﬂ G(%) 5)
BxBy)zw| W

where:

6 (i) = S aGpt? ©

Nemop = 210 §0i(%)i (7

where K is the elastic stress intensity factor, Jes is the elastic component of J, Jp; 1s the plastic
component of J, and ncuop is a dimensionless function of geometry. In addition, t; and ¢; are

constant values which are taken from tables provided in BS 8571-14 [8].

Additionally, an important factor to consider is Uy, which refers to the plastic area under the
load versus CMOD curve. In the case of adopting the single specimen method (unloading
compliance method) the area under this curve should be calculated from the initial point up to
the desired unloading location. After computing the total area under the curve, the elastic area
must be subtracted to isolate the plastic area value. The same procedure applies to the multi-
specimen technic, with the difference that, in this method, the critical point (i.e., the point after

the maximum load, at the crack initiation) is selected to calculate the area under the curve.

2.3 Results and Analysis

2.3.1 Standard tensile test
The stress-strain behavior of the test material, API 5L X52 pipe steel, is depicted in Figure

2.8. This curve represents as an average of the stress-strain curves obtained from five
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individual tensile specimens. Table 2.2 provides a summary of the engineering mechanical

properties specific to the pipeline steel.
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Figure 2.8 X52 pipe steel stress vs. strain curves.
Table 2.2 X52 pipe steel mechanical properties.
Sample Rectangular Transverse Specimen cut from L41 MP699
p (tested at UofA mechanical engineering lab)
0.2% Yield Stress (MPa) 420
Ultimate Tensile Stress
(MPa) 607.5
Young’s Modulus (MPa) 192531

2.3.2 Ada measurments using €yy strain contours

An exceptional feature of this study lies in the approach employed to measure 4a using strain
contours in Vic 3D software for crack growth analysis, which has not been previously

presented. Figure 2.9 visually depicts the 4a measurement process for a specimen with
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ap/W=0.2. As outlined in the "Data Processing" section, the selected point at the crack tip in
the first image serves as the reference point, and the displacement of any points with the label
of the maximum value on the e, strain contour from this reference point along the crack
growth path represents the Aa value. The corresponding A4a values for the specific sequence
of images (number 1, 550, 800, 1000, 1100, 1200) are recorded as follows: 0 mm, 0.215 mm,

0.735 mm, 1.656 mm, 2.576 mm, and 3.165 mm, respectively.
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Figure 2.9 An example of 4a measurement for as/W = 0.2 SENT specimen; (a) Image number 1, (b)
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2.3.3 Force-CTOD and Force-CMOD curves
Through the correlation process utilizing the DIC system and test data, the Force-CTOD and
Force-CMOD curves are obtained for each of the nine specimens tested in this study. The
MTS testing machine provides load and global displacement data for the specimens at
incremental steps, with the increments being adjusted based on the image capturing rate of the
DIC. Thus, corresponding load values are available for each step in-relation to the correlated
images in the Vic 3D software. The combination of these results for each specimen yields the
curves is shown in Figure 2.10 and Figure 2.11. It is evident from Figure 2.10 that all three
specimens within each notch size category exhibit remarkable agreement with one another.
Their overall behavior, particularly in the initial linear region, yielding point, and peak load,
demonstrates significant similarity within each category. Specimens with a¢/W=0.2, 0.3, and
0.5 reach a peak load of approximately 11.5 kN, 10 kN, and 7 kN, respectively. The critical
CTOD values for all nine specimens fall within the range of 0.07 mm to 0.15 mm. Figure 2.12

illustrates the scatter plot of critical points at maximum load for all specimens.

The CTOD values at maximum load for three notch sizes reveal insights into the ductility of
material across these different notch sizes. Higher CTOD values generally mean better
resistance to crack growth and increased ductility. In this study, a positive link between
increasing CTOD values from ap/w = 0.5 to ap/w = 0.3 and ap/w = 0.2 can be observed,
suggesting higher CTOD is associated with greater ductility. This aligns with the idea that
specimens with higher CTOD values can undergo more deformation before fracturing,
indicating a more ductile response. This pattern is consistent with findings in other studies,

like the one by Ohata et al. on X80 steels with similar notch sizes [53].
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The Force-CMOD curves exhibit a similar agreement with the distinction that in the
specimens with ap/W=0.5, the critical crack mouth opening displacement occurs farther from
the other two crack sizes, standing at approximately 0.35 mm, while the critical CMOD values
of the other two crack sizes lie in the range of 0.17 to 0.2 mm. Another notable aspect of these
curves is the uniformity of the results across all nine tests, except in the tail region, which
signifies the energy absorption phase. The CTOD values obtained from the Force-CTOD
curve at critical points for each specimen directly reflect the toughness assessment, as these
points illustrate the material's resistance to crack propagation in conjunction with the
corresponding crack extension. Similarly, the CMOD values extracted from the Force-CMOD
curve provide insights into the overall deformation and displacement near the crack mouth.
The CMOD values at the critical points of each specimen are utilized to determine one of the
key factors in calculating the J-integral at those points. Drawing the J-integral versus the
corresponding crack extension provides an additional means of assessing the material's

toughness property.

2.3.4 R-curves (CTOD-Aa and J- Aa)
The J-resistance and CTOD-resistance underwent curve fitting through the utilization of
power-law regression curves. The regression procedure for SENT test results is performed
based on the guidelines prescribed in BS 8571-14 [8]. During the regression analysis, data
points falling within the exclusion limits of 0.2 mm and 2 mm are taken into account.
However, it is important to note that due to the limitations imposed by small-scale specimen
testing in this study, the critical crack extensions of most specimens fall close to the 0.2 mm
line. According to Figure 2.13 and Figure 2.14, two data points show a critical CTOD value

smaller than the 0.2 mm threshold and, as a result, are excluded from the power fitting
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regression calculation according to BS 8571-14 [8]. This observation highlights the fact that

in the case of small-scale specimen geometries and different notch sizes, the critical points at

maximum load levels occur within a narrow range of crack extension values.
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Figure 2.11 Force-CMOD curves
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Figure 2.12 Scatter plot for the CTOD value corresponding to the maximum load for each test
(critical points)
The J-resistance curve fitting plot exhibits a similar trend, wherein a limited range of crack
extension alignes with the stable crack initiation points for CTOD. As a result, different energy
values are computed for each point based on their respective positions in the Force-CMOD
curve. In view of these observations and following the guidelines specified in BS 8571-14,

the general equation for calculating J or CTOD based on 4a can be expressed as follows [8]:

J or CTOD = C;Aa®? (8)

where Aa is crack extension, and C/ and C2 are regression constants [28]. Equations (9 and
(10) represent the mathematical expressions derived from the stable crack initiation points
observe on the CTOD-Aa and J-Aa curves, respectively [8]. These equations are used to plot

the corresponding curves, as illustrated in Figure 2.13 and Figure 2.14, respectively.

CTOD = 0.3117Aaq%°15%8 )

J = 344.612Aq074109 (10)
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Figure 2.13 CTOD- Aa curve obtained from stable crack initiation points for X52 steel specimens
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Figure 2.14 J- Aa curve obtained from stable crack initiation points for X52 steel specimens

In contrast to conventional standards that recommend a single point per specimen in the multi-

specimen technique, our study took a more detailed approach. We measured CTOD-Aa at

various points (0.2-2.0 mm) for each of the nine specimens, going some steps beyond standard

practices to compare the behavior of each single specimen with the method provided by the
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standard for the whole process. The resulting curve, depicted in Figure 2.15, showed excellent
agreement with the CTOD-Aa curve based on stable crack initiation points (Figure 2.13). The
black power fitting plot in Figure 2.15, derived from the same points as Figure 2.13,
effectively captures the crack growth behavior of each specimen, enhancing our understanding

of what concept the Figure 2.13 wants to transfer.

Notably, the black power fitting plot shows a tendency to closely adhere to results from %20
and %30 crack sizes more than %50. This observation underscores a key rationale behind
standards favoring the selection of a single point in the crack initiation stage as a representative
measure of specimen behavior, consolidating the entire material behavior based on these

critical points.
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Figure 2.15 CTOD-Aa Analysis of each specimen

2.4 Discussion
The primary objective of this chapter was to determine the fracture properties of SENT

specimens extracted from the base metal of X52 steel pipe. To achieve this, we utilized a

39



multiple specimen technique, which is widely recognized as a common method for evaluating
R-curves, as specified in BS8571:2014. Both the nine SENT and five rectangular standard
tensile tests were conducted using DIC system, enabling us to derive essential parameters such
as CTOD, CMOD, and J plus the material properties of this steel grade. However, the key
distinction between our study and other similar investigations, lies in the method of crack
growth value extraction. For instance, in tests conducted by Tang et al. on X80 SENT
specimens [32], or the similar study on X42 steel carried out by Ameli et al. [33], the nine
average point method in accordance with ISO 12135 [34] was employed. In contrast, in the
current study, we employed the direct measurement approach using strain contours,

showcasing the innovation of this methodology.

The comparison of CTOD-Aa results depicted in Figure 2.16 provides insights into the relative
performance of grade X52 steel compared to higher steel grades such as X65, X80, X90, and
X100. It is noteworthy that the availability of experimental research specifically focused on
grade X52 steel is limited, prompting the need to compare the results with those obtained from
other grades. As the crack extension increases, the differences and variations in the toughness
characteristics among different steel grades become more pronounced. Additionally, it is
important to emphasize that the geometries of the specimens used in the experimental tests
conducted in the previous studies predominantly featured B/W=1.0 with dimensions ranging
from 12mm to 17mm which is larger than those examined in the current study. This range of
dimensions was selected due to the constraints imposed by their available pipe samples and
the inherent challenges associated with obtaining larger sizes of SENT specimens.

Furthermore, it is worth noting that a similar comparison has been conducted for another
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relevant toughness parameter, J, further enriching the understanding of the material's

performance.

Figure 2.17 provides a comparison of the J versus 4a behavior of X100 steel, tested by Weeks
et al. [18] and Tyson et al. (2014) [35], plus X70 steel tested by Pussegoda et al. (2012) [21].
This comparative analysis allows for a deeper understanding of the toughness characteristics
exhibited by different steel grades. The power fitting result obtained from the current study
on the J-Aa curve exhibits a strong correlation with the curves representing the stronger steel
grades. The similarity in the trends and behavior of the J-Aa curves across the different steel
grades are evident. These findings contribute to the body of knowledge on the mechanical
behavior of X52 steel and its comparison with other steel grades in the pipeline industry,
enabling researchers and engineers to make informed decisions regarding material selection,

design, repair and maintenance.

Furthermore, in our study, the critical points (points with maximum load values) were found
to occur within the crack extension range of 0.18 to 0.3. This observation aligns with findings
from other studies in the literature, such as the investigation conducted by Dong et al. (2014)
on X70 steel SENT specimens [37]. However, it is important to note that Dong et al. employed
the unloading compliance technique on several specimens, and their results indicated critical
points with crack extension values ranging from 0.2mm to 0.4mm. The consistency of our
critical point values within a similar crack extension range reaffirms the reliability of our

experimental data.
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Figure 2.16 Comparison of CTOD- Aa for various pipe steels [data from 38, 21, 35, 20]
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Figure 2.17 Comparison of J- Aa for various pipe steels [data from 18, 35, 19]

2.5 Conclusion

The study involves a total of nine clamped SENT specimens, containing three different initial
notch sizes, with three specimens for each notch size (ao/W = 0.20, ao/W = 0.30, and aos/W =
0.50). The specimens have a consistent geometry with thickness B = 0.5, width W = 3.7 mm,
and daylight grip length over width ratio /W = 10. The testing procedure and calculation of
crack length, J, and CTOD follows the guidelines outlined in BS 8571-2014. The experimental
approach employs the multi-specimen technique, with the critical points at maximum load
serving as the key parameters for determining the fracture toughness properties of the steel
material. During the test, the digital image correlation system is utilized for displacement
measurement and subsequent analysis of the data. The Force-CTOD, Force-CMOD, CTOD-
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Aa, and J-da curves are plotted for further comparisons and calculations of toughness
equations and are compared with similar experimental tests on the higher grade of material in

the literature. The main conclusions of this study are as follows:

e The Force-CTOD curves exhibit consistent behavior across different initial crack
sizes, showing similar trends in the elastic region, yielding point, and energy
absorption phase. The ratio of maximum loads to crack sizes follows a reasonable
pattern.

e The Force-CMOD curve shows that specimens with a¢/W=0.5 have larger CMOD
values at critical points compared to other crack sizes, indicating a significant
influence of crack size on crack mouth displacement. The critical point for all
specimens falls within the range of 0.2 mm to 0.35 mm of CMOD values. The similar
points in other grades such as X65 occur within the range of 0.6 mm to 0.7 mm for
specimens with ag/W = 0.3 [38].

e TheJ- and CTOD-R curves in this study exhibit similar trends and behavior to higher-
grade steels, indicating comparable fracture characteristics. The direct measurement
of CTOD-R during testing provides more reliable results compared to the calculated J
value, which involves multiple equations and potential errors. In comparing different
steel grades, at 4a = 2mm, the CTOD ratio is approximately 2.0 for X80/X52 steel and
almost 3.0 for X100/X52 steel. Similarly, the J-integral value ratio is 1.7 for X70/X52
steel and 3.1 for X100/X52 steel. These ratios highlight notable differences in fracture

toughness among the steel grades.

This study is a component of a larger project aimed at comprehensively understanding the

toughness properties and fracture behavior of X52 pipe steel from testing with various loading
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constraints, including SENB (Single-Edge Notched Bend), CT (Compact Tension), and CVN
(Charpy V-Notch) tests. Furthermore, finite element simulations are conducted to provide
further insights into the mechanical response of pipe steels. The findings from these ongoing
investigations, are covered through forthcoming chapters, contributing to the overall

understanding and characterization of pipe steels.
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3 Prediction of Fracture Parameters
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3.1 Introduction

While conducting physical tests on specimens or even entire pipes of a specific steel grade
remains the gold standard for measuring desired fracture parameters, the cost associated with
such endeavors presents a strong barrier. This challenge has led to the emergence of numerical
approaches like finite element-based methods (FEM), which offer a means to overcome this
limitation. FEM enables researchers to design and simulate numerous models bypassing the

constraints of physical testing and facilitating extensive investigations [39].

The finite element method (FEM) serves as an economical and reliable numerical approach
to analyze the behavior of pipelines subjected to diverse loading scenarios [40]. Its capacity
to offer profound insights into the structural response and operational aspects of pipelines
makes it a crucial asset for professionals and researchers within the oil and gas industry. FEM
can handle complex shapes and big problems, making it an operational tool for investigating
pipeline behavior and solving design and integrity issues. Within the domain of FEM-based
techniques, the cohesive zone model (CZM) holds a prominent position as a numerical tool
for investigating the dynamics of crack propagation. The foundational work of Barenblatt [41]
and Dugdale [42] marked the inception of CZM, illuminating nonlinear behaviors close to
crack tips in materials with distinct properties. Building upon this, Hillerborg et al. [43]
pioneered the integration of CZM into the FEM framework, with a focus on brittle fracture

phenomena in concrete structures.

Extended Finite Element Method (XFEM)-based Cohesive Zone Model (CZM) has recently
found more application in fracture modeling. XFEM, goes beyond the traditional finite
element analysis, providing advanced capabilities to accurately simulate crack initiation and

propagation along arbitrary paths within a given model. The significant advantage of XFEM
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lies in its ability to handle crack growth without requiring time-consuming remeshing of the
model, making it a highly efficient and practical tool for studying complex fracture behaviors
in various engineering structures [44, 7]. Considering the traction separation law (TSL), the
objective of the model is to efficiently identify potential regions of crack initiation, based on

the stress/strain state at the crack tip and the user-defined damage criteria.

Extended finite element method (XFEM) is an advanced version of the regular finite element
method, using damage parameters as material properties input into the model. Damage
initiation criteria in XFEM include maximum principal stress (Maxps) or maximum principal
strain (Maxpe), with supported damage evolution criteria such as fracture energy (Gc). In
XFEM models, damage initiates (or propagation of cracks ensue) when strain, stress, fracture
energy, or displacements exceed the specified damage parameters. Various researchers have
employed this method, like Zhang et al. [45], who applied it to small-scale X65 steel
specimens using Maxps and Gce. Other studies on higher grades of steel, such as X80 by Nonn
and Kalwa [46], and X100 by Scheider et al. [47], can also be found. Ameli et al. [48] validated
experimental results for X42 steel SENT specimens with XFEM using Maxps and Ge. Lin et
al. [19] extended this to a full X52 steel pipe for model validation using experimental results.
On the other hand, Okodi et al. [49, 50] utilized Maxpe and Gc to evaluate burst pressure of
X60 and X70 pipeline steel with dent crack defects. Liu et al. [51] studied critical crack tip
opening displacement in X80 steel pipes using XFEM with the same parameters and Elyasi et
al. [40] predicted tensile strain capacity in a full X52 pipe steel body using Maxpe and Ge.
Existing literature mainly focuses on X60 and higher-grade steel, motivating us to deeply

investigate Vintage X52 pipe steel by conducting various experimental tests on SENT
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specimens, and then comparing them with simulated XFEM models using Maxpe and Gc

fracture parameters.

The primary emphasis is on a numerical investigation involving three distinct models with
varying initial notch sizes, along with the assessment of fracture parameter selection and mesh
analysis. Ultimately, the results are compared with corresponding experimental outcomes,

assessing the precision and reliability of the chosen fracture parameters.

3.2 Numerical Analysis

3.2.1 XFEM-Based Model Approach
XFEM built-in algorithm within the software ABAQUS employs a technique involving
phantom nodes and their superposed original real nodes. As the crack propagates, these nodes
gradually separate from each other, strictly adhering to a user-defined TSL and evolution
criterion. This approach enables ABAQUS to simulate and monitor crack growth effectively,
making it an invaluable tool in the study of fracture mechanics and structural integrity

assessments. [49].

3.2.2 XFEM Model Set-Up
In this chapter, three XFEM models as employed within the software ABAQUS based on
different SENT geometries are developed, each having different initial notch sizes of
ay/W=0.2, ay/W=0.3, and a¢/W=0.5. The purpose is to validate these models with the
experimental results obtained from specimens having exactly the same notch sizes through
various results. The XFEM models are created using the deformable solid extrusion type, and
their dimensions precisely matches those of the manufactured and tested specimens, as shown

in Figure 3.1.
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To ensure accurate interaction between the crack and its surrounding region, from the
“interaction” module / “special” icon in the software a new crack created, encompassing the
entire area containing the notch edges and crack tip, along with other faces of the specimen.
The top and bottom cells of the specimen, which were held by the grips during the
experimental test, are coupled to reference points located at the middle of each part. To be
more precise, the reference points are located in the upper and lower holes of the specimen
and the holes are tied to the reference point using kinematic coupling. This coupling simulates

similar restrictive conditions to the experimental setup.

Regarding the boundary conditions, the top part of the specimen is immobilized in all
directions, ensuring it remains fixed during the analysis. In contrast, the bottom part is granted
full freedom of movement in the vertical direction, with U2 not being restricted in the vertical
direction. This setup closely mirrors the boundary condition observed in the actual
experimental test. Furthermore, the loading conditions by applying a vertical downward
displacement of U2 = 0.1 to the bottom grip is simulated. The 8-node linear brick, reduced
integration (C3D8R) element is employed for the entire model. The meshing techniques used
are Sweep/Medial axis in the crack growth area, Sweep/Advancing front in the partitioned
area close to the crack, and structured mesh in the daylight region. Several researchers,
including Lin et al. [39], Elyasi et al. [40], and Afzalimir et al. [21], have conducted mesh
convergence analyses in their respective publications. Building on their findings, in the current
study a similar strategy has been adopted to achieve computational efficiency, minimize
analysis time, and reduce computational effort in the XFEM simulations. By fine-tuning the
element sizes within a specific range, from 0.2 mm to 0.5 mm in the crack growth path and

0.5 mm to 2 mm in the daylight and end edges, an optimal balance between accuracy and
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computational resources has been ensured, enabling models to obtain reliable results in an
efficient manner. Figure 3.2 provides an example of a meshed model with an initial notch size
of ay/W=0.2, illustrating the implementation of the specified element sizes based on the
described approach. The utilization of these XFEM models, incorporating precise geometries
and boundary conditions, is expected to yield greater insights into fracture behavior and

enhance the reliability of the predictions compared to the experimental results.

3.2.3 Material Properties
The elasto-plastic isotropic hardening material model is utilized to simulate the SENT
specimen. In order to determine the material properties of X52 pipe steel, a series of five dog
bone shape longitudinal specimens were designed, manufactured, and subjected to testing
following the ASTM E8/ E8M — 11 [27] in the experimental testing section of the research
(chapter 2). The average results obtained from these tests revealed the following material
properties for X52 steel: yield stress (ays) of 420 MPa, ultimate tensile stress (ouss) of 607.5
MPa, Young's modulus of 192.5 GPa, and Poisson's ratio of 0.3. These values, along with the
plastic characteristics of the steel, were used as material property inputs for the XFEM model.
According to the Figure 2.8 in the previous chapter, the average true stress-strain curve
employed in the numerical evaluation. Regarding the damage initiation and evolution
parameters, Maxpe, fracture energy (Gc) and damage stabilization cohesive (DSC) are
initially estimated and used to obtain the most reliable predictions, which are then validated

against several experimental results.
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3.3 Results and Discussion

3.3.1 Model Validation
Two damage parameters are obtained through a calibration process, utilizing a method similar
to the method used by Elyasi et al. [40] on the XFEM model of vintage X52 Pipe steel.
Initially, damage sets are obtained independently for each model, accurately predicting the
results of the three experiments. Subsequently, the proper range of Maxpe, Gc and DSC is
determined for all models, and the final set of parameters that can predict the results is
obtained. The proposed fracture properties for the SENT models are Maxpe = 0.016 mm/mm,
Gec = 150 N/mm and DSC = 10° N/m? (DSC = 10°N/m? would be kept as a constant value
throughout the study). All three models demonstrate minimal calibration errors when fitting
the average maximum load and displacement parameters. In the resembling studies focusing
on two different X52 vintage pipe by Zhang et al. [52] and Elyasi et al. [40], X42 vintage pipe
by Agbo et al. [44], and X60 by Okodi et al. [49] similar parameters were obtained, but with

different valuesmethods were used to find the XFEM ideal parameters.

In Zhang's investigation, the parameters for the X52 vintage pipe were determined as Maxpe
=0.020 mm/mm and G¢ = 150 N/mm in a full-scale study. In contrast, Elyasi's study reported
different values, Maxpe = 0.085 mm/mm and Gc¢ = 900 N/mm, for another full-scale
simulation involving different X52 vintage pipes. Transitioning to the X42 vintage pipe, the
parameters were identified as Maxpe = 0.013 mm/mm and Gc¢ = 450 N/mm in models
representing the full-scale pipe by Agbo. Additionally, in Okodi's research, SENT specimens

from the X60 vintage pipe exhibited Maxpe = 0.034 mm/mm and Gc = 150 N/mm.

The noticeable discrepancy between the results from Zhang's and Elyasi's research can be

attributed to various factors. An essential factor contributing to the difference, particularly in
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the same steel grade (vintage X52), is that the pipes were not sourced from the same lines.
These pipes had distinct characteristics, including different WT, OD, and lengths in the model.
Zhang's models were designed with lengths that ensured the applied boundary conditions did
not influence the failure pressures, whereas Elyasi's pipes were limited to lengths of 1.2 m and

1.8 m, focusing on calibrating smaller sets of the full pipe body.

Another significant factor is the varied methods employed by Zhang and Elyasi to simulate
crack tip and crack opening initiation. Elyasi adopted Lin et al.'s method [39], modeling the
crack as a shell planar part positioned in the middle length of the solid part. In contrast, Zhang
simulated the crack as a V-notch-shaped crack, similar to the method used by Okodi in his
study and the one applied here. Furthermore, Elyasi's pipes were subjected to a combination
of internal pressure and external eccentric tension, while Zhang's pipes were simulated under

the effect of internal pressure only [52, 40, 49].

The validation process involves a comparison between the numerical predictions and the
corresponding experimental Force-CTOD curves, Force-CMOD curves, and Force-Global
Displacement curves for all three notch sizes which the global vertical displacement of the
specimen, measured from the reference point RF2 located at the bottom part of the specimen

(as depicted in Figure 3.2).

3.3.2 Force-CTOD Curves
Figure 3.3 presents a comprehensive comparison of applied tension load-CTOD curves
derived from nine experimental tests conducted on three different crack sizes, along with the
corresponding XFEM results utilizing Maxpe = 0.016 mm/mm, Gc¢ = 150 N/mm and DSC =
10° N/m? as the damage parameters. The findings demonstrate remarkable agreements

between the experimental and XFEM results across various regions of the curve,
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encompassing the elastic range, maximum load, and energy absorption phase for each crack
size. The maximum applied tension load exhibits minimal differences between the
experimental and XFEM results, with discrepancies of less than 4% for all specimens with
different crack sizes. The largest difference is observed in the a¢/W = 0.5 curves, where the
XFEM result records 7230 N and the lowest value among the three experimental tests is 6947

N, indicating a difference of 4% in this context.

Regarding the CTOD values at the maximum load points, the corresponding XFEM results
vary between 41% higher and 7% lower compared to the experimental results for the three
different initial notch sizes. The relatively high percentage difference in CTOD values can be
attributed to the scale of CTOD measurements, which is less than a millimeter. Even slight
displacements can lead to significant percentage variations. For instance, in the ao/W = 0.5
curves, the XFEM results indicate the maximum load occurs at CTOD = 0.135, while an
experimental test shows a CTOD of 0.111 mm at maximum load. These values result in a
difference of more than 21%, despite the XFEM result being only 0.024 mm further than the

corresponding experimental result.

3.3.3 Force-CMOD Curves
A comparable analysis is conducted for the applied load-CMOD results, and similar to the
preceding section, the findings reveal strong concordance between the outcomes from the
experimental tests and XFEM analysis. [llustrated in Figure 3.4, it is evident that the XFEM
results align closely with the corresponding experimental curves. Notably, the a¢/W = 0.5
curve demonstrates the closest resemblance between XFEM and experimental CMOD values.
The difference between the CMOD at the point of maximum load for this curve and the

farthest experimental CMOD is only 12%. The XFEM-based analysis exhibits impressive
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concurrence with experimental findings in predicting fracture parameters. However, it's
crucial to acknowledge that minor divergences may emerge during crack propagation due to
variables like material inhomogeneity and intricate crack interactions. It's noteworthy that
within this study, notable deviations in the crack propagation at XFEM models were not

observed.

3.3.4 Force- Global Displacement Curves
The validation of XFEM models against experimental results also includes the analysis of the
applied tensile force versus global displacement curve. Similar to the previous comparisons,
the reliability of the models is readily apparent from Figure 3.5. Notably, the elastic portions
of these curves indicate that all three models closely adhere to their corresponding
experimental curves, signifying accurate replication of the test conditions by the models.
Regarding the displacement at maximum load, aside from a0/W = 0.2 which exhibits a 23%
difference between XFEM and experimental results, the other two crack sizes show
displacement values at maximum load in XFEM results that are nearly equivalent to those
observed in experiments, with differences of less than 10%. Collectively, these outcomes
across the aforementioned subsections underscore the dependability and precision of the
XFEM approach in predicting fracture parameters. This includes situations where small

displacements may contribute to relatively higher percentage discrepancies in CTOD values.
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3.3.5 Stress triaxiality and ductility
Several studies have explored the relationship between ductile fracture in metals and stress
triaxiality at the crack tip. One notable investigation, conducted by Sichani [54], focused on
various geometries of X65 pipe steel. Sichani established a variable fracture criterion that
correlates ductility with stress triaxiality for X65 pipeline materials. To assess the impact of
constraint on fracture, a range of specimens including smooth bar, notched bar, and SENT
(aow =0.25, 0.5, and 0.75) tests were simulated using CZM in XFEM and with fixed value

of plastic strain as damage initiation in FEM [54].

Sichani's study revealed a reverse correlation between stress triaxiality at the initiation of the
crack and the ductility of SENT specimens with different notch sizes. His findings indicated
stress triaxiality values of 0.864, 0.863, and 0.65 for ap/w ratios of 0.25, 0.5, and 0.75,
respectively from FEM models and 1.57, 1.69 and 1.16 from XFEM models. Notably, he
observed that an increase in the notch length in SENT specimens resulted in a reduction of

stress triaxiality, which was accompanied by an increase in ductility.

In the field of fracture mechanics, the correlation between stress triaxiality and ductility plays
a significant role in comprehending material behavior during the initiation of crack formation.
Stress triaxiality serves as a vital indicator of crack tip constraints, with higher values
signifying elevated constraint levels [55, 56]. Literature indicates that specific stress states
align with distinct stress triaxiality values. For example, plane strain conditions are commonly
linked with a stress triaxiality of 1 = V3/3, reflecting the predominant constraint on the crack
tip under such circumstances. Conversely, in scenarios characterized by plane stress, the
associated stress triaxiality is typically n = 2/3 [57, 58]. The association between stress

triaxiality and crack tip constraints is thoroughly examined in the works of Donato et al. and
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Bai et al. [59, 60], providing insights into the interplay between material deformation and
fracture behavior. These studies illustrate that the stress field ahead of the crack tip closely

adheres to the high constraint (triaxiality) condition typical of plane-strain.

In the current study, we measured the stress triaxiality at the onset of the crack in SENT
models with three different notch sizes (ap/w = 0.2, 0.3, and 0.5). Figure 3.6 illustrates stress
triaxiality versus specimen thickness graphs, each drawn using five data points from the
respective model. Th figure indicates that the stress triaxiality values at the middle of the
specimen thickness in the cracking area were higher (1.14, 1.08, 1.01, respectively) than at
the edges (0.68, 0.64, 0.62, respectively). Furthermore, stress triaxiality exhibited a decrease
for specimens with ap/w = 0.3 and 0.5 in comparison to ap/w = 0.2, consistent with Sichani's
reported trend. This supports the idea of a more ductile condition in specimens with ap/w =

0.5 than 0.3 and 0.2, respectively, in good agreement with our experimental results.

For the described XFEM models, we used the same damage criterion for all the specimens
which, surprisingly, still resulted in different ductility for the different specimens. Given the
similar geometry of the SENT specimens used in our paper, the stress triaxiality values and
reported critical CTOD values are very close to each other, with only slight differences
attributable to the varied notch sizes. Our future work will focus on developing models where

XFEM damage criterion are function of the stress triaxiality as described by Lin et.al. [61].
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3.3.6 Mesh Analysis
To assess the mesh dependency of the designed XFEM models, various simulations were
conducted using different mesh sizes and types in the proximity of the crack path. This
meticulous mesh analysis aimed to scrutinize the influence of mesh variations on the XFEM
model outcomes. The fracture parameters, Maxpe = 0.016 mm/mm and Gc = 150 N/mm, were

held constant throughout these simulations to maintain consistency.

The range of mesh sizes adjacent to the crack tip along the crack path included 0.1 mm, 0.2
mm, and 0.5 mm, representing medial axis, structured, and advancing front mesh types,
respectively (as illustrated in Figure 3.7). This diverse set of simulations ensures a

comprehensive exploration of the XFEM model's behavior under different mesh conditions.

In Figure 3.8, the applied tensile load—CTOD curves of three XFEM models for SENT
specimens with a0/W=0.2 are depicted, utilizing the aforementioned meshes. A comparative
analysis with experimental test results highlights a substantial alignment between the XFEM
model predictions and the empirical data, affirming the robustness of the XFEM approach.
Even when the mesh size in the crack area increases approximately fivefold, the results remain
within an accurate range. Minor discrepancies, primarily observable in the energy absorption
segment, are minimal and do not compromise the overall accuracy and reliability of the XFEM
models. This comprehensive mesh analysis reinforces the credibility of the XFEM approach

and its consistent performance across diverse mesh conditions.
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Figure 3.7 Various mesh type and mesh size near the crack growth path (a) 0.1 mm — Medial Axis

(b) 0.2 mm - Structured (c) 0.5 mm—Advancing front
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Figure 3.8 Applied tensile force — CTOD curves of three models with different mesh

3.3.7 Comparison of Different Maxpe and Different Fracture Energy
Within this subsection, a comprehensive investigation has been carried out to explore the
effects of varying fracture parameters on model outcomes and their alignment with
experimental results. Figure 3.9 illustrates the outcomes of three different models for
ao/W=0.2, while keeping Gc = 150 N/mm constant and altering Maxpe values to 0.013, 0.016,
and 0.019. The curves notably emphasize the accuracy and alignment achieved with a Maxpe
value of 0.016, whereas the other two values exhibit sensible deviations from the experimental

results, marked errors.

Furthermore, the curves depicted in Figure 3.10 illustrate a notable gap between experimental
outcomes and XFEM simulations when employing different fracture energies (Gce) of 120,
150, and 180 N/mm, while maintaining Maxpe = 0.016 as a constant parameter. Similar
conclusions can be drawn from these curves, indicating that 150 N/mm stands as the most
suitable value for running the models to effectively replicate the experimental specimens.

Figure 3.6 also elucidates that Gc value lower than 150 N/mm leads to faster energy release,
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potentially impacting the point of maximum load. Conversely, when the Energy exceeds 150
N/mm, the curve ascends to higher levels after reaching the maximum load, resulting in
smoother energy absorption. This distinctive behavior accounts for its prominent placement
at the top of the graph when Gc¢ = 150 N/mm is applied. Comparable findings were observed
in the study conducted by Zhang et al. [52], showcasing the consistent behavior observed

when altering Maxpe and Gc values.
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Figure 3.9 Applied tensile force — CTOD curves of three models with different Maxpe
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Collectively, the credibility of the XFEM models utilizing Maxpe = 0.016, Gc = 150 N/mm
and DSC = 10°N/m? as fracture parameters is substantiated across all models with varying
notch sizes. Similar research endeavors in the literature reveal a substantial concordance
between their XFEM outcomes and experimental results. For example, Zhang et al.'s [52]
investigation on X52 steel full pipe bodies employing Maxpe = 0.020 and G¢ = 150 N/mm
demonstrated XFEM models capably predicting tensile strain along the pipe length using the
suggested fracture characteristics. In Okodi's study, the SENT specimens derived from the
X60 vintage pipe displayed parameters with Maxpe = 0.034 mm/mm and Gc = 150 N/mm
[49]. Another study by Liu et al. [51], focusing on SENT specimens derived from X80 steel
grade, showcases the closest model-to-experiment alignment with Maxpe = 0.08 and Gc =

200 N/mm.

While stress-based damage initiation employed in studies using Maxps and Ge is reliable as
well, it's noteworthy that Ameli's [48] and Lin's [39] simulations reported a maximum
principal stress surpassing the material's ultimate stress. This indicates that such a damage
criterion might not be practical for modeling materials subject to plastifying crack tips, raising

potential concerns.

3.4 Conclusion

In the realm of pipeline steel fracture behavior, this study presents a comprehensive approach
that seamlessly integrates experimental testing with numerical analysis using the Extended
Finite Element Method (XFEM). The focus on SENT specimens made from Vintage X52 pipe
steel adds depth to the understanding of fracture characteristics. The XFEM models, calibrated
with fracture parameters Maxpe = 0.016 mm/mm, Gc = 150 N/mm and DSC = 107> N/m?,

demonstrate great reliability and accuracy in predicting crack initiation and propagation for
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various initial notch sizes. The comprehensive analysis of both experimental and numerical
outcomes throughout the Force-CTOD, Force-CMOD, and Force-Global Displacement
curves highlights the reliability of the selected parameters and the XFEM approach. The
findings not only validate the efficacy of XFEM in predicting fracture behavior but also
highlight the importance of accurate parameter selection for precise simulation outcomes. This
research contributes to advancing the knowledge of pipeline steel fracture mechanics and
offers valuable insights for designing and maintaining safe and efficient energy transportation

systems.

Further investigations are currently underway by the other researchers in our research group,
encompassing additional geometries such as CT and SENB, to expand the insight on the
studied steel material. This endeavor aims to compile a comprehensive database of fracture
parameters, leading to the recommendation of a unified model. This model will serve as a
crucial reference point, enabling the establishment of criteria to correlate experimental
fracture parameters with predictive outcomes. Moreover, this research serves as a launching
pad for the potential application of the same methodology to diverse steel grades. By doing
so, it can mitigate the substantial costs associated with conducting separate evaluations for
different pipe materials. Considering insights gained from studies conducted on full-scale
pipes of the same steel grade, this study not only successfully bridges the gap between
experimental testing and numerical analysis but also enforces the groundwork for more

precise predictions of fracture behavior in pipeline materials.

2.2 Discussion
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4 Summary, Conclusion, and Future Direction
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4.1 Summary

The main objectives and goals of this project were to comprehensively investigate the fracture
toughness of API X52 pipeline steel, focusing on small-scale SENT experimental tests and
XFEM models. The project aimed to provide valuable insights into the fracture behavior under

various conditions and contribute to the understanding of pipeline steel fracture mechanics.

In the first chapter, the significance of fracture toughness and its relevance to pipeline steel,
especially in the context of SENT specimens, was highlighted. The methodology involved a
multi-specimen strategy, aligning with BS 8571:14 guidelines, to explore the complex
relationship between fracture toughness and crack size. This chapter laid the foundation for

subsequent experimental and numerical analyses.

Chapter 2 focuses the SENT experimental tests, detailing the setup, methodologies, and
results. Noteworthy innovations included the use of strain contours for Aa measurements and
the correlation of Force-CTOD and Force-CMOD curves. The comparative analysis of X52
steel with higher grades enriched the understanding of material performance, and the results

were presented in Force-CTOD, Force-CMOD, and R-curves.

Chapter 3 introduced XFEM models, emphasizing the use of Maxpe, Gc, and damage
stabilization cohesive (DSC) fracture parameters. The numerical analysis involved three
models with varying initial notch sizes, validated against experimental results. XFEM set-up,
mesh analysis, and material properties were meticulously explained. The findings reinforced
the reliability of XFEM in predicting fracture behavior, contributing valuable insights to

pipeline steel fracture mechanics.
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4.2 Prominent Accomplishments
Innovative Measurement Approach: The project introduced an innovative approach for Aa
measurements using strain contours in Vic 3D software, providing a novel way to analyze

crack growth.

Comparative Analysis: Comparative analysis of X52 steel with higher grades (X65, X80, X90,
X100) enriched the understanding of fracture characteristics, aiding material selection and

design decisions.

XFEM fracture variable prediction: The XFEM models, calibrated with specific fracture
parameters, demonstrated high reliability and accuracy in predicting crack initiation and

propagation, showcasing the effectiveness of numerical analysis.

Insights into Material Properties: The project provided detailed insights into the material
properties of X52 steel, crucial for designing and maintaining safe energy transportation

systems.

4.3 Future Works
While the summary encapsulates the key achievements of the project, future works may focus

on:

Expanded Geometries: Conducting additional tests on different geometries such as CT and

SENB to broaden the database of fracture parameters and establish a unified model.

Application to Diverse Steel Grades: Extending the methodology to diverse steel grades to
create a more versatile and cost-effective approach applicable across various pipeline

materials.
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Correlation Criteria: Establishing criteria to correlate experimental fracture parameters with

predictive outcomes, facilitating more precise predictions of fracture behavior.

Full-Scale Pipe Studies: Building on insights gained from studies on full-scale pipes of the
same steel grade, further investigations could bridge the gap between experimental testing and

numerical analysis.

Establishing precise criteria to correlate experimental fracture parameters with predictive

outcomes is crucial for more accurate predictions of fracture behavior.
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