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Abstract: The primary focus of this paper is to investigate the application of ANSYS Workbench 19.2
software’s advanced feature, known as Separating Morphing and Adaptive Remeshing Technology
(SMART), in simulating the growth of cracks within structures that incorporate holes. Holes are
strategically utilized as crack arrestors in engineering structures to prevent catastrophic failures. This
technique redistributes stress concentrations and alters crack propagation paths, enhancing structural
integrity and preventing crack propagation. This paper explores the concept of using holes as crack
arrestors, highlighting their significance in increasing structural resilience and mitigating the risks
associated with crack propagation. The crack growth path is estimated by applying the maximum
circumferential stress criterion, while the calculation of the associated stress intensity factors is
performed by applying the interaction integral technique. To analyze the impact of holes on the crack
growth path and evaluate their effectiveness as crack arrestors, additional specimens with identical
external dimensions but without any internal holes were tested. This comparison was conducted
to provide a basis for assessing the role of holes in altering crack propagation behavior and their
potential as effective crack arrestors. The results of this study demonstrated that the presence of a
hole had a significant influence on the crack growth behavior. The crack was observed to be attracted
towards the hole, leading to a deviation in its trajectory either towards the hole or deflecting around
it. Conversely, in the absence of a hole, the crack propagated without any alteration in its path. To
validate these findings, the computed crack growth paths and associated stress intensity factors were
compared with experimental and numerical data available in the open literature. The remarkable
consistency between the computational study results for crack growth path, stress intensity factors,
and von Mises stress distribution, and the corresponding experimental and numerical data, is a
testament to the accuracy and reliability of the computational simulations.

Keywords: smart crack growth; finite element method; crack propagation; holes; crack arrest

1. Introduction

The study of crack propagation and its mitigation is of paramount importance in engi-
neering applications to ensure the structural integrity and safety of various components [1].
Understanding the behavior of cracks, their growth patterns, and the factors influencing their
propagation is crucial in designing reliable and durable structures. Crack propagation is a
complex phenomenon influenced by various factors such as loading conditions, material
properties, and geometric constraints [2]. Holes, strategically placed in structures, have been
recognized as effective crack arrestors. The presence of holes alters stress distribution, redis-
tributes stress concentrations, and changes the crack propagation path. This phenomenon
has been extensively studied to understand the mechanisms of crack arrest and develop
design guidelines for incorporating holes as crack arrestors [3,4]. One key aspect of crack
growth analysis is the calculation of stress intensity factors (SIFs). SIFs are fundamental
parameters that govern crack propagation behavior and can be determined using analytical,
numerical, or experimental methods [5,6]. In practice, computational methods are widely
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utilized to evaluate the durability of components with pre-existing cracks, focusing on their
ultimate load capacity and crack progression. However, the unpredictable nature of crack
paths necessitates the use of appropriate computational methodologies that can accurately
consider the instability mechanisms inherent in the computation. Over the years, advanced
computational tools and numerical methods have played a pivotal role in simulating and
analyzing crack growth behavior. In recent years, the finite element method (FEM) has become
increasingly prominent as an effective numerical approach for modeling and analyzing the
growth of cracks. This method involves dividing the structure into smaller elements and
solving the governing equations, enabling a comprehensive investigation of stress distribution,
deformation, and the behavior of crack propagation [7-10]. In some cases, the geometry of the
hole can be optimized to induce crack arrest. By designing the hole with specific dimensions,
such as size, shape, and orientation, the crack can be forced to terminate, preventing further
propagation. The hole acts as a barrier that prevents the crack from extending beyond a
certain point, effectively arresting its growth and avoiding catastrophic failure. Holes are
used as crack arrestors in various engineering structures. Examples include aircraft structures,
pressure vessels, power transmission structures, bridge components, and high-stress machine
components. The ANSYS Workbench provides advanced capabilities to simulate crack growth
in structures with holes, allowing for an in-depth analysis of crack behavior and the evaluation
of hole effectiveness as crack arrestors. The ANSYS Workbench employs various crack growth
criteria, such as stress intensity factors (SIFs), energy release rate, or crack tip opening displace-
ment (CTOD), to determine crack growth initiation and propagation. The assessment of crack
injtiation in the ANSYS Smart Crack Growth module involves the utilization of a range of
criteria. These criteria encompass stress-based, strain-based, energy-based, fracture mechanics,
and damage-based approaches. Stress-based criteria scrutinize stress levels, strain-based
criteria focus on strain levels, energy-based criteria analyze energy release rates, fracture
mechanics criteria apply principles from linear elastic fracture mechanics, and damage-based
criteria monitor the accumulation of material damage. Crack initiation is predicted when
the predefined thresholds for each criterion are surpassed. These criteria are implemented
within the software’s algorithms to evaluate the critical conditions for crack growth and
predict crack propagation paths. Additionally, the ANSYS Workbench offers capabilities
for adaptive meshing, which allows for automatic refinement of the mesh around the crack
tip to accurately capture stress gradients and accurately predict crack growth. Furthermore,
software packages like Abaqus [11,12], COMSOL [13,14], FRANC3D [15,16], Zencrack [17],
AFGROW [18], NASGRO [19], and Nastran [17] also provide powerful computational tools for
simulating crack growth and analyzing the behavior of structures subjected to crack propaga-
tion. Additionally, there exist various software options for simulating crack propagation, such
as the advanced iterative—finite element method (AI-FEM) [20] and advanced finite element
analysis (AFEA) [21]. Meanwhile, there has been a rapid development of new approaches
and methods in various fields of study. These include the discrete element method [22-24],
element-free Galerkin method [25], extended finite element method [26,27], cohesive element
method [28,29], boundary element method (BEM) [30-32], and phase-field method [33].

In a study by [34], displacement fields were experimentally measured to validate
numerical simulations in a modified compact tension specimen. The specimen contained
a machined hole positioned ahead of the crack propagation, causing a diversion of the
crack path due to the modified stress field induced by the stress concentration factor. The
effect of the drilled hole on the crack growth path was explained, as the presence of the
hole resulted in a curved crack propagation path, inducing a mixed-mode (I/1I) loading
condition. In a numerical study conducted by Chatzigeorgiou [35], various geometries with
holes were tested to investigate their impact on crack propagation and the potential for
crack arrest. The results of this study are conceptually different from previously published
ones [36-39] as they specifically address a part of the research gap related to the behavior
of cracks in the presence of multiple holes and their influence on crack propagation. By
focusing on multiple holes and their specific configurations, this study provides novel
insights that were not previously explored in the published research. Additionally, the
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study highlights how the presence of holes affects stress distribution, particularly von
Mises stress, and emphasizes how these holes contribute to stress redistribution, ultimately
enhancing structural integrity by mitigating stress concentrations.

The limited understanding of crack growth in the presence of holes as crack arrestors
constitutes a significant research gap. Further investigation is needed to explore several
specific areas, including the impact of hole size, shape, and orientation on crack behavior,
the interaction between material properties and the presence of holes, the behavior of
multiple-hole configurations, the effects of dynamic loading conditions on crack arrest,
and the optimization of hole configurations to enhance crack arrest effectiveness. Closing
these research gaps will contribute to advancing our knowledge in this area and facilitate
the development of improved design strategies for enhancing structural integrity and
safety. This study aimed to address a part of the research gap by investigating the impact
of multiple holes and their positions relative to the initial crack tip, along with the initial
crack length. The objective was to gain insights into the behavior of cracks in the presence
of multiple holes and their influence on crack propagation. By considering these factors,
this study aimed to contribute to a better understanding of crack growth dynamics and
further advance the knowledge in this field.

2. Materials and Methods

Separating, Morphing, Adaptive, and Remeshing Technology (SMART) focuses on
enhancing crack growth simulations by utilizing advanced meshing and adaptive techniques.
This feature aims to provide accurate and efficient representations of crack propagation in the
ANSYS Workbench. The SMART crack growth feature incorporates the following components:

1. Separating which has the capability ensures that the mesh accurately captures the
behavior of cracks and contact interfaces. It allows for the representation of gaps and
separation occurring at crack interfaces or contact regions. This enables the more
realistic modeling of crack propagation and contact behavior.

2. Morphing which is a key aspect of SMART technology that enables the mesh to adapt
and deform to changes in crack geometry. As cracks propagate or deformations occur,
the mesh is dynamically adjusted to maintain accurate representation. This ensures
that the mesh aligns with the evolving crack shape throughout the simulation.

3. Adaptive: The adaptive component of SMART technology focuses on refining the mesh
in areas of interest, such as near crack tips or regions experiencing high stress gradients.
By adapting the mesh locally, it ensures that the critical details of crack growth are
accurately captured while optimizing computational efficiency. Adaptive meshing helps
to maintain an optimal balance between accuracy and computational cost.

4. Remeshing, which is the process of regenerating the mesh based on predefined criteria
or significant changes in crack geometry or deformation. When cracks propagate, large
deformations occur, or other significant changes take place, and the mesh is updated to
accurately represent the evolving crack geometry. Remeshing ensures that the simulation
continues with an appropriate mesh that captures the changing crack behavior.

The present study used the maximum circumferential stress criterion, which is one
of the criteria incorporated in ANSYS for evaluating crack growth under mixed-mode
loading conditions. This criterion operates on the assumption that crack propagation
predominantly occurs in the direction of maximum circumferential stress. The direction
of crack growth is determined by evaluating the direction of maximum circumferential
stress, which is perpendicular to the direction of the total stress-intensity factor. The crack
propagation direction in this criterion is determined using the following formula [40,41]:

2
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where 0 is the angle of crack growth and Kj and Kjj correspond to the first and second mode
of the stress intensity factor, respectively.
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In the context of static crack growth simulation, ANSYS Mechanical offers two com-
monly used fracture criteria: the J-integral and stress intensity factor. In this particular
study, the stress intensity factor criterion was employed. According to this criterion, crack
propagation occurs when the stress intensity factor (Kj) surpasses the fracture toughness
of the material. By using pre-meshed crack modeling and incorporating contact elements,
ANSYS Smart Crack Growth can accurately simulate the contact between crack faces and
model the crack propagation process.

3. Results and Discussions
3.1. Three-Point Bending of a Beam with Three Circular Holes

This case study seeks to verify the capability and accuracy of the ANSYS Smart Crack
Growth feature in assessing crack propagation paths under mixed-mode loading conditions.
To accomplish the validation, the process entails utilizing three-point bending beams with vary-
ing initial crack lengths and locations. The beam configurations displayed in Figures 1 and 2
represent two distinct scenarios: one without any holes and the other with three holes. These
configurations are specifically designed to analyze and evaluate the crack behavior exhibited
under different conditions. Table 1 presents a comprehensive overview of the material prop-
erties associated with the three-point bending beam utilized in this study. The material is
characterized by linear elastic properties, which means that it exhibits a linear relationship
between stress and strain within its elastic range. In several studies [42—44], there appears to
be an inconsistency in referring to the beam as polymethyl methacrylate (PMMA) despite
the use of different materials. It is important to note that this misnomer should be corrected
to accurately reflect the material actually utilized in each study. The initial experimental
work conducted by Bittencourt et al. [45] on PMMA specimens, which exhibited a linear
elastic behavior, served as the basis for naming the beam as PMMA. However, it should be
acknowledged that the authors of these studies expanded their investigations to include other
linear elastic materials alongside PMMA. Therefore, the beam material designation should
be adjusted to align with the specific material used in each study. To confirm the accuracy of
the simulated crack paths, experimental results from Bittencourt et al. [45] are employed as
a point of comparison. The specimens in this study are subjected to constraints that restrict
all degrees of freedom, beginning from the location of the left pin. However, the right pin is
permitted to move solely in one direction along the X axis.

The geometry under consideration has specific dimensions: a length of 2 L = 508 mm,
a width of 203.2 mm, and a thickness of 12.7 mm. All specimens share the same dimensions,
hole positions, and hole sizes. However, primary variations occur in the initial crack length
and its positions, as specified in Table 2. The specimens are subjected to a point load of
4448 kN, which is applied at the midpoint of the top section. Meanwhile, the bottom
section of the specimens features two simply supported points, with one point fixed and
the other point movable in the x-direction. This configuration allows for controlled loading
conditions and facilitates the examination of the specimens’ mechanical response under
specific loading scenarios. Figure 3 displays the initial finite element meshes for specimens
1 and 2. In specimen 1, there are 253,462 nodes and 155,476 elements, while in specimen 2,
there are 269,563 nodes and 165,231 elements.

Table 1. Mechanical characteristics of cold-rolled SAE 1020 steel [43].

Property Value in Metric Unit
Modulus of elasticity, E 205 GPa
Poisson’s ratio, v 0.3
Yield strength, oy 285 MPa

Fracture toughness, Kjc 730 MPa mm?>
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Figure 1. Geometrical representation of the three-point bending beam without holes (dimensions in mm).
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Figure 2. Geometrical representation of the three-point bending beam with three circular holes
(dimensions in mm).
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Table 2. Simulated three-point bending beam configurations.

Case No. Crack Length, a (mm) Crack Location, b (mm) Hole Configuration
I 38.1 127 With hole

I 38.1 127 Without hole

I 63.5 152.4 With hole

v 63.5 152.4 Without hole

(a) (b)

Figure 3. Finite element meshes for the three-point bending beam (a) without hole and (b) with

three holes.

3.1.1. Case 1

In this particular specimen, the initial crack length was set to 38.1 mm, and its position
was located 127 mm away from the mid-span of the specimen. These specific values were
chosen to investigate the crack behavior under the given conditions and assess the influence
of the crack’s initial length and position on the interaction with the middle hole. It is clearly
observable that the crack is noticeably attracted towards the middle hole, indicating a
strong tendency to move towards it. As the crack continues to propagate, it ultimately
reaches the left side of the middle hole, leading to a complete cessation of crack growth.
Figure 4 illustrates the direction of crack growth for case I. Subsequently, the direction of
crack growth observed in this study is compared with both experimental crack trajectories
conducted by Bittencourt et al. [45], and numerical results obtained by Andrade and
Leonel [46], who utilized an adaptive finite element approach on a multifunctional super
singular element. Additionally, a comparison is made with the numerical method using the
floating node method, which was combined with the symplectic analytical singular element
by Fu et al. [47]. The crack growth path predicted in the current study demonstrated greater
accuracy in reaching the middle hole compared to the predicted crack path obtained by
Huynh et al. [48], which employed a polygonal XFEM with new numerical integration.
Furthermore, the results obtained using a coupled extended meshfree-smoothed meshfree
method by Ma et al. [49] were also used for comparison.

To enhance the visualization of the accuracy of the predicted crack growth path in compar-
ison to the experimental path obtained by Bittencourt et al. [45], Figure 4g displays the crack tip
coordinate throughout the crack growth process, which closely aligns with the experimental
data. This similarity between the predicted and experimental crack tip coordinates highlights
the effectiveness and reliability of the crack growth prediction in the analysis.
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Figure 4. Crack growth path for case 1, (a) present study, (b) experimental [45], (c) numerical [46],
(d) numerical [47], (e) numerical [48], (f) numerical [49], and (g) coordinates of crack growth path.

In order to assess the dimensionless SIF (K;), a comparative analysis was conducted
between the results obtained in this study and the results obtained by Peng et al. [50]. Peng
et al. [50] utilized XFEM and a smooth nodal stress method for their investigation. The
comparison, as shown in Figure 5, demonstrates a high degree of similarity between the
present study and theirs.

Figure 6 shows a comprehensive comparison of the von Mises stress distribution
results for case I in the present study with the corresponding findings obtained by Dirik
and Yalginkaya [43] using a mesh-independent computational algorithm that was specifi-
cally developed and integrated into the widely used commercial finite element software
ABAQUS. The figure provides a visual representation of the stress distribution patterns
and highlights the agreement between the two studies. Notably, there is an excellent level
of concordance observed in both the stress distribution and the stress values.

Figure 7 shows the crack growth path predicted by ABAQUS standard software with-
out a mesh-independent computational algorithm, as reported by Dirik and Yalginkaya [43].
Notably, no modifications or enhancements were made to the software for this analysis.
However, in this specific instance, the predicted crack path intersects the bottom hole, in
contrast to the expected behavior observed in the experimental results where the crack
is anticipated to pass the hole and reach the middle hole. This discrepancy between the
predicted and experimental crack growth paths highlights a divergence between the sim-
ulation and real-world observations. It suggests the need for further investigation and
potential improvements in the modeling techniques employed within the ABAQUS soft-
ware. It is important to note that in contrast to ABAQUS, the SMART crack growth method
employed in ANSYS has the capability to precisely predict crack paths without requiring
user interaction or programming interference. This feature of ANSYS offers the potential
advantage of accurate crack path prediction, providing a notable distinction between the
two software tools. Furthermore, the study conducted by Dirik and Yalginkaya [43] in-
volved manually adjusting the crack growth increment, resulting in variations in the crack



Appl. Sci. 2024, 14, 897

8of 17

growth path, whereas ANSYS employs an automated selection mechanism that determines
the crack growth increment based on the nature of the loading, distinguishing between
pure mode I or mixed-mode loading conditions. This disparity in methodologies high-
lights the distinction between Dirik and Yalginkaya’s approach, which required manual
intervention for adjusting the crack growth increment, and ANSYS, which automates this
process, ensuring the selection of the appropriate crack growth path based on the specific
loading conditions. As a result, ANSYS offers a more streamlined and reliable method for
accurately determining the crack growth path.
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Figure 5. Comparative results for dimensionless SIF of case I [50].
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Figure 6. Von Mises stress distribution for case I: (a) present study; (b) ABAQUS with a mesh-
independent computational algorithm [43].

Figure 7. Predicted crack growth path using ABAQUS without a mesh-independent computational
algorithm [43].

3.1.2. Case II

This specimen has the same outer dimensions as the one in case I, but it does not include
any internal holes. Figure 8 illustrates the crack growth trajectory predicted by ANSYS,
which closely aligns with the numerical path estimated by Dirik and Yalginkaya [43], indi-
cating a strong resemblance between the two predictions. The total deformation displayed
in Figure 9 provides a visual representation of the crack growth in the hole-less specimen.
It is evident that the crack propagated at a faster rate, eventually causing the specimen to
fracture into two separate parts. This is in contrast to the previous specimen with holes,
where the crack was effectively arrested at the middle hole, preventing further propagation.
This highlights the value of using holes as crack arrestors to enhance structural integrity
and prevent catastrophic failure. By redistributing stress, deflecting crack propagation,
and inducing crack arrest, this technique significantly improves the reliability of various
engineering structures and materials.

In Figure 10, the von Mises stress values for the current case are displayed, along with the
numerical results obtained using ABAQUS software with a mesh-independent computational
algorithm through the Dirik and Yalginkaya [43] analysis. Notably, there is a remarkable
agreement between the computed values. As depicted in the figure, it is evident that the
von Mises stress for the hole-less specimen is considerably higher than that of the previous
specimen with holes, as previously shown in Figure 7. This discrepancy in stress levels
highlights the significance of hole presence or absence in influencing the distribution of stress
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and, consequently, the von Mises stress values in the material. This disparity can be attributed
to the absence of stress concentration points associated with the holes in the hole-less specimen.
Without the presence of holes to redistribute and alleviate stress, the crack propagation in the
hole-less specimen is less impeded, leading to higher stress concentrations and, consequently,
higher von Mises stress values throughout the specimen.

(b)

Figure 8. Crack growth path for case II: (a) present study and (b) ABAQUS with a mesh-independent
computational algorithm [43].

Total Deformation

Type: Total Deformation
Unit: m

Time: 1

12/15/2023 9:52 PM

. 0.046593 Max

0.041416
0.036239
0.031062
0.025885

D 0.020708

B 0015531

0.010354
I 0.005177
0 Min

Figure 9. Total deformation of case II specimen.
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Figure 10. Von Mises stress distribution for case II: (a) present study; (b) ABAQUS with a mesh-
independent computational algorithm [43].

Figure 11 illustrates the calculated results of the first mode of the stress intensity
factor (KI) for both case I and case II, taking into account the presence or absence of holes.
The figure clearly illustrates that in case I, the stress intensity factor exhibits higher values
compared to case II, even when accounting for the same crack length. As the crack continues
to propagate in case II, the values of KI demonstrate a rapid and continuous increase until
complete fracture occurs. The significance of holes on the stress intensity factor (SIF) is
underscored by this observation, revealing distinct crack behavior in different cases. These
findings highlight the importance of considering such factors in fracture mechanics and
structural integrity assessments.

3.1.3. Case III

The geometry of this specimen closely resembles that of case I, with the only differ-
ence being a crack length of 63.5 mm and a crack positioned 152.4 mm away from the
mid-span. Figure 12 presents the crack growth path for case III, providing a comparison
between the results obtained from the ANSYS simulations in this study and the experi-
mental crack trajectory conducted by Bittencourt et al. [45]. Additionally, the numerical
findings of Peng et al. [50], who employed smooth nodal stresses in the XFEM, as well
as the numerical results of Dirik and Yalginkaya [43], who utilized a mesh-independent
computational algorithm developed and integrated into ABAQUS software, are also in-
cluded for reference. Figure 13 presents a comprehensive comparison of the von Mises
stress distribution results for case I in the present study with the corresponding findings
obtained by Dirik and Yalginkaya [43], who utilized a mesh-independent computational
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(a)

algorithm integrated into the widely used commercial finite element software ABAQUS.
Remarkably, a high degree of agreement is evident in both the stress distribution and stress
values between the two sets of results.

1800

&
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=
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o
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Figure 11. First mode of stress intensity factor for case I and case II.

O

®)

(b) (c) (d)

Figure 12. Crack growth path, (a) present study, (b) experimental [33], (c) XFEM [36], and
(d) ABAQUS with a mesh-independent computational algorithm [43].

Figures 14 and 15 provide a compelling comparison between the predicted SIFs (K; and
Kjy) for the specimen under consideration, along with the corresponding numerical results
obtained using the dual boundary method by Andrade and Leonel [46]. The agreement
between the two sets of data is remarkably strong. Initially, the crack growth is predominantly
influenced by mixed-mode behavior, where the higher value of the second mode of SIF plays
a significant role. As the crack propagated and neared the middle hole, a slight reduction
in Ky and a slight increase in Kj; were observed. This combination of changes led to a small
deviation in the crack path for a short period. However, the crack subsequently resumed its
propagation towards the upper third hole, indicating the dominant influence of Kj in driving
crack growth. The observed variations in Kj and Kjy highlight the complex nature of crack
propagation and its sensitivity to local geometric features.
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Figure 13. Von Mises stress distribution for case III: (a) present study; (b) ABAQUS with a mesh-
independent computational algorithm [43].
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Figure 14. Comparison for the first mode of SIF for case III [46].
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3.1.4. Case IV

The dimensions of this particular specimen match those of the specimen in case III,
except that it does not contain any holes. Figure 16 displays the predicted crack growth
path predicted by ANSYS, as well as the distribution of von Mises stress. This predicted
path is then compared to the path obtained from ABAQUS, which also considers von Mises
stress and utilizes a mesh-independent computational algorithm [43]. The comparison
reveals good agreement between the two predicted paths.
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Figure 16. Von Mises stress distribution for case IV: (a) present study; (b) ABAQUS with a mesh-
independent computational algorithm [43].
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It is significant to emphasize that the absence of internal holes in the specimen con-
tributes to higher von Mises stress levels compared to the same specimen with holes, as
shown in Figures 6, 8, 13 and 16. This difference can be attributed to the fact that the
presence of holes acts as stress concentrators, causing localized stress intensification. Con-
versely, the absence of holes enables a more uniform distribution of stress, leading to higher
overall von Mises stress levels in the hole-free specimen.

4. Conclusions

This study investigated the application of ANSYS software’s Separating Morphing
and Adaptive Remeshing Technology (SMART) in simulating crack growth within struc-
tures incorporating holes. This study focused on the use of holes as crack arrestors to
enhance structural integrity and prevent crack propagation. By applying the maximum
circumferential stress criterion and interaction integral technique, the crack growth path
and stress intensity factors were estimated. The computational simulations were validated
through comparison with experimental and numerical data, demonstrating the accuracy
and reliability of the findings. The absence of internal holes in the specimen leads to higher
von Mises stress levels compared to the specimen with holes. This difference is due to
the stress concentrator effect of the holes, which causes localized stress intensification. In
contrast, the absence of holes allows for a more uniform distribution of stress, resulting in
higher overall von Mises stress levels in the hole-free specimen. These findings highlight
the significance of holes as stress redistributors and demonstrate their role in mitigating
stress concentrations and enhancing structural integrity. ANSYS SMART Crack Growth,
despite its advantages, does have certain limitations. Firstly, it can only simulate crack
growth for materials that adhere to linear elastic fracture mechanics. Moreover, its effective
utilization necessitates a considerable level of expertise and experience, potentially limiting
accessibility for some users.
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