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Abstract: The objective of this study is to examine the behavior of fatigue crack growth (FCG)
in the mixed mode (I/II) of the AISI 316 austenitic stainless steel alloy, considering mode mixity
angles of 30◦, 45◦, and 60◦. This particular alloy is widely used in the marine industry and various
structural components because of its exceptional properties, such as high corrosion resistance, good
formability, weldability, and high-temperature strength. By investigating the crack growth behavior,
the study seeks to provide insights into the material’s durability and potential for long-term use
in demanding applications. To analyze fatigue crack growth behavior using linear elastic fracture
mechanics (LEFM), this study utilizes compact tension shear (CTS) specimens with varying loading
angles. The CTS specimens provide an accurate simulation of real-world loading conditions by
allowing for the application of various loading configurations, resulting in mixed-mode loading.
The ANSYS Mechanical APDL 19.2 software, which includes advanced features such as separating,
morphing, and adaptive remeshing technologies (SMART), was utilized in this study to precisely
model the path of crack propagation, evaluate the associated fatigue life, and determine stress
intensity factors. Through comparison with experimental data, it was confirmed that the loading
angle had a significant impact on both the fatigue crack growth paths and the fatigue life cycles.
The stress-intensity factor predictions from numerical models were compared to analytical data.
Interestingly, it was observed that the maximum shear stress and von Mises stresses occurred when
the loading angle was 45 degrees, which is considered a pure shear loading condition. The comparison
shows consistent results, indicating that the simulation accurately captures the behavior of the AISI
316 austenitic stainless steel alloy under mixed-mode loading conditions.

Keywords: finite element method; fatigue crack growth; stress-intensity factors; loading angles;
fatigue life; linear elastic fracture mechanics

1. Introduction

Studying the behavior of fatigue crack growth under mixed-mode loading conditions
at different angles is a crucial research area with significant implications for the safety and
design of various engineering structures. It entails examining how cracks respond to cyclic
loading when subjected to a combination of different modes of loading, such as tensile,
shear, or bending modes, at varying angles relative to the crack plane. The understanding of
this behavior is essential in predicting the remaining useful life of structures and ensuring
their safe and reliable operation. Therefore, investigating fatigue crack growth under
mixed-mode loading conditions at various angles is a critical aspect of structural analysis
and design, particularly in fields such as aerospace, aircraft wings, automotive components,
and turbine blades [1,2]. The safe and reliable operation of structures and components that
are subjected to cyclic loading over time is heavily reliant on the accurate prediction of
fatigue crack growth behavior. Structures designed without taking the effects of mixed-
mode loading and loading angles into account can experience premature failure, which can
result in catastrophic consequences such as loss of life and property damage. Therefore, it
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is crucial to consider the effects of mixed-mode loading and loading angles when designing
structures, to predict their fatigue life accurately. Many real-world structures are subjected
to mixed-mode loading and differing loading angles, and failure due to fatigue crack
growth is a common problem [3–5]. Understanding the behavior of cracks under these
loading conditions, engineers can design more reliable and durable structures [6–9].

There are various methods available for demonstrating the analysis of fatigue in
materials, but three methods are most commonly used. The first one is the stress-life (S-N)
method, which was proposed by Wöhler [10]. This approach involves plotting the stress
amplitude against the number of cycles until failure, represented in an S-N curve. It is
mostly utilized for metallic materials and assumes that the material’s failure is related to its
stress level and the number of cycles it undergoes. The second method is the strain-life (ε-N)
method, introduced by Coffin [11]. This technique involves plotting the strain amplitude
against the number of cycles until failure, represented in an ε-N curve. It is primarily
used for non-metallic materials, such as composites and polymers, as they exhibit strain-
based failure mechanisms. Lastly, Paris and Erdogan [12] developed the fracture mechanics
method, which correlates the rate of crack propagation with the stress-intensity factor range.
This technique monitors the growth of a pre-existing crack under cyclic loading conditions
until it reaches a critical size and leads to catastrophic failure. It is commonly used for
predicting the fatigue life of materials that contain pre-existing cracks or defects, such as
castings or welded structures. For a more comprehensive understanding of mixed-mode
fracture behavior, researchers recommend using different loading devices and specimen
types in experimental studies. In this study, the third method was utilized to predict
the fatigue life of materials. This approach involves describing the crack tip separately
by using stress-intensity factors (SIFs). Research on fatigue crack growth under mixed-
mode loading has been ongoing for several decades. Many studies have investigated
the effects of different loading conditions on the growth rate and direction of fatigue
cracks, as well as the corresponding SIFs [13–16]. Researchers have conducted significant
studies to create reliable and effective models for accurately predicting the propagation
of fatigue cracks and the corresponding fatigue life in order to prevent fatigue failure.
Although various experimental models have been suggested, conducting such experiments
can often be a costly and time-consuming process. The CTS specimen, which was first
proposed by Richard [17,18], is the predominant specimen utilized in planar mixed-mode
I/II experimental tests [1,13–17,19–22].

Currently, there are numerous software options available to address the issue of
fatigue crack growth, such as ABAQUS [23,24], FRANC3D [25–27], ZENCRACK [28,29],
ANSYS [30–34], and BEASY [35]. Therefore, utilizing numerical simulation with the finite
element method (FEM) is a viable method for reducing the time and cost associated with
experimental work. Sajith et al. [36] conducted a numerical study on the CTS specimen
using an older version of ANSYS, which lacked the SMART crack growth feature used in
the present study. The SMART crack growth feature in ANSYS APDL 19.2 enables a more
efficient and precise simulation of fatigue crack growth by automating the crack creation
and growth process and employing advanced algorithms to predict the crack growth
path. In contrast, older versions of ANSYS APDL require more manual intervention,
leading to a more time-consuming and less accurate modeling and crack growth process.
The current state of using numerical simulations to model mixed-mode fatigue crack
growth in CTS specimens involves advanced techniques and tools such as the SMART
crack growth feature in ANSYS APDL 19.2. This feature allows for more efficient and
accurate simulation of fatigue crack growth by automating the process of creating and
growing cracks and employing advanced algorithms to predict the crack growth path.
This study aims to investigate the use of ANSYS APDL 19.2 software as an effective tool
for accurately predicting the crack growth trajectories, stress-intensity factors (SIFs), and
associated fatigue life of the compact tension shear specimen, which has been widely
used in numerous studies on mixed-mode (I/II) fatigue crack growth. The limitations of
utilizing ANSYS smart crack growth include its capability to solely simulate fatigue crack
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growth for materials exhibiting linear-elastic fracture mechanics and the requirement for
significant expertise and experience to use it effectively, which may restrict its accessibility
to certain users.

2. ANSYS Procedure for Fatigue Analysis

Mixed-mode fatigue life evaluation is an essential process for predicting the durability
of materials that undergo cyclic loading conditions with different loading modes. ANSYS
is a powerful software package commonly used in engineering applications, including
fatigue life evaluation. ANSYS has the capability to model three types of cracks: arbitrary,
semi-elliptical, and pre-meshed cracks. Among these, the pre-meshed crack approach
is used in the “Smart Crack Growth” analysis tool. This tool utilizes the crack front to
calculate the stress-intensity factor, which is the failure criterion. The “Smart Crack Growth”
simulation tool uses this approach to simulate the propagation of cracks. The separating,
morphing, and adaptive remeshing technologies (SMART) is a set of advanced capabilities
in ANSYS that enable the simulation of complex and large deformations in structural
mechanics problems. SMART technology includes three main features:

• Separating technology: this feature allows for the separation of different components
within a model, making it possible to simulate the deformation of individual parts
separately. This is particularly useful when simulating complex structures that have
many moving parts.

• Morphing technology: this feature enables the morphing of a mesh to match the
deformation of the structure during simulation. This is achieved by updating the
nodal positions of the mesh based on the deformation of the structure.

• Adaptive remeshing technology: this feature enables the automatic refinement of
the mesh in regions where high deformation gradients are present, improving the
accuracy of the simulation. This feature is especially useful in simulating crack propa-
gation, where accurate stress gradient capture necessitates mesh refinement around
the crack tip.

The variation in crack initiation angle under different mixed-mode loading conditions
is a well-established phenomenon. To address this issue, several researchers have proposed
various fracture criteria. Within linear elastic fracture mechanics (LEFM), fracture criteria
are typically categorized into three groups: stress-based, strain-based, and energy-based.
The stress-based group includes the maximum tangential stress (MTS) criterion [37], the
strain-based group includes the maximum tangential strain (MTSN) criterion [38], and
the energy-based group includes the strain energy density (SED) criterion [39] and the
maximum energy release rate (MERR) criterion [40]. The maximum circumferential stress
criterion is one of the criteria that ANSYS uses to evaluate the crack growth under mixed-
mode loading conditions which was used in the present study. This criterion is based on
the assumption that the crack growth occurs in the direction of maximum circumferential
stress. The criterion involves calculating the stress-intensity factors for each mode of
loading and combining them to obtain the total stress-intensity factor. The crack growth
direction is then determined based on the direction of the maximum circumferential stress,
which is perpendicular to the direction of the total stress-intensity factor. The ratio of
modes of stress-intensity factors (SIFs) at the crack tip can be used to estimate the angle θ,
which defines the path of crack propagation [41–43]. The formula used in this criterion to
determine the direction of crack propagation is [44,45]:

θ = cos−1

3K2
I I + KI

√
K2

I + 8K2
I I

K2
I + 9K2

I I

 (1)

where:
KI and KII correspond to the opening and in-plane shear modes, respectively.
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The ANSYS simulation performed in this study is limited to region II of a typical
cyclic-loading-induced crack growth pattern. In this region, the crack growth rate (da/dN)
is proportional to the maximum SIFs and can be evaluated as the following modified
formula of the Paris law:

da
dN

= C(∆Keq)
m (2)

where:
∆Keq is the equivalent SIF and C and m are the Paris law’s coefficient and the Paris

law’s exponent, respectively.
In ANSYS, the equation that expresses the equivalent range for the stress-intensity

factor formula can be written as follows [46]:

∆Keq =
1
2

cos(θ/2)[∆KI(1 + cos θ)− 3∆KI Isinθ] (3)

Equation (2) can be used to calculate the fatigue life cycles (N) corresponding to a
certain crack increment, ∆a as:

∆a∫
0

da
C(∆Keq)

m =

∆N∫
0

dN = ∆N (4)

Figure 1 represents a schematic of the step-by-step process for performing a fatigue
crack growth simulation using ANSYS.
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3. Numerical Results and Discussions
Compact Tensile Shear (CTS) Specimen

The experimental studies by [13,15] utilizing a mixed-mode (I/II) compact tensile
shear (CTS) specimen provided the basis for the present numerical simulation for the
modelled geometry shown in Figure 2. The CTS material was AISI 316 austenitic stain-
less steel alloy with the material properties shown in Table 1, and of 15 mm thickness.
The CTS geometries are loaded in the original direction of cracking at various angles of
30◦, 45◦, and 60◦ at a constant load Fmax = 36 kN and fatigue-loading ratio of R = 0.1
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(R = Fmin/Fmax) with constant amplitude under a plane stress assumption. Figure 3 illus-
trates the loading and boundary conditions used in the present analyses. The holes located
at the bottom are restricted from moving in both the x and y directions. The applied force
F is distributed among three punctual loads, namely F1, F2, and F3, which are applied at
their corresponding holes. These loads are applied at different loading angles, and their
respective values are determined by the following formulas [18,47,48]:

F1 = F(0.5 cos α +
c
b

sin α) (5)

F2 = F sin α (6)

F3 = F(0.5 cos α− (c/b) sin α) (7)

where α is the load angle, c and b are a specified length defined in Figure 3 (c = b = 54 mm).
The evaluated forces at the three loading angles are displayed in Table 2.
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Table 1. Mechanical properties of the CTS specimen.

Properties Metric Units Value

Elasticity Modulus, E 192 GPa
Poisson’s ratio, υ 0.27
Yield strength, σy 295 MPa

Ultimate strength, σu 582 MPa
Paris law coefficient, C 4.051 × 10−8

Paris law exponent, m 2.348

Appl. Sci. 2023, 13, x FOR PEER REVIEW  6  of  16 
 

 

 

(a)  (b) 

Figure 3. (a) Force division; (b) loading angles. 

Table 1. Mechanical properties of the CTS specimen. 

Properties  Metric Units Value   

Elasticity Modulus, E  192 GPa 

Poisson’s ratio, υ  0.27 

Yield strength, σy  295 MPa 

Ultimate strength, σu  582 MPa 

Paris law coefficient, C  4.051 × 10−8 

Paris law exponent, m  2.348 

Table 2. Forces for different loading angles. 

α  F2  F1  F3 

30  0.5 F  0.933 F  –0.067 F 

45  0.707 F  1.061 F  –0.354 F 

60  0.866 F  1.116 F  −0.616 F 

The initial mesh for the CTS geometry, generated by Ansys, is shown in Figure 4. It 

has a higher-order SOLID187  tetrahedral  element with 276,446 nodes and 183,009 ele-

ments. 

 

Figure 4. The initial mesh for the compact tension shear specimen. 

Figure 3. (a) Force division; (b) loading angles.

Table 2. Forces for different loading angles.

α F2 F1 F3

30 0.5 F 0.933 F −0.067 F
45 0.707 F 1.061 F −0.354 F
60 0.866 F 1.116 F −0.616 F

The initial mesh for the CTS geometry, generated by Ansys, is shown in Figure 4. It
has a higher-order SOLID187 tetrahedral element with 276,446 nodes and 183,009 elements.
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The relationship between the crack growth path and loading angles in the compact
tension shear (CTS) specimen is influenced by the specific loading configuration and
material properties. Therefore, the loading angle can have a significant influence on the
crack growth path in the CTS specimen, with shear-dominated fracture modes becoming
more prominent with increasing loading angles. Figure 5 shows a comparison between the
crack growth direction obtained from the present study and the experimental crack growth
directions predicted by Sajith et al. [36] for all three loading angles (30◦, 45◦, and 60◦) with
an average error of less than 0.5%. The results presented in the figure reveal a high level
of agreement between the simulated and experimental crack growth paths. The study’s
findings revealed that under mode I loading, cracks had a tendency to propagate in a
direction that was nearly perpendicular to the loading direction. This observation provides
valuable insights into the failure mechanisms of the material under investigation, which can
aid in the development of more precise predictive models for crack propagation in similar
materials. By understanding how cracks propagate under specific loading conditions,
engineers and researchers can design more reliable and durable materials and structures
that are less prone to failure.
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Figure 5. Predicted crack growth paths compared to experimental data by [36].

Figures 6–8 illustrate a comparison between the predicted crack growth trajectories
for the various loading angles 30◦, 45◦, and 60◦ and the experimental results obtained
by [15]. The comparison between the predicted and experimental results is a crucial
step in determining the reliability of the predictive models used in the present study. By
performing this comparison, the present study aimed to gain important insights into the
behavior of cracks under different loading conditions, which can aid in the development
of more accurate predictive models for designing materials and structures that are less
susceptible to failure. The three figures demonstrated that the predicted paths of crack
extension were similar to the experimental trajectories.
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The comparison of the estimated fatigue life cycles for mixed-mode loading (I/II) at
different loading angles (30◦, 45◦, and 60◦) between the present study and the experimental
results provided by Sajith et al. [36] is illustrated in Figures 9–11. The results obtained from
these figures provide an insight into the accuracy of the present study’s predictions for the
fatigue life cycles of materials under mixed-mode loading conditions.
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Figure 9. A comparison of fatigue life for a loading angle 30◦, experimental [36] versus simulated results.
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Figure 10. A comparison of fatigue life for a loading angle 45◦, experimental [36] versus simulated results.

These figures illustrate the remarkable consistency between the fatigue life cycles
estimated by the present and the experimental data obtained in mixed-mode loading
conditions with an average error of less than 0.5%. It is worth noting that the relationship
between the fatigue lifetime and loading angle can depend on various factors, such as the
material properties, loading conditions, and crack morphology. The R-squared value, also
known as the coefficient of determination, is a widely used statistical measure to assess
the quality of the fit between the experimental data and the results obtained by modeling.
In the current study, the R-squared values for the crack growth path and fatigue life were
determined to be 0.996 and 0.993, respectively.
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Figure 11. A comparison of fatigue life for loading angle 60◦, experimental [36] versus simulated results.

Richard et al. [49] proposed an analytical solution for determining the mixed-mode
stress-intensity factors in the compact tension shear specimen. This solution involves a set
of equations that can be used to calculate the stress-intensity factors for both mode I and
mode II loading conditions as follows:

KI =
F

Wt
√

πa
cos α

(1− a/W)

√
0.26 + 2.65a/(W − a)

1 + 0.55a/(W − a)− 0.08(a/(W − a))2 (8)

KI I =
F

Wt
√

πa
sin α

(1− a/W)

√
−0.23 + 1.40a/(W − a)

1− 0.67a/(W − a) + 2.08(a/(W − a))2 (9)

where F represents the uniaxial load, while a denotes the length of a crack, and W and
t denote the width and thickness, respectively. The approach outlined in this solution
is based on the assumption of linear elastic fracture mechanics and is applicable to CTS
specimens with different loading configurations and material properties. Figures 12 and 13
depict an excellent agreement between the predicted values and analytical solutions given
by Equations (8) and (9) for the opening and in-plane shear mode SIFs at loading angles of
30◦, 45◦, and 60◦. The behavior of crack growth in the compact tension shear specimens is
influenced by the SIFs, KI and KII, which are related to the magnitude and direction of the
applied load. The SIFs are used to quantify the intensity of the stress fields near the crack tip
and are critical in predicting the onset and propagation of cracks in materials. At a loading
angle of 30◦, KI is the dominant factor, and KII is relatively small. This means that the
crack tends to propagate perpendicular to the crack surface. As the loading angle increases
to 45 degrees, the ratio of KI to KII decreases, and both modes become more comparable.
This change in the KI-to-KII ratio can significantly affect the crack growth direction. At a
loading angle of 60 degrees, the ratio of KI to KII is smaller compared to the previous angles
of 30 and 45 degrees. This means that KII becomes the dominant factor. As a result, the
crack tends to propagate parallel to the crack surface, rather than perpendicular to it, as
in the case of KI dominance. Therefore, the choice of loading angle for a CTS specimen is
critical in determining the fracture behavior of a material, and it is important to consider the
expected loading conditions when selecting the appropriate angle for testing. By choosing
the appropriate loading angle, we can ensure that the stress-intensity factors are accurately
captured, and the fracture toughness of the material is adequately measured.
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Figure 12. Comparison of the opening mode of SIF (KI) for different loading angles.
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Figure 13. Comparison of the in-plane shear mode of stress-intensity factor (KII) for different load-
ing angles.

The von Mises stress in a CTS specimen is calculated based on the normal and shear
stresses acting on the specimen. In CTS specimens, the normal stress is typically oriented
perpendicular to the crack plane and can cause the specimen to deform in tension or
compression. On the other hand, the shear stress is typically oriented parallel to the crack
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plane and can cause the specimen to deform in shear. When a CTS specimen is subjected
to a load at an angle to the crack plane, it experiences both normal and shear stresses.
The normal stress component is highest when the load is applied perpendicular to the
crack plane (i.e., when the loading angle is 0◦ or 90◦), while the shear stress component is
highest when the load is applied parallel to the crack plane (i.e., when the loading angle
is 45◦). As depicted in Figure 14, the von Mises stress in a compact tension shear (CTS)
specimen is highest when the load is applied at a 45◦ angle. This is due to the fact that this
loading angle maximizes the combined effect of both normal and shear stresses acting on
the specimen. The von Mises stress is lower for loading angles of 30 and 60 degrees, as
these angles result in less combined stress on the specimen. It is important to note that
the relationship between the von Mises stress and the loading angle can be affected by
various factors, including the material properties of the specimen, the size and shape of the
crack, and the magnitude and direction of the applied load. The von Mises stress can also
provide insights into the failure mechanisms of CTS specimens under different loading
angles. By analyzing the von Mises stress distribution, researchers can identify the critical
points where the material will start to deform and eventually fail. This information can
help improve the understanding of the fracture behavior of the material.
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Figure 14. Von Mises stress distribution (MPa) (a) 30◦, (b) 45◦, and (c) 60◦.

According to Figure 15, an increase in the corresponding shear stress component was
observed at loading angles of 30 and 60 degrees, indicating a higher degree of shear loading
in the compact tension shear specimen. This result is consistent with the general trend of an
increased shear stress component with increasing loading angles. In contrast, at a loading
angle of 45 degrees in the compact tension shear specimen, the shear stress component is
typically at its maximum value. The 45-degree angle is considered a pure shear loading
condition because the tensile and compressive stress components are equal in magnitude
and direction, canceling each other out and leaving only the shear stress component.
Nevertheless, the correlation between the loading angle and shear stress is subject to various
factors, such as the specific loading configuration and material properties. Therefore, further
analysis and experimentation may be necessary to determine the exact relationship between
the loading angle and shear stress in the compact tension shear specimen.
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4. Conclusions

This study investigated the mixed-mode fatigue crack growth in CTS specimens using
finite element analyses with ANSYS Mechanical APDL. Upon conducting finite element
analyses, the crack growth results were compared with experimental data for different
loading angles. The results showed that the predicted stress-intensity factors obtained from
the analytical solutions were in good agreement with the findings of this study. The mixed-
mode fatigue life was predicted and compared with experimental data for loading angles
of 30◦, 45◦, and 60◦. This study validated the accuracy of its simulation by comparing the
predicted fatigue crack propagation paths, stress-intensity factors, and fatigue life cycles
with analytical and experimental results from other researchers.

Several significant findings were obtained as a result of the investigation presented in
this study.

• Investigating the in-plane mixed-mode I/II fatigue crack growth behavior of the AISI 316
austenitic stainless steel alloy is crucial for ensuring the safety and reliability of marine
structures and various structural components subjected to mixed-mode loading.

• The 45-degree loading angle in a compact tension shear specimen corresponds to the
maximum shear stress and maximum von Mises stress components, indicating a pure
shear loading condition where the tensile and compressive stress components are
balanced and cancel each other out.

• Advanced numerical simulation techniques such as the SMART crack growth feature
in ANSYS APDL 19.2 have enabled more efficient and accurate modeling of mixed-
mode fatigue crack growth in CTS specimens. This feature automates the process
of crack creation and growth and uses advanced algorithms to predict the crack
growth path.

• The findings may be useful for improving the design and optimization of materials
for marine applications and structural components subjected to mixed-mode loading.
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