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&is work concentrates on the fracture behaviour of the compact tension specimen under mixed-mode loading, and numerical
investigation using ANSYS Mechanical APDL 19.2 finite element program with different modes of mix angles is carried out. &e
prediction of mixed-mode fatigue life under constant amplitude fatigue loading for the compact tension shear specimen (CTS) is
employed using Paris’ law model for two different loading angles with agreement to the experimental results. &e predicted values
of ΔKeq were compared with the experimental and analytical data for various models. Depending on the analysis, the findings of
the present study show consistency with the results achieved with similar models of predicting the equivalent stress intensity
factor. In addition, the direction of crack growth derived from the analysis was observed to follow the same trend of the literature
experimental results.

1. Introduction

&is work describes the use of ANSYS Mechanical APDL
19.2 finite element program in crack analysis of the engi-
neering structures containing discontinuities and holes. In
the proposed study of the cracks throughout elastic mate-
rials, linear elastic fracture mechanics are employed where
the crack driving force called stress intensity factor (SIF) is
used as a measure of fracture associated with the materials
threshold SIFs (Kth) for dynamic loading. &e accuracy of a
crack propagation simulation depends highly on the accu-
racy achieved for the calculated SIFs. Engineering structures
are generally used under periodic and cyclic loading con-
ditions [1] [2–7] [6]. &e periodic as well as cyclic loading
decreases the load limit required to initiate deformation in
the material under static loading and results in progressive
fracture leading to catastrophic failures of the material
known as fatigue failures [6]. It has been estimated that 60%
to 80% of the failures of mechanical components are as-
sociated with fatigue [8]. Various problems concerning
fatigue crack growth can be found in the literature using
different approaches for simple and complex geometries in

two and three dimensions [9–13]. Combined action of
tensile stress, cyclic stress, and plastic strain initiates failure
due to fatigue phenomena. If any of these three does not
exist, it will not trigger and spread a fatigue crack growth
[14]. As environmental loads are also multidirectional in
nature, the fatigue cracks may propagate under mixed-mode
conditions [15–18]. &e majority of failures in service is of
mixed-mode type, where the cracks do not propagate in the
direction normal to the applied load. However, the majority
of fatigue crack growth behavior studies focus on mode I
cracks, whereas the cracks and defects in actual engineering
components (e.g., pressure vessels, pipelines, and fan blades)
tend to be plane-stress mixed-modes I–II cracks [19]. In
reality also mixed mode can be observed, for example, in
turbine shafts or railway tracks by a sudden change of the
loading direction. &e crack will initiate due to the plastic
strain occasioning from the cyclic stress, whereas the
propagation steps of the cracks result from the tensile stress.
Furthermore, the cause of local tensile stresses happens to be
the fact that compressive loads may not lead to the initiation
of fatigue crack [20]. To prevent failure due to fatigue, ex-
tensive research has been performed to get developed and
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effective models to predict fatigue crack propagation and
fatigue lifetime. Several experimental models have been
proposed, but carrying out the experiment is generally
expensive and time-consuming. Numerical simulation
using the extended finite element approach is a suitable
way to minimize the time and cost associated with ex-
perimental work. Under linear elastic fracture mechanics
(LEFM) analysis, the SIFs are used to describe displace-
ments and stresses around the crack front as well as the
analysis of fatigue crack propagation. As the crack
propagates larger, the SIF increases, until it reaches a
critical range, where the assembly might start to deform
by initiating fracture. As a result of the complex mode of
applied loads, the geometry specification, mixed modes (I/
II) are regularly the general types of loads dependent on
ΔKeq used in the fatigue life prediction [21–24]. &e aim of
this paper is to use the extended finite element method
implemented by ANSYS APDL 19.2 to investigate the
effect of the loading angle for the CTS specimen with
different initial cracks.

2. Numerical Predication of Mixed-Mode
Fatigue Life

Mainly, three approaches have been commonly used for
illustration of the fatigue assessment of materials which are
the fracture mechanics method established by [25], the
strain-life method proposed independently by [26], and the
stress-life method proposed by [27]. In the present study, the
first method was used for fatigue life prediction by which the
crack tip can be individually defined by the SIFs.&erefore, it
is essential to estimate the fatigue crack path accurately in
order to predict the fatigue life assessment. To this end, the
maximum tangential stress criterion theory was used to
predict the crack deflection angle [28–30] as
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&e two possibilities for the crack growth direction are
shown in Figure 1.

&e calculation of fatigue crack growth using the cor-
responding stress intensity factor is the most widely used
method for structures under mixed-mode dynamic loading.
Using a modified formula of Paris law, a researcher [24]
proposed a power law for the fatigue crack growth rela-
tionship with ΔKeq, which is specified as

da

dN
� C ΔKeq 

m
(3)

From equation (3), for a crack increment, the number of
life cycles of fatigue may be predicted as



Δa

0

da

C ΔKeq 
m � 

ΔN

0

dN � ΔN. (4)

Several of the commonly used ΔKeq formulas accom-
panied by the proposed authors are listed in Table 1.

2.1. Numerical Results and Discussion. Finite element code
ANSYS Mechanical APDL 19.2 is implemented to simulate
the different types of loading angle of the compact tension
specimen (CTS). &e CTS geometry is shown in Figure 2(a)
and its suggested loading angles are shown in Figure 2(b).
&ere are three types of cracks that can be introduced in
ANSYS which are arbitrary, semielliptical, and premeshed
crack. &e premeshed crack method involves the crack front
that is used by the Smart Crack Growth analysis engine
where the failure criterion is the stress intensity factor. &e
previously created node sets are allocated to the crack front
within the premesh crack unit and the top and bottom faces
of the crack. &e crack coordinate system is referenced. &e
number of contours for solution is set to 5. &ese are the
“loops” through the mesh around the crack tip, which are
used to evaluate the stress intensity factor by integrating the
crack tip region strain energy. In the analysis the fracture
mechanics method avoids the stress singularities at the crack
tip. &e process is repeated for the top and bottom crack
faces. &e new implemented feature in ANSYS is the “Smart
Crack Growth” with tetrahedron mesh added after finishing
the requirements of the “premeshed crack,” in which the
user can select the type of crack growth option.
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Figure 1: Crack growth angle. (a) KII 〉 0, (b) KII 〈 0.
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Table 1: Commonly applied ΔKeq formulas.

Model provided by authors ΔKeq expression

[24] ΔKeq � (ΔK2
I + 2ΔK2

II)1/2

[24] ΔKeq � (ΔK4
I + 8ΔK4

II)1/4

[31] ΔKeq �
����������
ΔK2

1 + ΔK2
II



[32, 33] ΔKeq �
ΔKI

2
+
1
2

�����������������

ΔK2
I + 4(1.155ΔK2

II)



[21] ΔKeq � (1.0519 × K4
I − 0.035 × K4

II + 2.3056 × K2
I × K2

II)
1/2

[34] ΔKeq � cos
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Figure 3: 3D ANSYS model for CTS specimen (no. of nodes� 201317 and no. of elements� 132886).
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Figure 2: CTS geometry: (a) dimensions (in mm) and (b) loading angles.
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Figure 3 displays the 3D finite element layout for the
geometry dimensions of the CTS with number of
nodes� 201317 and number of elements� 132886. Based on
the values of the loading angle (α), which can be changed in
stages of 15° from 0 to 90°, the modes of loading will change
according to the value of the angle from mixed-mode
loading (α�15°, 30°, 45°, 60°, and 75°), pure mode II (α� 0°),
and pure mode I (α� 90°). &e studied material was alu-
minium alloy having an elasticity module of E� 74GPa,
v � 0.33, σY � 517MPa, tensile strength� 579MPa, fracture
toughness KIC � 32.95MPa

��
m

√
, threshold SIF

Kth � 3.15MPa
��
m

√
, Paris constant C� 4.3378×10− 7 7 (mm/

cycle)/(MPa
��
m

√
), and Paris exponent, m� 2.6183 [35].

&e geometry’s thickness is 5mmwhile the ending parts’
thicknesses are 10mm, which can protect the specimen’s
linking holes from failing. &e plane-stress conditions are
assumed in the simulations according to the thickness value
which is small compared to other dimensions as well as for
precise comparison with other researchers who assumed
that for the same geometry [35]. &e value of load is
P� 16 kN and the precrack length is a� 45mm.

&e finite element model of ANSYS shown in Figure 3 is
completely consistent with the state of experimental tests
performed by [21, 35–37]. In the present simulation, the CTS
geometries are loaded in various angles 30°, 45°, 60°, and 75°
in the original direction of cracking for the comparison of
ΔKeq and crack paths directions.&ere are also other loading
angles 0°, 30°, 60°, and 90° to compare the direction of crack
propagation and assessment of fatigue life. In the last case,
three different crack length geometries of the CTS geome-
tries have been simulated according to the initial crack
length of a/W� 0.3, 0.5, and 0.7.

Figure 4 shows the distribution of the equivalent loading
used in ANSYS analysis of the present work. &e uniaxial
load F is correlated to the equivalent loads acting on different
holes of the six holes based on the following formulas [38]:

F1 � F6 � F 0.5 cos α +
c

b
sin α ,

F2 � F5 � F sin α,

F3 � F4 � F 0.5∗ cos α − (c/b)sin α( .

(5)

where α is the angle of load and c and b are length parameter
shown by Figure 4 (c� b� 54mm). &e final values of all
loading forces with different loading angles are shown in
Table 2.

&e analytical solution for KI of this specimen is pro-
vided by [23] as

KI �
F

Wt

���
πa

√ cos α
(1 − a/W)

��������������������������������
0.26 + 2.65α/(W − a)

1 + 0.55α/(W − 5) − 0.08(a/(W − a))2
,



(6)

where F is the uniaxial load (Figure 2(b)), a is a crack’s
length, W is the width of geometry, and t is the geometry
thickness. It is worth comparing the SIFs for this geometry
with the analytical solution ofKI, (equation (6)), for different
thicknesses (3, 6, 9, and 12mm) as represented in Figure 5.
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Figure 4: Loading and boundary condition for CTS geometry.

Table 2: Values of forces F1 to F6 according to load angle α

α F2 � F5 F1 � F6 F3 � F4
15 0.259 F 0.742 F 0.224 F
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
75 0.966 F 1.095 F − 0.837 F
90 F F − F
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Figure 5: Comparison for KI with analytical solution for different
specimen thicknesses 3mm, 6mm, 9mm, and 12mm.
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As can be seen in this figure the values of SIFs are decreasing
as the thickness increasing and the agreement with the
analytical solution obtained by equation (2) is obvious.

&e predicted values of ΔKeq were compared to the
experimental values performed by [37] as well as the ana-
lytical expression given by [24, 33, 34, 37] for different values
of loading angles 30°, 45°, 60°, and 75°.&ese comparisons are
shown in Figures 6–9.

Figure 6 demonstrates the comparisons for the variation
of the crack length as a function of the corresponding ΔKeq

with load angle of 30° and the amount of applied loading is
8.8 kN (loading ratio R� 0.1). As illustrated in this figure, the
four criteria of ΔKeq have around the same tendency as data
obtained from experimental tests by [37]. For this loading
angle even there is a slight divergence for the [34] criterion
especially after the mid of the crack length. In Figure 7, the
loading angle is 45° and the amount of the load is 11.4 kN
with R� 0.1. &e agreement for the ANSYS results with the
experimental results is clear as well as with other analytical
criteria.

Figure 8 shows the comparisons for the equivalent SIF
for 60° loading angle and the amount of load is 13.65 kNwith
load ratio R� 0.1. &ere is clearly divergence of the initial
values of the equivalent SIF for all criteria which is de-
pendent in the initial step of the crack growth. &is di-
vergence is increased for the loading angle of 75° and amount
of load is 13 kN (R� 0.1) as shown in Figure 9. &ough, all of
the four criteria almost provide close predictions to the
experimental results obtained by [37].

In addition, the paths of crack growth of load angles 30°,
45°, 60°, and 75° were validated with comparison to practical
crack paths tested by [36] as shown in Figure 10 with good
agreement.

&e predicted crack growth path has been compared to
the experimental test performed by [39] with different crack
lengths (a/w� 0.3, 0.5, and 0.7) and different load angles 0,
30, 60, and 90 as shown in Table 3.

For pure loading of mode II (α� 0°), the direction of the
crack growth is controlled by the second mode of SIF (KII)
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Figure 7: Equivalent SIF with loading angle 45°.
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Figure 8: Equivalent SIF with loading angle 60°.
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Figure 9: Equivalent SIF with loading angle 75°.

Experimental
(Demir et al. 2018)
Richard criterion

Tanaka criterion
Demir et al. (2017)
criterion

Erdogan and Sih ANSYS

0

5

10

15

20

25

K eq
 (M

Pa
 m

1/
2 )

47 49 51 53 55 57 59 61 63 6545
Crack length (mm)

Figure 6: Equivalent SIF with loading angle 30°.

Advances in Materials Science and Engineering 5



42.50 44.50 46.50 48.50 50.50 52.50 54.50 56.50 58.50 60.50 62.50 64.50
X (mm)

Y 
(m

m
)

18.00

16.00

14.00

12.00

10.00

8.00

6.00

4.00

2.00

0.00

75 deg. (Antunes et al., 2019)
75 deg. ANSYS
60 deg. Exp. (Antunes et al., 2019)
60 deg. ANSYS

45 deg. Exp. (Antunes et al., 2019)
45 deg. ANSYS
30 deg. Exp. (Antunes et al., 2019)
30 deg. ANSYS

Figure 10: Comparison for crack growth paths between present study results and experimental results of [36].

Table 3: Comparison of paths of crack propagation among ANSYS’s results and experimental results [39].

ANSYS Experimental test [39]

(a/w= 0.3) α� 0°

6 Advances in Materials Science and Engineering



Table 3: Continued.

ANSYS Experimental test [39]

(a/w= 0.3) α� 30°

(a/w= 0.3) α� 60°
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Table 3: Continued.

ANSYS Experimental test [39]

(a/w= 0.3) α� 90°

(a/w= 0.5) α� 0°
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Table 3: Continued.

ANSYS Experimental test [39]

(a/w= 0.5) α� 30°

(a/w= 0.5) α� 60°

Advances in Materials Science and Engineering 9



Table 3: Continued.

ANSYS Experimental test [39]

(a/w= 0.5) α� 90°

(a/w= 0.7) α� 0°
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Table 3: Continued.

ANSYS Experimental test [39]

(a/w= 0.7) α� 30°

(a/w= 0.7) α� 60°
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and the cracks all grow with different angles based on
equation (2) as the values of KII are higher, whereas for
complete mode I loading (α� 90°), crack paths are domi-
nated by the first mode KI and the crack is going to grow
straight. &e influence of the first mode (KI) decreases as α
increases and vice versa for mode II.

&e crack direction angles of three geometries with
different initial length of cracks (a/W � 0.3, 0.5, and 0.7)
are 6°, 10°, and 12°, respectively, which are identical to the

experimental angles tested by [39]. Furthermore, for
mixed-mode loading in the CTS geometries with loading
angle α� 30°, the cracks are propagated to some extent
differing to the original crack front direction. For these
three geometries, the mixed-mode crack propagation
angles (a/W � 0.3, 0.5, and 0.7) are about 5.5°, 8.5°, and
8.5°, respectively, which are almost in agreement with
experimental angles of [39].

Table 3: Continued.

ANSYS Experimental test [39]
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Figure 11: Comparison of simulated and experimental [35] fatigue
life for loading angle 30°.
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Figure 12: Comparison of simulated and experimental [35] fatigue
life for loading angle 60°.
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For the above three loading angles situations (α� 90°,
α� 0°, and α� 30°), regardless of the length of the initial
crack for the same load angle (α), the angles of the crack
growth in each case are close to each other. In contrast, for
combined mode (I/II) loading with loading angle α� 60°, the
directions of crack are highly dependent on the initial length
of the crack. On the other hand, for small crack length (a/
W� 0.3 and 0.5), the cracks also grow varying from the
initial crack tip against the clockwise direction, with crack
propagation angles of 25° and 30°, respectively, which are
identical to those angles in the experimental test [39].
Furthermore, if the initial crack length is longer than the
previous cases (a/W� 0.7), the direction of the crack growth
and the direction of the initial crack happen to be identical
and are presented in Table 3.

In order to assess the fatigue life, the number of cycles for
different loading angles 30 and 60 calculated in this study is
compared with the experimental results observed by [35]
under mixed loading mode (I/II) resulting in clear agree-
ments as can be observed in Figures 11 and 12. &e amount
of the applied load is F� 16 kN with load ratio R� 0.1,
whereas the Paris constant as mentioned previously is
C� 4.3378×10− 7 (mm/cycle)/(MPa

��
m

√
) and m� 2.6183

[40].

3. Conclusions

For the CTS specimen, the finite element analysis of the
mixed-mode fatigue crack propagation was carried out using
ANSYS Mechanical APDL and compared with experimental
data for various angles of loading. &e predicted values of
ΔKeq by the experimental and numerical methods are ob-
served to be in good agreement with the present study re-
sults. &e mixed-mode fatigue life is predicted and
compared with experimental data for two different loading
angles of 30° and 60°. Interestingly, the theoretically pre-
dicted trajectories of the crack growth for all specimens are
identical to the experimental determined paths for different
loading angles. Furthermore, the predicted values of SIFs (KI
and KII) are in good agreement with analytical solutions. It
can be stated that the structure of specimen geometry and its
configuration play an important role in obtaining higher
values of mixed-mode SIFs values. &is happens to be
significant in terms of applied loads particularly for higher
values of KII.
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