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Abstract
In the paper, the propagation processes of two parallel cracks in 2-mm-thick plate pulled by the cyclic loading were inves-
tigated by numerical simulation and experiment. The codes Abaqus and Franc3D were implemented jointly to predict the 
crack growth path, the stress distribution around the cracks tip and the fatigue life. The corresponding fatigue experiment 
was carried out on a servo-hydraulic fatigue testing machine. The investigation indicates that the predicted crack paths agree 
well with the experimental results at the crack propagation early stage, and the predicted crack growth rate is consistent with 
the findings in experiment, which validate the prediction of the mixed mode crack propagation processes.

Keywords  Fatigue crack growth · Thin plate · Finite element method · Stress intensity factor · Crack path

1  Introduction

Fatigue cracks generally initiate at the stress concentration 
regions of structure component subjected to cyclic loading, 
such as notches, holes, fillets and welds. The micro-cracks 
progressively grow under the action of cyclic loading and 
finally lead to structure failure abruptly, which may result in 
heavy casualties and enormous economic losses. Therefore, 
it is a necessity to grasp the mechanism of fatigue fracture 
to avoid the accident occurrence.

So far, a series of attempts have been made to gain insight 
into the crack growth behaviors. In order to evaluate crack 
extension direction, some criteria are proposed, such as the 
maximum tangential stress (MTS) criterion [1, 2], the maxi-
mum energy release rate (MERR) criterion [3], the mini-
mum strain energy density (MSED) criterion [4], the maxi-
mum strain (MS) criterion [5], the maximum principle stress 

(MPS) criterion [6, 7], the maximum shear stress (MSS) 
criterion [8] and the averaged strain energy density (ASED) 
[9]. Furthermore, to assess the fatigue crack propagation 
rate, some rules have been put forward, such as Paris equa-
tion [10] and NASGRO model [11]. And to judge whether 
the fatigue crack enters the stage of rapid instability expan-
sion or not, the stress intensity factor (SIF) is raised [12], 
which has been widely applied in practice [11, 13, 14].

Stress concentration generally locates at manufacturing 
defect regions or a location where the geometrical shape 
of the object changes drastically, such as the lap joints 
and rivet holes [15–17]. The numbers of investigations on 
cracks originating from those regions have been constantly 
conducted. He et al. [18] have investigated the growth of 
asymmetric cracks at the edge of the hole to evaluate the 
fatigue life under idealized mode I condition. Boljanovic 
et al. [19] have also utilized an initial crack at the edge of 
hole with 20-mm diameter in aluminum alloy plate to ana-
lyze the crack growth propagation under the mixed mode 
(I/II) loading. Zhang et al. [6] have examined the influence 
of the size and location of the hole on the crack growth 
behavior using experimental and numerical methods, and the 
results indicate that the fatigue crack propagates toward the 
hole. Blažić et al. [20] have researched the growth trajectory 
of crack between two separate holes under an initial mixed 
mode I/II condition. Their researches show that two cracks 
are parallel to propagate in the opposite direction under the 
external force, and that the influence of the small hole on 
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the crack path becomes more obvious when the crack length 
increases. The investigations give an insight on the crack 
growth behaviors affected by a single hole or two ones. How-
ever, there are relatively few studies on propagation process 
of two central symmetric cracks emanating from two adja-
cent holes, respectively, under the mixed mode condition and 
some characteristics of crack propagation are still unknown.

This paper attempts to investigate the propagation pro-
cess of two mixed mode cracks, which originate from two 
adjacent holes in a 7075-T6 aluminum alloy plate pulled by 
constant amplitude cyclic loading. It focuses on the fatigue 
crack growth (FCG) path, the stress distribution around the 
cracks tip as well as the SIF values at different crack exten-
sion steps with numerical simulation. The experiments for 
verification are also carried out. The results indicate that the 
predicted crack propagation paths as well as the predicted 
FCG rate are consistent well with the experimental results. 
The investigation provides certain reference for predicting 
the crack propagation in cracked components in engineering.

2 � Related theoretical bases

2.1 � Crack growth angle

During FCG, the kink angle � determines the orientation of 
new crack front. As mentioned above, several criteria, such 
as MTS, MERR and MSED, have been used to compute the 
direction of the crack growth, and the MTS criterion is more 
popularized. Herein, it is also employed. According to the 
isotropic linear elastic fracture theory [21], the kink angle 
of the crack growth under the mixed mode (I/II) condition 
can be expressed as:

2.2 � FCG rate model

In general, the FCG process comprises three stages, namely 
the crack initiation, stable propagation and unstable rapid 
growth stage, and the FCG rate curve can also be divided 
into three parts: the near threshold part, the linear part and 
the near-critical part [22]. The widely used Paris equation 
is only valid to compute the FCG rate for the linear part and 
is ineffective for the others. While the NASGRO model is 
applicable for the whole process of fatigue crack growth, 
which is [7, 11]:
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where a represents crack length and N stands for the number 
of cycles. C and n are used to describe the material charac-
teristic, which resemble the parameters in Paris equation 
[10]; ΔK is SIF range; f is a function illustrating the crack 
front closure [23]; R is the applied stress ratio; p and q are 
exponents to describe the curvature near the threshold part 
and critical part, respectively; and ΔK

th
 is the range of the 

threshold SIF, below which crack will not propagate and can 
be described in Ref. [7]. K

max
 and K

c
 are the maximum SIF 

and critical SIF, respectively. The values of these parameters 
in the model often can be selected in material database of 
NASGRO v3 package embedded in the code Franc3D when 
typical materials are used. Presently, the material 7075-T6 
aluminum alloy is researched and the parameters can be 
obtained directly from the material database [24].

3 � Numerical simulation

3.1 � Process of FCG

To investigate the propagation process of the mixed mode 
cracks, the finite element codes Abaqus and Franc3D were 
employed jointly to predict the FCG path and compute the 
SIF, respectively. The code Abaqus embodies three main 
modules, Abaqus/Explicit, Abaqus/Standard and Abaqus/
CFD. Abaqus/Explicit is applicable to deal with the transient 
dynamic problems like high speed shocking. And Abaqus/
Standard is a static analysis module and can handle the num-
bers of linear and nonlinear issues. As for Abaqus/CFD, it is 
generally applied in fluid mechanics. In this paper, Abaqus/
Standard is utilized for modeling and stress analysis. The 
code Franc3D is a specialized software for analyzing crack 
growth behaviors.

During simulation, the Abaqus/Standard is used first to 
create the 3D finite element model, to analyze the stress field 
and to determine the location of the maximum stress, where 
the micro-crack is prone to nucleate. Subsequently, accord-
ing to the Abaqus/Standard analysis results, the Franc3D is 
utilized to insert an initial crack into the created model at 
the maximum stress location and to remesh the model. Then, 
the Abaqus is employed again to execute stress analysis. 
After that, the SIFs at the crack front can be determined in 
Franc3D based on the stress analysis results obtained from 
Abaqus. When it does not meet Kequiv ≥ KC or ΔK < ΔKth, the 
crack will propagate continuously in Franc3D and the above 
analysis steps will not finish until the condition is satisfied. 
Figure 1 depicts a brief flowchart of the utilization of the 
Abaqus and Franc3D during simulation, and the detailed 
analysis process of current case is as follows.

The finite element model of plate with two small 
holes and parallel cracks was first established using the 
code Abaqus, whose dimension was 91 × 60 × 2  mm 
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(length × width × thickness). The diameter of the holes was 
4 mm, and the cracks were 5 mm long, as depicted in Fig. 2. 
The elastic modulus and Poisson’s ratio were 71.7 GPa 
and 0.3, respectively. Element-type C3D8R, an eight-node 
hexahedral linear reduced integration unit, was used to 
mesh the developed geometrical model. The top edge of 

the model was fixed, and movement and rotation of nodes 
on the clamped edge are constrained. The bottom end was 
pulled by a cyclic load with loading ratio of 0 and maximum 
value of 8 kN which was distributed evenly over a length of 
60 mm, as shown in Fig. 2. After the stress calculation with 
Abaqus, the maximum stress and its location could be deter-
mined. Then, the .inp file could be obtained and exported 
from Abaqus.

Subsequently, the .inp file mentioned above was read in 
Franc3D, and the penetrating crack with its length 0.4 mm 
was inserted manually into two parallel crack tips, where 
the maximum stress was located. Then, the model with 
inserted micro-cracks was remeshed in Franc3D, as revealed 
in Fig. 3. Figure 4 demonstrates the meshes around the crack 
tip, where there are two kinds of elements: 15-node singular 
wedge element at the inner ring and 20-node hexahedral 
element at the outer ring. As a result of such meshing, the 
stress at the crack tip could avoid tending to infinity when 
the external loading was imposed [25]. The remeshed model 
and its corresponding information were stored into a data-
base fdb. file in Franc3D. 

Afterward, Franc3D would attempt to execute static crack 
analysis of the remeshed model based on the Abaqus Batch/
Executable information, and the results obtained from the 
previous step were utilized to compute the SIFs at the crack 
front. The above-presented procedures were repeated multi-
ple times, and the fatigue crack path and the SIFs along the 
crack front at different steps could be obtained.

Start 

Establish model and Analyze 
using Abaqus/Standard solver

 Insert the crack to the initial model 
in Franc3D V6.0

Remesh the new cracked model 
in Franc3D V6.0

Analyze the stress based on Abaqus 6.14

Calculate the SIFs  in Franc3D V6.0

Kequiv Kc

K Kth

Extend crack 
In Franc3D V6.0

Y

N

Finish

Fig. 1   Flowchart of crack propagation simulation

Fig. 2   Initial finite element 
model developed in Abaqus
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3.2 � Numerical simulation process of FCG

According to above-mentioned procedure, the propagation 
process of two parallel cracks under the mixed mode condi-
tion has been obtained. Figure 5 displays the FCG paths as 
well as stress distribution around the cracks tip at differ-
ent crack extension steps. In order to see clearly the crack 
growth path, the displacement in the model has been magni-
fied by 15 times. From Fig. 5, it can be seen that, at the 13th 
extension step (Fig. 5b), the surface crack grows 8.9 mm, 
and the predicted number of cycles is 65,037 cycles. At the 
17th step (Fig. 5c), the crack length reaches 10.4 mm, and 
the corresponding number amounts to 73,015 cycles. At the 
30th step (Fig. 5e), the crack length is increased to 13.5 mm 
accompanied with 84,576 cycles. Subsequently, the crack 
grows 14.6 mm along the direction perpendicular to the 
external loading when it is imposed by cyclic loading with 
the number of 87,982 cycles, as demonstrated in Fig. 5e–h. 
When the crack grows 15.6  mm with 91,248 cycles in 
Fig. 5i, it approaches to the opposite hole, and its growth 
direction changes obviously and turns toward the opposite 
hole, as reported in previous references [7, 26].

Figure 5 also illustrates the stress distribution around 
the cracks tip at different crack extension steps, which can 
explain the causes of the above-described crack paths. At 
the 1st crack extension step, the stress field is independent 
and only located around the crack tip. With the increase in 
the cracks length, the area of stress field around the cracks 
tip enlarges continuously. At the 13th step, two previous 
independent stress fields connect together (Fig. 5b). At the 
30th step (Fig. 5e), the contour of the merged stress field is 
approximately parallel to the loading direction. After this 
step, the crack begins to grow toward the opposite hole. 
At the 46th step (Fig. 5g), the merged stress field starts to 
separate, and to the 52nd step (Fig. 5i), it is divided into 
two separate ones thoroughly. Subsequently, the area of two 
stress fields progressively becomes small around the crack 
tips when the crack approaches to the opposite hole. In short, 
the stress field around the cracks tip has experienced three 
stages: separating–merging–separating. Moreover, it can 
also be seen from Fig. 5 that the stress field at the hole edge 
opposite to the cracked edge alters constantly. The intensity 
and domain of the stress field gradually increase due to the 
lessening cross section between two holes as well as the 
stress concentration. However, there is no crack propagation, 
because there is no initial crack insertion at this location in 
simulation.

3.3 � Calculation of SIFs

After the stress calculation with the Abaqus, the SIF val-
ues can be figured out by M-integral [27] in code Franc3D. 
Figure 6 shows the SIF values taken from the median loca-
tion of the crack front at different crack extension steps. 
The values at the 1st step are shown in Fig. 6a, from which 
KI and KII range from 200 to 250 MPa mm1/2 and 170 to 
225 MPa mm1/2, respectively, while KIII varies from − 20 

Fig. 3   Remeshed model after inserting two initial cracks into the pre-
vious model

Fig. 4   Meshed small hole and 
initial crack a overall view of 
the meshed hole and inserted 
crack, b meshes of the inserted 
crack tip

Fig. 5   Crack growth path captured from 1st to 70th steps (15 times 
magnification of the model’s displacement has been conducted) a 1st, 
b 13th, c 17th, d 26th, e 30th, f 40th, g 46th, h 47th, i 52th and j 70th

◂
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to 20 MPa mm1/2. The results exhibit that the values of KI 
and KII are greater than that of KIII, which manifests that the 
initial crack belongs to I/II mixed mode crack.

Compared with the SIFs at different steps, KI is first 
increased to 929.80  MPa  mm1/2 at 30th step and then 
decreased to 408.39 MPa mm1/2 at 50th step. During these 
steps, KI is greater than KII and KIII. Therefore, the mode I 
is predominant in the following steps.

4 � Fatigue tensile experiments

4.1 � Experimental conditions

According to developed model shown in Fig. 2, the dimen-
sion of samples was 91 × 60 × 2 mm (length × width × thick-
ness). They were cut directly from a commercial product 
7075-T6 aluminum alloy plate by wire electrical discharge 
machining (WEDM) method. Two small holes with Φ4 mm 
diameter were drilled, respectively, at location of 12.7 mm 
away from the vertical centerline of the plate. Two parallel 
cracks with 5-mm length were also fabricated by WEDM 
method, whose positions were 45° geometric angle with 
respect to the horizon direction, and the load was imposed 
along the vertical direction in experiment, as displayed in 
Fig. 7.

The fatigue tensile experiments were carried out on a 
100 kN/500 Nm servo-hydraulic fatigue testing machine. 
During experiments, the specimens were clamped by 
the upper and lower chucks of the setup, respectively, as 

displayed in Fig. 8. The location of upper chuck was fixed, 
and the lower one was driven by hydraulic cylinder. The 
tests were conducted at room temperature of 25 °C, and the 
applied parameters in current case are tabulated in Table 1 
in detail.

4.2 � Experimental results

Figure 9 briefly reveals the fatigue growth processes of 
two mixed mode cracks under constant amplitude loading, 
which are recorded by an industrial camera at a certain time 
interval. The number of cycles is also counted by the com-
puter. As shown in Fig. 9, the length of two cracks increases 

Fig. 6   SIFs of the crack front at 
different crack extension steps 
a, b, c and d show the SIFs at 
the 1st, 15th, 30th and 50th 
step, respectively

Fig. 7   Geometry of the samples employed in the experiments
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progressively with the enhancement of the number of cycles, 
and the length of two fatigue cracks is roughly equal and the 
trajectories are similar. Under the function of cyclic loading, 

the cracks start propagating due to stress concentration at 
the cracks tip. When the number of cycles is about 57,282 
cycles, the lengths of two cracks grow approximately 8.8 
and 8.6 mm, respectively. When it is up to nearly 71,150 
cycles, two lengths are increased to 10.6 and 10.5 mm, 
respectively. To 80,696 cycles, the corresponding values are 
about 12.7 and 12.4 mm. And then to about 93,583 cycles, 
they reach to 15.8 and 15.4 mm, respectively, as displayed 
in Fig. 9e. Meanwhile, new micro-cracks can be observed 
at the hole edge opposite to the cracked side. When it adds 
up to 130,372 cycles, the cracks grow 18.5 and 17.4 mm, 
respectively, and approach to the edge of opposite hole. At 
the same time, the newborn cracks also grow further, as 
shown in Fig. 9f.

4.3 � Comparison between the experimental data 
and simulation results

Figure 10 depicts the relationship between the crack length 
a and the corresponding number of cycles N according to 
the test data. Here, the crack length a refers to the average 
values of two above-mentioned cracks. In order to compare 
directly, the predicted results are also plotted. In Fig. 10, 
when the length of crack is about 8.8 mm, the number of 
cycles is about 57,282 cycles in experiments, while the pre-
dicted value is 64,562 cycles in simulation, which deviates 
roughly 12.7% from the experimental value. When the crack 
length reaches about 10.6 mm, the corresponding experi-
mental and numerical results are 71,152 and 73,815 cycles, 
respectively, and the deviation between them is about 3.7%, 
which indicates that the experimental curve is consistent 
with the predicted one. It also can be seen from Fig. 10 
that both the numerical and experimental curves, a versus 
N, become steeper and steeper at the early stage of crack 

Fig. 8   Experimental condition as well as the sample

Table 1   Experimental parameters

Parameters Numerical value

Load amplitude F 8 (kN)
Stress ratio R 0
Load type Sinusoidal loading
Frequency 15 (Hz)
Testing machine model PLN-100/500

Fig. 9   Propagation processes of 
two pre-cracks under experi-
mental condition
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propagation when the number of cycles is increased, which 
indicates that the cracks grow faster and faster. However, at 
the later stage of crack propagation, the experimental curve 
progressively tends to flat, which indicates that the crack 
growth rate becomes slow. The experimental data obviously 
deviate from the predicted ones, which are attributed to two 
new cracks generated at the hole edge side opposite to the 
initial cracked one. The newer crack propagation consumes 
much energy and correspondingly reduces pre-crack growth 
driving force, so the pre-crack growth rate slows down when 
the newer cracks occur at the higher number of cycles. In 
order to decrease stress concentration to inhibit the crack 
initiation at the hole edge, some surface processing technolo-
gies are employed to induce compressive residual stress such 
as shot peening and laser shot peening [28–31].

Figure 11 displays the predicted FCG paths and experi-
mental ones. From Fig. 11, it can be seen that they have a 
similar tendency and the predicted ones deviate slightly from 
the test results, which verify the correctness of the numerical 
simulation. In addition, the propagation path of prefabricated 

crack stemming from the left side is central symmetric to 
the one from the right side and it has also been reported in 
Ref. [15], which also validates the established model further.

5 � Conclusions

In the paper, the fatigue growth process of the mixed mode 
cracks has been investigated by FEM and fatigue tensile 
tests. The predicted results are consistent with the find-
ings in experiments. Several conclusions can be drawn as 
followings:

1.	 Under the constant amplitude cyclic loading, the stress 
fields around the cracks tip vary continuously. The domi-
nant mode of cracks in thin plate turns into mode I from 
the initial mixed mode I/II.

2.	 When acted by external fatigue loading, two centrosym-
metrical cracks in thin plate grow faster and faster. The 
stress fields around the crack tips are centrosymmetrical, 
and their growth paths are also centrosymmetrical.

3.	 The intensity of stress field at the hole edge side opposite 
to the cracked side becomes stronger with the length 
enhancement of two prefabricated cracks, and its area 
also becomes larger.

4.	 The code Franc3D together with Abaqus can effectively 
predict the propagation processes of two parallel cracks 
in thin plate.
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