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Abstract: Rivets are usually used to connect the skin of an aircraft with joints such as frames and
stringers, so the skin of the connection part is a porous structure. During the service of the aircraft,
cracks appear in some difficult-to-detect parts of the skin porous structure, which causes great
difficulties in the service life prediction and health monitoring of the aircraft. In this paper, a
secondary development subroutine in PYTHON based on ABAQUS-XFEM is compiled to analyze
the cracks that are difficult to monitor in the porous structure of aircraft skin joints. The program can
automatically analyze the stress intensity factor of the crack tip with different lengths in the porous
structure, and then the residual fatigue life can be deduced. For the sake of safety, the program adopts
a more conservative algorithm. In comparison with the physical fatigue test results, the fatigue life of
the simulation results is 16% smaller. This project provides a feasible simulation method for fatigue
life prediction of porous structures. It lays a foundation for the subsequent establishment of digital
twins for damage monitoring of aircraft porous structures.

Keywords: crack propagation; fatigue life calculation; porous structure; extended finite element method

1. Introduction

Cracks in porous structures are a significant contributor to widespread fatigue damage
in aircraft. Extensive experimental studies have demonstrated that the fatigue life of a
porous collinear crack structure is substantially shorter than that of a single-hole single
crack. As a result, the presence of multihole collinear cracks is a crucial factor influencing
the prediction and assessment of aircraft fatigue life.

For the study of crack propagation in porous structures, the crack stress intensity
factor (SIF) should be obtained first. At present, the stress intensity factor methods for
different structures are as follows: The SIF approximate analytical solution of a typical
porous multicrack problem can be obtained using the Eshelby inclusion theory and the
weight function method [1]. Using the finite element calculation model, a variety of
porous multicrack SIFs can be obtained [2]. The SIF of the multiple site damage (MSD)
of porous structures is solved by the boundary correction factor combination method [3].
The boundary-based finite element method (BFEM) is used to deal with two-dimensional
anisotropic elastic solid problems with multiple holes and cracks. The SIF is calculated
with the newly revised formula [4]. For a variety of different porous multicrack structures,
the composite method is used to evaluate SIF by superimposing a set of appropriate
elementary solutions to consider different geometric boundaries [5]. The integral mean
is used to quantify the SIF at the crack tip [6]. The multicrack SIF is obtained with the
prediction—correction method combined with the improved virtual crack closure integral
(MVCCI) method [7]. Based on the Cauchy integral method in complex variable theory, Rao
established a new integral equation method to solve the SIF of the interaction of anisotropic
elastic solids with multiple elliptical holes and cracks under remote stress and nonuniform
surface stress [8].
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For the study of fatigue crack propagation, there are, mainly, the following methods.
By studying the phase field method, based on the variational method of damage location,
the complex crack trajectory is described [9]. The interaction between multiple cracks
and crack propagation is studied using the boundary element method [10]. The complex
variable function is used to derive the stress function, and the complex multipoint damage
(MSD) problem can be transformed into a simple single-point damage problem by using
the approximate superposition method [11]. Through multiple sets of fatigue tests and
the Wiener process of failure mechanisms, a method to describe the random fatigue crack
propagation process is obtained [12]. Seifi conducted finite element method simulation
tests and physical experiments on hollow prenotched plates with multipoint damage
(MSD) to evaluate the effects of parameters such as thickness, aperture, and hole center
distance on crack propagation [13]. Wang theoretically studied the multipoint damage
(MSD) crack propagation behavior in mechanically fastened fiber metal laminate (FML)
joints and modeled the effects of bearing and bypass loads. The model can successfully
predict the rapid crack propagation near the fastener hole caused by the interaction of
bearing stress and the crack [14]. Cui used a finite element model of centerline cracks under
small-scale yield conditions to study the effect of interaction between holes in front of the
crack on the ductile fracture process [15]. Chang studied the crack propagation of porous
hybrid S2-glass-reinforced aluminum laminates with multipoint damage (MSD). Based
on the empirical Paris formula, the stress intensity factor is calculated, and an analytical
crack growth model for predicting the crack growth rate is established to predict the
trend of MSD average crack growth [16]. Ambriz studied the effect of the variable load
spectrum on fatigue crack growth (FCG) [17]. Doan established the vibration equation
using the finite element method to simulate the free vibration response of the cracked
nanoplate, considering the flexoelectric effect [18]. Cong used the modified couple stress
theory and the phase field theory to study the crack propagation behavior of plane strain
microplates [19]. Based on a complete mathematical model, Truong Anh established a
von Mises strength model using the highly nonlinear dynamics software AUTODYN to
solve the problem of metal plate damage in contact with an explosive charge [20]. Van Do
used the phase field model to study the thermal buckling of functionally graded material
(FGM) plates with cracks [21]. Based on the improved Paris model and particle filter (PF)
framework, Wang proposed a new multifatigue crack growth prediction method to predict
metal multicracks. By introducing the coupling interaction of multiple cracks in the SIF
expression, the modified Paris formula is used to predict the propagation of multiple
fatigue cracks. In addition, the PF framework is used to combine the prediction results of
the modified Paris model with the measurement results of the online monitoring model
to reduce the uncertainty of material parameters and obtain more accurate prediction
results [22]. Lv wrote the secondary development extended finite element program of
the finite element software Abaqus in the Python language to simulate the fatigue crack
propagation of the aluminum plate [23].

For porous collinear cracks, the boundary finite element method is suitable for the
general case of porous collinear cracks [24]. Xu applied the weight function method to
study the cracks in the collinear side holes of aircraft structures and any small cracks
generated by multiple collinear holes in infinite sheets and gave an explicit closed-form
weight function. An approximate weight function method is proposed to calculate the
stress intensity factor of small cracks in collinear holes, which is more efficient than the
finite element method [25]. Moreover, the initiation point and propagation rate of multihole
collinear cracks can be studied by examining the fracture surface [26]. For porous collinear
cracks, when the crack does not penetrate a hole, the hole is equivalent to a crack stop
hole. At present, most of them are based on finite element simulation to study the repair
effect of different crack arrest hole arrangements [27] and optimize the parameters of crack
arrest holes to improve the crack arrest effect [28]. Malekan studied the effects of arresting
holes and multiple microcracks and elliptical holes with different characteristic lengths
and geometries on fatigue crack growth of aluminum alloy plates using the extended finite
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element method [29]. Ahmed used the boundary crack method (BCM) to simulate the
porous multicrack plate and predicted the crack propagation path and fatigue life [30].
Bhatia studied the effects of different layouts of the two holes and the layout and size of
different repair plates on the fatigue life of the repaired laminates [31].

In this paper, based on the PYTHON secondary development subroutine of ABAQUS-
XFEM, the strength factor and crack propagation process of different lengths of cracks in
the porous structure are automatically calculated, and then the residual fatigue life of the
structure is derived. By comparing with the results of a physical fatigue test, the safety
and effectiveness of the method are verified, which provides a method for the subsequent
establishment of digital twins for damage monitoring of aircraft porous structures.

2. Stress Intensity Factor and Fatigue Crack Propagation Theory
2.1. Stress Intensity Factor

The stress boundary conditions of the mode I crack under uniaxial tension are shown
in Figure 1.
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Figure 1. Stress boundary conditions of mode I crack under uniaxial tension.

The stress field in the vicinity of the crack tip (r — 0) under uniaxial tension is shown
in Equations (1)—(3):

K 0 0
Oy = I COSG[l — gin - sin 37] +O(1’1/2) (1)
27tr 2 2
Ki 0 . 30 "
Oy = cos 01 + sin = sin —] 4+ O(r 2
Y 27ty [ 2 2} (r'’<) ()
K 0 0 0

RN T R R

O(r'/2) is the stress field near the high-order fatigue crack tip that changes with the
coordinate. When the crack type is given, the stress field distribution can be determined.
The stress near the crack tip is singular. In engineering practice, the stress singularity at the
crack tip will produce relaxation caused by plasticity due to the limitation of material yield.
The stress intensity factor is independent of the coordinates of the crack tip, which mainly
reflects the stress intensity near the fatigue crack tip. The value of the stress intensity factor
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is mainly determined by the size of the applied external load, the loading method, and the
geometric shape of the cracked body. The specific expression is shown in Formula (4):

K[ = ﬁﬂ'm (4)

In the formula, Kj is the stress intensity factor, o is the applied stress, and a is the
fatigue crack length. The stress intensity factor correction factor is a dimensionless function
related to the crack shape, load-loading method, geometric parameters of the cracked body,
and other factors.

For the extended finite element method, we can obtain the stress value at the crack
tip through simulation analysis and then calculate the stress intensity factor value through
Formulas (1)-(3).

For the crack tip stress of mode II (sliding mode) subjected to uniform pure shear
stress, calculations can be performed as shown in Formulas (5)—(7):

_ K0 0 05 1/2
Ox = ——sin 2[2 +cos 5 cos | +0(%) (5)
oy = o Sin 5 cos 5 cos +0O(r'/9) (6)

Ki 6. . 6 30 .
= 71 —sin - sin = 7
Tay mcosz[ sin 5 sin 2]+O(r ) (7)

In the formula

Ky = pty/ma (8)

For the extended finite element method, we can obtain the stress value at the crack
tip through simulation analysis and then calculate the stress intensity factor value using
Formulas (5)-(7).

2.2. Fatigue Crack Propagation Analysis Model

The Walker formula is based on the Paris formula and considers the influence of the
stress ratio on the crack propagation life, as shown in Formula (9):

da/dN = C(Z - Kmax)" )

The meaning of each parameter is as follows:
Maximum stress intensity factor Kmax:

Kmax = ﬁ " OmaxV 7t4 (10)

In the formula, 0may is the maximum working principal stress,  is the comprehensive
correction factor, and a is the crack length under the cracking mode.
Minimum stress factor Z:

(1-R)",0<R<1.0
Z={ (1-R)7,R<0 (11)
0,R=10

In the formula, m and q are the expansion performance parameters of the material,
and R is the stress ratio.

This is compared with ignoring the influence of the loading sequence under constant
amplitude load. The Willenborg-Chang model considers the effect of variable amplitude
load based on the improved Walker formula. An effective stress ratio is introduced to
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replace the nominal stress ratio R, which mainly considers the influence of the loading
sequence on the expansion rate.

da/dN = C(

AK )"
(1= Repp)' ™"

(12)

3. Fatigue Crack Propagation Simulation Based on XFEM
3.1. The Calculation of the Stress Intensity Factor Based on ABAQUS-XFEM

The finite element analysis model shown in Figure 2 is established. The crack is located
at the left edge of the thin plate and uniformly loaded at both ends.
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Figure 2. Edge-penetrating crack model of finite-width plate.
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+1.5756+00 gt
+5.413e-04 :
+7.084e-01

The stress cloud diagram of the corresponding extended finite element model with
different crack lengths is shown in Figure 3.

+2.571e-03

Figure 3. Stress cloud diagram of type I crack propagation finite element model with (a) crack length
a =16 mm; (b) crack length a = 8 mm.

The stress intensity factor at the crack tip is calculated as shown in Table 1. The
calculated results are compared with the analytical models of finite width, edge-penetrating
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crack, and far uniform tensile load. The stress intensity factor of the engineering algorithm
is shown in Formula (13):

K = o/mag(g) (13)
¢(&) = 1.12 — 0.231¢ + 10.55¢%— 1)
21.72¢3 + 30.39¢4
=a/W (15)
Table 1. Comparison of stress intensity factor results.
Crack Length and Proportion K/(MPay/mm)
a (mm) AW XFEM Theoretl.cal Error Ratio
Calculation
8 0.1 6.02 5.86 2.7%
16 0.2 10.32 10.41 0.8%

The calculation results are shown in Table 1. The maximum error of the stress intensity
factor calculation results of the crack lengths of 8 mm and 16 mm is about 3%.

3.2. Fatigue Crack Propagation Life Analysis Example Based on ABAQUS-XFEM

After determining the method of calculating the stress intensity factor at the crack
tip and the fatigue crack growth rate, the fatigue crack growth life can be estimated. The
PYTHON language subroutine based on ABAQUS-XFEM is compiled, which combines the
calculation of the stress intensity factor and the calculation of the fatigue crack growth rate
and realizes the calculation of the fatigue crack growth life of cracked structures.

The analytical model shown in Figure 4 is established. The crack propagation life from
8 mm to 32 mm is calculated with the engineering algorithm and extended finite element
method, respectively.

O, = 50MPa

[ L1

jany
" 2a, I 0

(3]

(e
t=35mm 5
W =80 mm

N

Figure 4. Crack propagation analysis model of center-cracked plate with finite width.

The cracking mode of the flat plate is the linear cracking mode. The Walker formula is
used to calculate the crack propagation life. The material properties related to the crack
propagation rate are C = 2.34 x 10712, n = 3.2, m = 0.6.

(1) The engineering algorithm to calculate crack propagation life is as follows:
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The number of cycles of crack propagation life is calculated using the variable separa-
tion method:

Gel" 1740732
Ne=|—| = |—— = 85714. 1
f { - } [ 50 } 85714.36 (16)
The geometric material factor is
af —n /n
Ge = [clf (Bv/7a) da] — 1740 (17)
ap
The correction factor formula is
ta
B=/sec(5y) (18)

(2) The extended finite element method to calculate crack propagation life is as follows:

The stress cloud diagram of crack propagation under different crack lengths is shown
in Figure 5 (the amplification factor is 100).

S, Mises S, Mises

(Avg: 75%) (Avg: 75%)
+1.559e+04 +2.044e+04
+1.440e+04 +1.884e+04
+1.321e+04 +1.724e+04
+1.202e+04 +1.564e+04
+1.083e+04 +1.404e+04
+9.639e+03 +1.244e+04
+8.4482+03 +1.084e+04
+7.257e+03 +9.235e+03
ii.gggeigg +7.635e+03

. e
+3.685e+03 13:3322183
+2.494e+03
3 A0aet0s +2.834e+03

+1.303e+ +1.234e+03

(a) (b)

Figure 5. Crack propagation stress cloud diagram under different crack lengths with (a) crack length
2a = 15 mm; (b) crack length 2a = 24 mm.

The crack propagation life comparison results of the engineering algorithm and the
extended finite element method are shown in Figure 6.

--------- ENgINEENNg .!lgonthm

164 woenneene gxtended finite element method

Crack length (mm)

b T T T T T
0 20,000 40000 60,000  B0,000 100,000
Number of cycles

Figure 6. Crack length—cycle number curve.

It can be seen that the crack propagation life analysis curves of the extended finite
element method and the engineering algorithm are basically consistent.
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4. Test and Simulation of Structural Fatigue Life Analysis Considering
Damage Accumulation

4.1. Simplified Analysis Model of Fatigue Life Example Considering Damage Accumulation
4.1.1. Establishment of Analysis Model

The analysis model shown in Figure 7 is established, and the initial state is assumed
to be as follows: there is an initial crack of 5 mm at hole A, and the initial damage at hole B
is zero. The crack propagation life is calculated in two stages. In the first stage, calculate
the crack propagation life when the initial crack with a length of 5 mm from A extends to
edge C, and calculate the fatigue damage accumulation at hole B at the same time. In the
second stage, the crack has penetrated the AC, and the life of the initial crack at hole B due
to damage accumulation through to the failure of the entire analysis structure is calculated.

Loading direction

L = 180 mm

N /|
Area-1 Area-2

W =120 mm
Fatigue crack propagation area
/ o
y fL\
\?
BaIE TORRMIIMOdE Jorm andne ]

Q=40 mm

Loading direction
Figure 7. Crack propagation analysis model considering damage accumulation.

The first stage analysis method of crack propagation is as follows: With the loading
of fatigue load, the fatigue crack propagation life at hole A is calculated with the fracture
mechanics crack propagation method, and the damage accumulation at hole B is calculated
with the damage mechanics method. In other words, the crack propagation and damage
accumulation are considered in the analysis process, and the fracture mechanics and
damage mechanics are effectively combined. The main realization method is to set up two
different materials, which are described as follows:

The material type in the crack propagation zone (as shown in Figure 7, ‘Area-1") does
not consider the cumulative fatigue damage. The main reason is that fracture mechanics
and fatigue damage theory are two mutually analytical life theories.

In the process of crack propagation, there will be damage at hole B in the area “Area-2’
(as shown in Figure 7). At this time, the damage variable is added to the material properties
of the area ‘Area-2’, and the USDFLD subroutine based on the fatigue damage evolution
equation is written to realize the damage accumulation of the ‘damage accumulation area’
in the process of crack propagation and realize the whole life analysis of crack propagation.

4.1.2. Fatigue Damage Evolution Equation

In 1958, L.M. Kachanov first proposed the introduction of continuity to reflect the
continuous deterioration of materials. He believed that the deterioration mechanism of
materials was the reduction of the effective bearing area caused by microdefects.

For the one-dimensional stretching case shown in Figure 8, the continuity ¢ is shown
in Formula (19).

(19)

s N
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!

Figure 8. Damage diagram of uniaxial tensile body.

A is the apparent bearing section area of the material in the nondamaged state, and A
is the effective bearing section area in the damaged state.

¢ = 1 indicates that the material state is an ideal state without any defects, and ¢y = 0
indicates that the material state is completely destroyed. When ¢ reaches a critical value,
the material is destroyed, and the failure criterion is

P =1 (20)

Rabotnov, Y.N. extended the above concept, and the damage degree was proposed to
describe the damage:

A—A  Ap
D=1-¢p="—=— (21)
The damage variable expressed by elastic modulus is shown in Formula (22):
Ep
D=1-—7 22
L 22)

Ep is the elastic modulus of the damaged material.
For fatigue damage analysis, the damage evolution equation of isotropic linear elastic
damage material under fatigue load is shown in Formula (23):

dD a1 PH 1 242 2p+2
AN~ p+1V2E W[Ue,mm —oy ] (23)

Among them, 0, 4y is the equivalent stress corresponding to the maximum load of
the material, «, p are the damage parameters, and oy, is the damage threshold stress of
the material.

4.1.3. Finite Element Simulation of Fatigue Life Analysis

The material of the analysis model is LY12-CZ, and its material properties are shown
in Table 2. The upper and lower surfaces are subjected to uniformly distributed equal
amplitude loads, Smax = 60 MPa, Spin = 20 MPa. The finite element simulation mesh is
shown in Figure 9, and the crack propagation zone and hole edge are refined.
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Table 2. LY12-CZ material properties.

Parameters Values

C 45x 1011
n 3.41
KIC/ MPay/m 23.2
Kth0/ MPay/m 2.76
E/GPa 68
u 0.33
op/MPa 443
oys/MPa 322

Figure 9. Analysis model meshing (the green line is a grid line, which is closer to the area that needs
to be analyzed more intensively).

Since the analysis model is a constant amplitude fatigue load, the crack growth rate
formula uses the Walker formula to calculate the crack growth life, where the stress ratio
and the material crack growth rate are related parameters. In addition, the stress intensity
factor is calculated by the extended finite element method, and the fatigue damage is
accumulated according to the fatigue damage evolution equation.

The finite element simulation results of the first stage of crack propagation are as
follows: when the cycle life n = 68,628 times, the crack at hole A extends to 23.31 mm, the
crack is unstable, the stress intensity factor reaches the critical value K;c = 23.2 MPay/m,
and the damage value at hole B reaches D = 0.297.

According to the finite element simulation results, the stress intensity factor K;j at hole
A changes with the crack propagation length, as shown in Figure 10.

With the continuous loading of fatigue load, the crack at hole A grows. When the crack
length is less than 20 mm, the stress intensity factor Kl increases at a stable rate. When the
crack length is greater than 20 mm, the growth rate of stress intensity factor K; increases
continuously and reaches the critical value of the stress intensity factor at a faster rate.

According to the finite element simulation results, the number of fatigue cycles in the
first stage of crack propagation, the crack length at hole A, and the damage accumulation
at hole B are shown in Figure 11.
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Figure 10. Curve of stress intensity factor with crack propagation length.
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Figure 11. Finite element simulation results of the first stage of crack propagation with (a) crack
length—cycle number curve at hole A; and (b) D-cycle curve of damage accumulation value at hole B.

From the analysis of Figure 11, we see that the basic growth trend of the two curves is
the same. With the loading of fatigue load, the crack length at hole A and the maximum
damage at hole B initially increase at a stable rate. After the number of cycles reaches a
certain stage, the crack length at hole A, and the maximum damage at hole B, the growth
rate increases continuously.

According to the finite element simulation results, in the first stage of crack propaga-
tion, with the increase in the number of cycles, the crack length at hole A increases and the
damage accumulation distribution cloud map near hole B is shown in Table 3.

Table 3. The crack length at hole A and the damage at hole B under different cycles.

Total Number of Cycles N Hole A Crack Length Hole B Damage D
10,356 6 mm 2.78 x 1072
40,875 10 mm 1.25 x 101
59,693 16 mm 2.09 x 1071
65,861 20 mm 252 x 1071

68,628 23 mm 293 x 1071
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S, Maxu, Principal
(Avg: 759%)
+2.,3242+02
+2,130e+02
+1,936e+02
+1.742e+02
+1.548e+02
+1,354e+02
+1.161e+02
+9.666e+01
+7.726e+01
+5,787e+01
+3.847e+01
+1.208e+01
-3.185-01

Among them, when the number of cyclic loading is N = 10,356, the crack length at
hole A is 6 mm, and the maximum damage at hole Bis D = 2.78 x 10~2. The stress cloud
diagram and damage distribution diagram of the overall structure are shown in Figure 12.

S, Max. Principal
(Avg: 75%)
+2.785e-02
+2.553e-02
+2.321e-02
+2.089e-02
+1.857e-02
+1.624e-02
+1.392e-02
+1.160e-02
+9.283e-03
+6.962e-03
+4.6041e-03
+2.321e-03
+0.000e+00

(a) (b)

Figure 12. When the number of cyclic loading is N = 10,356, the stress cloud diagram and damage
distribution diagram of the model are analyzed. (a) Stress cloud, and (b) damage distribution.

4.2. Damage Fatigue Tolerance Test and Finite Element Simulation of Skin Porous Structure
4.2.1. Damage Tolerance Test Equipment and Test Methods

The fatigue damage tolerance test of the test piece shown in Figure 13 is carried out.
The test piece is a typical aircraft stringer connector. Through the damage tolerance test
of two groups of test pieces, the fatigue life of each test piece and the load-loading times
under the corresponding fatigue crack length are obtained.

Figure 13. Fatigue damage tolerance test piece.

The fatigue damage tolerance test equipment is shown in Figure 14.
The loading accuracy of the machine is 1%, which meets the requirements of
fatigue testing.
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Figure 14. SDM100 electrohydraulic servo fatigue test machine.
4.2.2. Test Results and Crack Propagation Path Analysis
The loading load and test results of each test piece are shown in Table 4.
Table 4. Test loading table.
Test Piece Crack Initiation Situation Peak-Valley Value of Load/KN
The first test piece A (right) hole edge appears: 1.6 mm fatigue crack. 12.369/0.84
The second test piece A (left) hole edge appears: 1.5 mm fatigue crack. 12.369/0.84

The fracture paths of each test piece are as follows:

The fatigue crack of the No. 1 test piece initiates from the boundary of the A rivet on
the top right of the back of the test piece and expands to the B rivet. When it expands to the
right to about 5.2 mm, fatigue cracks are also generated at the right end of the A rivet and
rapidly expand to the right boundary. After the fatigue crack extends to rivet B, at this time,
after a certain period of fatigue cycle, the crack on the right side of rivet B initiates and
then extends to rivet C, and the crack propagation gradually accelerates. When the crack
extends to rivet D, the crack propagates unsteadily. The photos of fatigue crack initiation
and the crack propagation path of the No. 1 test piece are shown in Figure 15.

Figure 15. Fatigue crack initiation and fracture path of No. 1 test piece.

The fatigue crack of the No. 2 test piece initiates from the boundary of the A rivet on
the top right of the back of the test piece and expands to the B rivet. When it expands to
about 5 mm to the left, fatigue cracks are also generated at the right end of the A rivet and
rapidly expand to the right boundary. After the fatigue crack extends to rivet B, at this time,
after a certain cycle of fatigue cycle, the crack initiates on the left side of rivet B and then
extends to rivet C, the crack propagation gradually accelerates and then extends in turn
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until the rivet E, the test piece breaks, and the test is completed. The photos of fatigue crack
initiation and fracture path of the No. 2 test piece are shown in Figure 16.

Figure 16. Fatigue crack initiation and fracture path of No. 2 test piece.

In summary, the crack of the No. 1 test piece and No. 2 test piece initiates from A
near the inner side and expands to B. When the crack expands to about 5 mm, the crack is
generated on the other side of the hole A and rapidly expands to the plate boundary. In
this paper, it is mainly considered that the crack of the No. 1 and No. 2 test pieces initiates
a 1.5 mm crack inside hole A and expands to hole B, and the damage accumulation outside
hole A is considered.

4.2.3. Finite Element Simulation of Test Piece

When the fatigue crack propagation simulation analysis is carried out on the whole
test piece model, the calculation data are too large. Therefore, the detailed analysis area
of the test piece is selected for fatigue crack propagation simulation, and the initial crack
length is 1.5 mm. Crack propagation is simulated in two stages.

The first stage: The initial crack at the right end of hole A is 1.5 mm. When the crack
extends to a certain length, the damage accumulation on the left side of hole A reaches a
critical value. Due to the randomness of damage in engineering practice, the initial damage
on the left side of hole A is ignored in the simulation process of this paper. It is assumed
that the initial damage is 0 and the critical damage is 1.

The second stage: The crack initiates on the left side of hole A and penetrates to the
boundary, then expands to the right side with a new initial crack.

The first stage of finite element simulation of crack propagation: When the crack on
the right side of the hole expands from the initial crack 1.5 mm to 5.36 mm, the damage
value on the left side of hole A reaches the critical value D = 1 and the number of cycles
N =36,532. The curve of the damage on the left side of hole A with the number of cycles is
shown in Figure 17.

1.0 4 = = = Damage curve with cycle number

Damage
o
=
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0 5000 10,000 15000 20,000 25000 20,000 35000 40,000
Cycle life

Figure 17. The curve of the left side injury of hole A with the number of cycles.
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When the crack extends to 1.8 mm, the number of cycles is N = 5835, and the stress
cloud diagram is shown in Figure 18.

5, Mises
(Avg: 75%)

+5.96%+03
+4.485e+03
+3.001e+03
+1.517e+03
+3.263e+01

Figure 18. Finite element simulation of the stress cloud of the first stage of crack propagation.

The second stage of finite element simulation of crack propagation: The crack pene-
trates the left boundary; when the crack on the right side of hole A extends to 23.75 mm
(the actual crack length is 35.75 mm) and the crack propagation life N = 75,753 times, the
crack is unstable and expands rapidly to the left side of hole B.

Among them, when the crack on the right side of hole A expands to 13 mm (the actual
crack length is 25 mm), the number of cycles N = 58,946, the stress cloud diagram and local
amplification are shown in Figure 19.

S, Mises

(Avg: 75%)
+8.636e+03
+8.110e+03
+7.584e+03
+7.058e+03
+6.532e+03
+6.006e+03
+5.480e+03
+4.9542+03
+4.428e+03
+3.902e+03
+3.376e+03
+2.850e+03
+2.324e403

Figure 19. The stress cloud when the crack on the right side of hole A extends to 13 mm.

4.2.4. Finite Element Simulation and Test Results Analysis

In order to consider the damage accumulation on the left side of hole A, the crack
propagation in the AB section is simulated. The comparison between the XFEM simulation
data and the experimental data is shown in Figure 20.

—=— Test piece No. 1

—e— Test piece No. 2
—a— XFEM f‘r

25 1

20

-
i
il

Crack length {(mm)
=

0 20,000 40,000 60,000 80,000
Mumber of cycles

Figure 20. Comparison of XFEM simulation data and experimental data of crack propagation life.
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It can be seen from the above figure that the growth trend of finite element simulation
and experimental data is basically the same. In the early stage of crack propagation (initial
crack on the left side of hole A), the number of cycles increases at a stable rate with crack
growth. In the later stage of crack propagation (crack penetrates to the boundary), the
initial crack length increases by 12 mm, and the change rate of the number of cycles with the
crack length is completely different from that in the early stage. Then, the crack propagates
stably at another rate until the crack propagates to 23.75 mm (the actual crack length is
35.75 mm). The crack is unstable and propagates rapidly to crack B.

By comparing the finite element simulation with the fatigue damage test data, we
see that the error between the final simulation results and the test data is 3%. Because
the initial damage on the left side of hole A is not considered in this paper, the number
of cycles in the initial stage of crack propagation is larger than the experimental data. In
addition, the life difference between the finite element simulation and the experimental
data is N = 13,000 times when the crack propagation is 5.36 mm, and the actual error is
about 13,010/77,945 = 16%, which is within the allowable error range of the project. In
order to ensure safety, in the simulation test, a more conservative and higher safety factor
simulation method is usually used to ensure that the life obtained by the physical test
results is 10% to 20% larger than the simulation results. The simulation method in this
project uses the conservative Walker formula, and the crack propagation rate formula does
not consider the crack hysteresis effect. From the error comparison, we find that the method
meets the design requirements of the simulation.

5. Summary

An extended finite element simulation analysis of a thin plate structure with a single
eccentric hole, taking into account damage accumulation during crack propagation, was
conducted. This analysis establishes a foundation for simulating fatigue damage tolerance
in porous skin structures.

Furthermore, the fatigue damage tolerance test of the porous skin structure was
simulated using a more conservative theoretical algorithm. When compared with the test
results, the actual error is approximately 16%, meeting the requirements for engineering
accuracy. The validity of the simulation program effectively addresses the issue of fatigue
life in porous structures, from zero initial damage to structural failure, through extended
finite element simulation.
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