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Abstract: The stress intensity factor represents a vital parameter within the realm of linear elastic
fracture mechanics. It acts as the cornerstone in determining crack propagation and evaluating
damage tolerance. However, calculating this factor is a complex task. To surmount this challenge,
models of the stress intensity factor for both edge and center cracks were developed using the
extended finite element method. The result of this effort is the ability to calculate the stress intensity
factor at the crack tip under different loads and normalized crack lengths. The accuracy of these
calculations was confirmed by comparing them to results from the NASGRO method, and the optimal
mesh sizes for both the crack elements and overall units were established. Further analysis, conducted
through MATLAB’s regression analysis, led to the development of an empirical model. This model
was found to be both simple and reliable, making it an ideal tool for engineering applications.

Keywords: extended finite element method; edge crack; central symmetric crack; stress intensity
factor; model development

1. Introduction

For the industrial purpose, the quality of the essential parts in related equipment
is increasingly needed to be improved [1-5], and with the advancements in information
technology, advanced manufacturing engineering, and the new energy industry, enhancing
the stability and performance of core parts has become increasingly crucial [6-9]. The
distribution of stress and resulting fractures on the surface and subsurface of these parts
can greatly impact their lifespan [10-13]. The conventional crack analysis techniques such
as linear elastic fracture mechanics and finite element analysis have long been used, but they
suffer from limitations such as inability to accurately capture microscale crack propagation
and assumptions of small deformations and linear elasticity [14]. The peridynamic-based
method presents an alternative, a nonlocal, particle-based approach that accurately depicts
crack behavior at the microscale by considering material behavior as interactions between
individual material points rather than continuous body deformation [15,16]. This method
has proven successful in simulating crack propagation in both brittle and ductile materials
and analyzing extreme loading failure behavior in structures [17,18].

The stress intensity factor, a central component in linear elastic fracture mechanics, has
been a challenging problem to solve [19]. This difficulty arises from the singular stress at
the crack tip of linear elastic materials, which becomes increasingly intense as the distance
to the tip decreases and ultimately leads to nonconvergence in calculation results [20].
Efforts to address this challenge have yielded several methods, with the extended finite
element method (XFEM) proposed by Belytschko and Black in 1999 being widely used [21].
This is due to its ability to handle cracks originating from force concentration or geometry
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discontinuity and its ability to capture the large stress concentrations that occur around
crack tips, leading to crack propagation. In contrast, prior to the widespread use of XFEM,
the finite element method (FEM) was used to address structural engineering problems;
however, it faced significant difficulties in addressing discontinuities or singularities around
crack tips [22]. Challenges with FEM included the requirement of mesh regeneration to
align with crack boundaries, which led to stress concentration, and the need for mesh
refinement, both of which negatively impacted prediction accuracy and computational
efficiency. To address these issues, Belytschko and Black introduced the XFEM, a novel
method based on the research of Melenk and Babuska [23], which significantly reduces the
need for mesh refinement. Today, XFEM is a popular tool for studying crack propagation
under varying loading and environmental conditions, and its success is attributed to its
formulation based on the conventional FEM partition of unity theorem. The XFEM method
is powerful in numerical modeling as it enriches conventional FEM mesh by incorporating
special shape functions to account for displacement and discontinuity.

XFEM was considered well suited for crack propagation and was implemented in
commercial software, such as ABAQUS and ANSYS [24,25]. Researchers have demon-
strated the accuracy and efficiency of the XFEM method through various applications and
improvements. Yu [26] used ABAQUS software to carry out the calculation of the XFEM
method and deduced the governing equation of the cohesive crack model, which greatly
simplified the calculation process of the stress intensity factor. The utilization of XFEM
in the simulation of crack propagation and its impact on the behavior of Zircaloy-4 was
undertaken by Suman et al. [27,28]. Through a comprehensive 3D analysis, they aimed to
understand the effect of hydride precipitate on crack propagation in Zircaloy-4. Their study
concluded that in the absence of hydride, cracks remained stable, yet when hydride was
considered at the crack tip, the crack propagated under the same applied load. Although
their work delved into the influence of hydride on cracking, it lacked the crucial component
of quantitatively analyzing the relationship between the threshold stress intensity factor
and the critical hydride length. Kumar et al. [29] presented a unique application of XFEM
by conceptualizing homogenized and virtual node frameworks to accurately depict the
progression of fatigue cracks and kinked cracks, respectively. Their pioneering approach
involved the integration of nonuniform meshes and the establishment of transitional el-
ements, either six-node or five-node, to preserve continuity in the displacement fields,
thereby elevating the predictive accuracy of crack growth simulations.

However, these above research results either belong to the category of methodology,
or are designed for a specific object and include excessive dependence on computer and
numerical analysis technology, which have great limitations, and hence, the engineering
application is very difficult. Despite these advancements, the XFEM method remains
heavily reliant on computer and numerical analysis technology, making its engineering
application difficult. On the other hand, the Forman/Mettu (NASGRO) calculation method
used by major airlines such as Boeing and Airbus is simple and feasible, but limited details
are available due to technical confidentiality [30,31].

Thus, in this paper the stress intensity factor analysis of the crack tip and central
symmetric crack will be first carried out using the XFEM platform ABAQUS, and then
the numerical results will be compared with the NASGRO theoretical calculation results.
Finally, the empirical model will be developed according to the regression analysis, and
this study will develop a convenient and reliable stress intensity factor calculation model
suitable for engineering applications and providing support for the damage tolerance
design of structures.

2. Principle of Extended Finite Element Method

The XFEM method, birthed from unit decomposition theory, is a computational tech-
nique that incorporates discontinuous shape functions to tackle fracture element discontinu-
ity in fracture processes. In the context of crack propagation calculation, the XFEM method
first calculates the stress field close to the crack tip through the crack tip’s displacement
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field; then, leveraging J-integral theory, it determines the crack tip’s stress intensity factor
based on the calculated stress field results [32]. Typically, the standard XFEM displacement
approximation calculation function can be expressed as follows:
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The displacement field function group of the XFEM method is composed of three
terms. The first term on the right side of Equation (1) is the description function of the
displacement field in the traditional finite element method, while the second term on the
right side describes the discontinuous displacement property at the completely cut opening
of the crack in the component. The third term is used to characterize the singularity of the
crack tip position. In Equation (1), N;(¢, 7, () is the shape function corresponding to the
node serial number i, and U; represents the corresponding node displacement. 7, denotes
the set of element nodes completely cut by the crack, and 7, denotes the set of nodes
that are cut by the crack but not completely cut (only partially cut). b; is the additional
degree of freedom coefficient on the node, which is closely related to the jump function. c;;
represents the additional degree of freedom coefficient of the node related to the asymptotic
displacement field at the crack tip.

The jump function H is defined as:
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The B; crack tip displacement field function is expressed as:

Bj(r,0) = {\/?sin(g), ﬁcos(g), \/?sin(g) sin, \/?COS(g) sin()} 3)

1, 0 is a polar coordinate system parameter, and the coordinate origin is at the crack
tip, where the expression is as follows:
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_ ¢, 1,0)
0= arctan(lp(glﬁ,g)> ®)

In the XFEM, the level set of ¢ = {¢, ¢} is obtained by interpolation of shape function
that is expressed as:

P(En.0) = L Ni(E 1P (©)

where ®; is the discrete value of nodes in the region.

With its roots in FEM, the XFEM takes this legacy and elevates it by incorporating
a jump function and an asymptotic displacement field function to succinctly capture the
intricacies of crack surfaces [33]. The method then leverages an enrichment function to
address the discontinuity of the displacement field in the vicinity of the crack tip, thereby
eliminating the need for remeshing even as the crack progresses. This ability to traverse
any element with ease highlights the superiority of the XFEM method [34].

The proliferation of the XFEM method along with its associated software and com-
puter technology have led to the emergence of various large-scale commercial programs,
propelling the method to the forefront of technical advancement. Standing tall among these
offerings is the ABAQUS software, a paragon of computational might and dependable
simulation analysis. Its widespread use across various industries such as machinery, avi-
ation, civil engineering, and metallurgy is testament to its prowess. The software boasts
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precision in defining crack surfaces and crack propagation criteria, with a remarkable level
of accuracy in determining stress intensity factors at crack tips [35]. This study leverages
ABAQUS software to compute stress intensity factors. The engineering realm commonly
encounters two types of cracks, unilateral edge crack and central symmetric crack, both
of which require thorough examination of the stress intensity factor calculation model to
enhance the durability of structural components.

3. Prediction Model of Edge Crack Stress Intensity Factor

The proliferation of unilateral edge cracks in aircraft structures is a ubiquitous phe-
nomenon, precipitated by various stress concentrators such as scratches and the like. As
time marches on and the load cycles accumulate, these cracks tend to proliferate and grow,
severely impairing the structural integrity and ultimate strength of the component.

3.1. Development of Numerical Model for Crack Calculation

Numerical simulation has been extensively used in addressing the engineering is-
sues [36], and amidst the intrinsic intricacies of aircraft structures, the prevalence of uni-
lateral edge cracks has been a recurring phenomenon, primarily caused by the stress
concentration, scratches, and other compounding factors. These cracks gradually expand
over time with the increasing load cycles, rendering a decrease in the component’s bearing
capacity, eventually leading to its downfall. The edge crack model is depicted in Figure 1a,
where a thin-walled plate of 120 mm in length L, 50 mm in width W, and 2 mm in thickness
h exhibits an initial crack of 2a, prefabricated at the center of the long side. The crack’s
length direction aligns with the component’s width direction, subject to a fixed constraint
at one end and a 100 MPa tensile stress at the other. The numerical model, as displayed in
Figure 1b, was developed using eight-node hexahedral element meshing and encrypted
near the crack tip (integral region). The plate material, 705716 high strength aluminum
alloy from Southwest Aluminum, was used, with its major properties given in Table 1.
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Figure 1. (a) Edge crack mode, and (b) developed numerical model.

Table 1. Major material properties of 7057T6 high strength aluminum alloy.

Elastic Modulus, E

(MPa) Poisson Ratio, v Density, p (kg/m?3) Fracture Toughness,
K (MPaemm'?)
71,000 0.33 2740 917

3.2. Effect of Crack Tip Mesh Size and Ouverall Element Size on Stress Intensity Factor

This section delves into the impact of mesh size in the vicinity of the crack tip and the
extent of the integral region on the computation of the stress intensity factor. The objective
was to determine the optimal mesh size at the crack tip and the optimal unit size to obtain
the most accurate stress intensity factor calculation results for unilateral edge cracks under
optimal finite element analysis conditions.

The overall element size was set to six levels of 3.5 mm, 3 mm, 2.5 mm, 2 mm, 1.5 mm,
and 1 mm, respectively, and the crack tip mesh sizes of 2 mm, 1 mm, 0.5 mm, 0.25 mm,
0.1 mm, and 0.0 5 mm were considered, so that 36 calculations were carried out to study the
effect of the overall mesh size and crack tip mesh size on the crack stress intensity factor. In
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order to facilitate the comparison to determine the correct results, the stress intensity factor
value of the NASGRO model, which is widely adopted by large airlines such as Boeing
and Airbus, Kys= 14.83Mpaem’?>, was selected as the standard value for reference and
comparison. The calculation results of ABAQUS are shown in Figures 2 and 3, respectively.
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Figure 2. Effect of overall element size on stress intensity factor.
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Figure 3. Effect of crack tip mesh size on stress intensity factor.

The conclusion drawn from the examination of Figures 2 and 3 indicates that the mesh
size at the crack tip has a much greater impact on the stress intensity factor as compared
to the overall element size. In fact, the impact of the mesh size at the crack tip dominates
the stress intensity factor, while the impact of the overall element size is only about 5.7%.
The significance of the overall element size is reduced by the independence of the J-integral
on the path and also due to the already small size of the overall element. When the
overall element size is as low as 2 mm, its impact on the stress intensity can be considered
negligible. However, the influence of the mesh size near the crack tip decreases as the mesh
size decreases, and when the mesh size reaches 0.25 mm, the impact can be disregarded.
In the given example, the maximum impact difference is approximately 29.4%. To obtain
results closest to NASGRO, the optimal mesh size was found to be 2 mm for the overall
element size and 0.25 mm for the crack tip mesh size.
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3.3. Stress Intensity Factor Calculation Results and Regression Model

In order to decipher the effect that both the crack length, 2a, and plate width, W,
have on the stress intensity factor, the crack length was normalized by dividing it by the
plate width, resulting in the ratio x = 2a/W. The range of normalized crack lengths tested
were 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6, and the corresponding crack lengths were found to be
5 mm, 10 mm, 15 mm, 20 mm, 25 mm, and 30 mm, respectively. The applied load was kept
constant at 100 MPa, and the crack tip mesh size was set to 0.25 mm with an overall element
size of 2 mm. The stress intensity factors at the crack tip were calculated using ABAQUS
with both the XFEM method and NASGRO. The final results, depicted in Figure 4, reveal
that the stress intensity factor for the single edge crack displays a parabolic relationship
with the normalized crack length. The results of the XFEM method were found to be in line
with the theoretical solution of NASGRO, albeit slightly smaller, thereby confirming the
accuracy of the numerical calculations.
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Figure 4. Comparison between numerical and NARSGROW theoretical results.

The numerical calculation results were fitted by the fourth-order polynomial using
MATLARB software. The fitting results were compared with the numerical results as shown
in Figure 5. The fitting residual is 0.022, and the fitted polynomial is as follows:

Kigo = 1216.7x* — 818.89x% 4 301.92x2+40.44x + 8.13 7)
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Figure 5. Comparison between numerical and regression results.
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From the results shown in Figure 5 and the the fact that the residual error obtained
by fitting analysis is only 0.022, it can be seen that the fitting effect is very good, and the
fitting formula is also reliable, and it meets the requirements of engineering applications.
However, it should be noted that this formula is only applicable to the calculation of the
stress intensity factor of 7075T6 aluminum alloy sheet with a single edge crack under the
load of 100 Mpa. In practical engineering applications, the load of structural parts changes,
and according to the theory of fracture mechanics, the stress is linearly related to the stress
intensity factor. The stress intensity factor should be expressed as a correction function of
the stress value and the stress intensity factor about the normalized crack length x, which
is supposed as the function of f(x):

K=0cf(x) 8

Thus, Equation (7) can be written as:
Ko = 100 x (12.1673(4 — 8.1889x3 + 3.0192x% + 0.4044x + 0.0813) 9)

According to Equation (9), the expression of the stress intensity factor function under
100 MPa can be obtained as follows:

fro0(x) = 12.167x* — 8.1889x3 + 3.0192x? + 0.4044x + 0.0813 (10)

Considering that the geometric model of the structure is the same, but the correction
function of the stress intensity factor should be the same under different loads, which is
f(x) = f100(x), Equation (9) can be transformed as follows:

K = 0(12.167x* — 8.1889x> + 3.0192x2 + 0.4044x + 0.0813) (11)

3.4. Model Validation

In Section 3.3, a novel stress intensity factor prediction model is presented, which is
primarily based on a load of 100 MPa. To test its validity under varying loads, the loads
were increased to 200 MPa and 300 MPa. The stress intensity factor at the crack tip was then
calculated utilizing both the XFEM method and Equation (11) under different normalized
crack lengths. The results of these calculations are illustrated in both Figures 6 and 7, with
corresponding residuals of 0.178 and 0.095. The comparison of the model predictions with
the numerical results, as shown in the figures, confirms the effectiveness of the prediction
model, as the agreement between them is substantial.
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Figure 6. Comparison between numerical results and model predictions under load of 200 MPa.
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Figure 7. Comparison between numerical results and model predictions under load of 300 MPa.

4. Prediction Model of Central Symmetric Crack Stress Intensity Factor

A central symmetric crack is one of the most common crack forms in structural
components. The propagation form of the crack is similar to that of the edge crack, but
there are also differences. It has also attracted much attention because it is an important
factor leading to failure based on the stress of the component.

4.1. Development of Numerical Model for Crack Calculation

The geometry of the cracked component model is defined as a 120 mm x 50 mm
x 2 mm structure with an initial crack, measurements of 2a and 5 mm are preset at the
center of the component, which is placed symmetrically at its center along a 90° angle
parallel to the width direction, as depicted in Figure 8a. The midpoint of the crack coincides
with the center of the thin-walled plate, with one end fixed and the other subjected to
tensile stress. The numerical model, shown in Figure 8b, uses an eight-node hexahedral
element mesh with a matrix element size of 2 mm and a crack tip mesh size of 0.25 mm. The
material properties utilized in the calculation can be found in Table 1. The development of
the numerical model is illustrated in Figure 8b.

1?0
‘ ()

H
[ i —

50

(@) (b)

Figure 8. (a) The 90° central symmetric crack mode, and (b) 90° central symmetric crack developed
with numerical model.

4.2. Calculation Results and Regression Model

To delve into the impact of crack length 2a (a is the crack at half-length) and plate width
W on the stress intensity factor, a normalization process was performed by determining
the ratio of crack length to plate width, represented as x = 2a/W. Varying normalized
crack lengths of 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 were considered, translating to crack lengths
of 5 mm, 10 mm, 15 mm, 20 mm, 25 mm, and 30 mm, respectively, while maintaining
a constant load of 100 MPa. ABAQUS, utilizing the XFEM method, was employed to
calculate the stress field, displacement field, and stress intensity factor at the crack tip.
Figures 9 and 10 display the stress field and displacement field, respectively, at the crack tip.
The calculations of stress intensity factor were cross-checked with Narous, with the results
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depicted in Figure 11, showing consistency with ABAQUS” XFEM method, but slightly less
in magnitude.
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Figure 9. Distribution of stress in crack tip.

U, Magnitude
+3.998e-02
+3.665e-02
+3.332e-02
+2.999e-02
+2.666e-02
+2.332e-02
+1.999e-02
+1.666e-02
+1.333e-02
+9.996e-03
+6.664e-03
+3.332e-03
+0.000e+00

Figure 10. Distribution of strain with cracked components.
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Figure 11. Comparison between numerical and NARSGROW theoretical results.

The findings as depicted in Figures 9 and 10 indicate a significant impact of the
presence of a crack on the stress field distribution across the component, resulting in a
concentration of stress at the crack tip, which is depicted in red. The crack is symmetrical
in nature, leading to a symmetrical distribution of stress near the crack, and the high stress
state at the crack tip is balanced by the release of stress on both sides of the crack opening
surface, which exhibits a low stress state. Unlike a single edge crack model, the stress field
of a central symmetric crack component follows a symmetrical parabolic distribution along
the crack surface.

As can be seen from Figure 11, the stress intensity factor of the central symmetric
crack tip (within the calculation range of this model) is approximately linear. The XFEM
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calculation results are basically consistent with the NASGRO calculation results, but slightly
smaller than the NASGRO calculation results, which verifies the accuracy of the finite ele-
ment model. The finite element calculation results are fitted by the fourth-order polynomial
using MATLAB software according to Equation (8). The fitting results are compared with
the finite element results as shown in Figure 12. From the results shown in the figure and
the residual error obtained by fitting analysis of only 0.059, it can be seen that the fitting
formula has good stability and high agreement with the original data, which can meet the
requirements of engineering application. The polynomial obtained by fitting is taken from:

Kigo= 100 x (—0.45833x* -+ 3.0935x> — 2.5474x% + 1.7853x + 0.12813) (12)
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Figure 12. Comparison between numerical and regression results.
According to the research results in Section 3.3, it can also be assumed that:
K = 0(—0.45833x* + 3.0935x> — 2.5474x> + 1.7853x + 0.12813) (13)

4.3. Model Validation

In a groundbreaking move, Section 4.2 unveils the prediction model of the coveted
stress intensity factor, depicted by Equation (13). This innovative model primarily leverages
the numerical structure under the stress-inducing 100 MPa load. To further validate its
efficacy with varying loads, it was subjected to the stress-inducing conditions of 200 MPa
and 300 MPa. Utilizing both the XFEM method and Equation (13), the stress intensity factor
at the crack tip was calculated across different normalized crack lengths. The results of
these calculations are presented in Figures 13 and 14, with residuals of 0.240 and 0.166,
respectively. A visual inspection of the results shown in Figures 13 and 14 conclusively
demonstrates the exceptional accuracy of the model’s predictions, which align with the
numerical calculations. Thus, Equation (13) can be relied upon as a precise method for
calculating stress intensity factor for any load, fulfilling the project’s practical requirements.

Therefore, further analysis, conducted through MATLAB's regression analysis, results
in the development of the empirical models with respect to the edge crack and central
symmetric crack, respectively, and these empirical models have been validated by the asso-
ciated numerical simulation and theoretical calculation results. These empirical models are
found to be both simple and reliable, making them ideal tools for engineering applications.
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Figure 13. Comparison between numerical results and model predictions under load of 200 MPa.
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Figure 14. Comparison between numerical results and model predictions under load of 300 MPa.

5. Conclusions

In conclusion, the calculation of the stress intensity factor is a crucial aspect of linear
elastic fracture mechanics. It holds significant importance in understanding crack propaga-
tion and evaluating damage tolerance. The XFEM has been instrumental in overcoming
the challenges associated with the calculation of this factor. The method not only enables
the calculation of stress intensity factor at the crack tip and central symmetric position,
but it also provides a way to compare it with results obtained from the NASGRO method.
The comparison confirmed the accuracy of the results obtained through the XFEM simu-
lation results. The optimal mesh sizes for both the crack elements and overall units were
established, and a simple and reliable empirical model was developed through regression
analysis. This empirical model is expected to be useful for various engineering applications
and serve as a valuable tool for further studies in the field. In summary, XFEM proves to be
a robust and effective approach for calculating the stress intensity factor, which is a crucial
parameter for the evaluation of crack propagation and damage tolerance; furthermore,
these empirical models are found to be both simple and reliable, making them ideal tools
for engineering applications.
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