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Abstract: Aluminium alloy (AA2024-T4) is a material commonly used in the aerospace industry,
where it forms part of the fuselage of aircraft and spacecraft thanks to its good machinability and
strength/weight ratio. These characteristics allowed it to be applied in the construction of the
structure of a pilot plant to produce biological extracts and nano-encapsulated bioproducts for the
phytosanitary control of diseases associated with microorganisms in crops of Theobroma cacao L.
(Cacao). The mechanical design of the bolted support joints for this structure implies knowing the
performance under fatigue conditions of the AA2024-T4 material since the use of bolts entails the
placement of circular stress concentrators in the AA2024-T4 sheet. The geometric correction constant (Y)
is a dimensionless numerical scalar used to correct the stress intensity factor (SIF) at the crack tip
during propagation. This factor allows the stress concentration to be modified as a function of the
specimen dimensions. In this work, four compact tension specimens were modeled in AA2024-T4,
and each one was modified by introducing a second circular stress concentrator varying its size
between 15 mm, 20 mm, 25 mm, and 30 mm, respectively. Applying a cyclic load of 1000N, a load
ratio R=-1 and a computational model with tetrahedral elements, it was determined that the highest
SIF corresponds to the specimen with a 30 mm concentrator with a value close to 460 MPa.mm0.5.
Where the crack propagation had a maximum length of 53 mm. Using these simulation data, it was
possible to process each one and obtain a mathematical model that calculates the geometric correction
constant (Y). The calculated data using the new model was shown to have a direct relationship with
the behavior obtained from the simulation.

Keywords: crack; fatigue; geometric factor; support vector regression; pilot plant

1. Introduction

Theobroma cacao (Cocoa) is considered one of the most important raw materials
in international trade; it is a source of foreign exchange in 58 producing countries,
highlighting that 89% of this production is found in Ivory Coast, Ghana, Indonesia,
Nigeria, Brazil, Ecuador, Malaysia and Cameroon [1]. Cocoa production is sometimes
affected by environmental, physical, and chemical factors and inadequate pest and disease
control [2]. This crop is mainly infected by disease-causing microorganisms, among which
Moniliophthora roreri and Phytophthora spp. stand out, which are the two main risk factors
that directly affect annual cocoa production [3,4]. This is why management alternatives for
these diseases, such as the use of plant extracts and essential oils (EO), should be sought, be-
ing favorable for environmental sustainability and human health [5]. This implies the devel-
opment of an infrastructure capable of producing the raw material used in the production of
bio-based products.
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The study of the phenomenon of fracture has its origin in work proposed by Griffith
(1921, 1924); the researcher Irwin (1957) made an important advance by proposing the
analysis of fracture toughness as a function of stress, the toughness of a material is obtained
from the applied stress and the crack length, but given the different test configurations,
these values are known as a function of the failure modes called Stress Intensity Factor (SIF)
KI (Opening), KII (in-plane shear) and KIII (out-of-plane shear). Estimation of the SIF
in materials with linear elastic behavior (LEFM) is possible by quantifying the nominal
stress and crack size. The use of the finite element method (FEM) allows testing for
various configurations due to the versatility of the method; using the SMART component
integrated into the latest versions of ANSYS finite element software, it is possible to perform
simulations to verify the behavior of the geometric factor accompanying the determination
of the SIF in the different failure modes.

Researchers have worked on this method, Nairn [6] has proposed the analysis of
the geometric factor as a correction factor of the general SIF equation and that it can be
expressed as a function of crack length (a) and width (W), on the other hand, for the author
Mecholsky, the geometric factor (Y) for semi-elliptical cracks in materials of high hardness
and brittleness is used to explain the position and shape of the crack because it is a function
of an angle (θ) between the surface of the crack front and any peripheral point above it [7],
otherwise, authors Taylor, Cornetti and Pugno, cataloged this geometric factor not only
in terms of geometry but also in terms of the crack notch [8], on the other hand, when
analyzing fatigue crack propagation, the geometrical factor is included in an expression
known as the initial value of propagation for short cracks (a0), which according to the
authors B. Atzori, P. Lazzarin and G. Meneghetti, occurs at the point of intersection between
the change in realized stress (∆σ) and the different values of toughness (∆K), where the
geometrical factor is calculated using a simulation in ANSYS 5.6 software [9].

The authors Smith and Scattergood have analyzed ceramic materials defining tough-
ness as a sum of two different toughnesses: (Kbend), which is defined as a toughness that
is a function of the stress intensity factor and the residual toughness (Kresidual) that results
from the residual stress field due to strain, an equation is obtained to determine the value
of the toughness (Kbend) by an exponential equation, which involves a shape factor and the
crack depth [10]. However, when analyzing materials with a higher degree of ductility, the
empirical approaches of authors J.C. Newman and I.S. Raju obtained an equally accepted
behavior for the determination of toughness [11].

On the other hand, when testing chromium steels, authors Nix and Lindley deter-
mined that the behavior of the shape factor (Cs) was also exponential in nature, where the
basis again was the ratio ( a/c ), where (a) is the crack depth, and (c) is the crack length,
where the values of this ratio were previously calculated by subjecting chromium steel
specimens On the other hand, when testing chromium steels, the authors Nix and Lindley
established that the behavior of the form factor, identifying that for the tests developed,
the fracture toughness equation must involve a factor called (M f ), which is a crack front
correction factor [12].

These correction factors have been the product of a rigorous algebraic analysis, where
the basis of each of the equations that describe these factors, part of the simulations in
finite element programs, which provide the input values necessary to apply the respective
analysis algorithms, as proposed by the authors Clarke, Griebsch and Simpson, who explain
how it is possible to glimpse different situations of mechanical nature by means of the
Support Vector Regression (SVR), algorithm, this algorithm allows from some input values
in the Cartesian plane, to obtain an equation that adjusts to the distribution of given values,
considering the dispersion (ξ) of the same one, and the margin (ε) between the support
vectors [13]. This algorithm uses the principles of Lagrangian optimization, simultaneously
involving Kernel functions, which can have a polynomial, Gaussian or Sigmoidal nature,
and as explained by researchers Schölkopf and Smola [14], authors Heydari and Choupani,
indicate a correction factor for fracture toughness of a logarithmic nature based on the rate
of energy release [15], authors El-Desouky and El-Wazery, indicated fracture toughness
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for materials with a high degree of brittleness, using a fifth-degree polynomial (F1), whose
variable is the relation ( a/W ), where (a) is the crack length and (W) is the length of the
cross-sectional area [16].

The models for the geometric factor for compact specimens that are currently planned
in the literature are based on specimens that have a single stress concentrator.

Aluminum alloys are widely used in industry to reduce the weight of structural
components in machine design. Their light weight, easy machinability and excellent fatigue
strength make these alloys ideal materials for manufacturing in the modern world. One of
the most recent applications is in the high-speed rail industry, where 5083P-O Aluminium
alloy is involved in the design of train bodies, leading to increased running speed and
improved assembly performance [17].

The goal of the present work is to evaluate the behavior of this parameter when
there are two stress concentrators arranged in the specimen geometry since it has been
visually observed that the crack rupture direction is affected by the size and location of
the concentrator with respect to the propagation plane. In the same way, the study of the
geometrical factor implies a study of the stress intensity factor at the crack tip, which means
that this last parameter must also be analyzed for the geometrical conditions proposed.
The main differentiating feature lies in determining the stress intensity factor by applying
the FEM method and then processing this data by means of the SVR algorithm. Applied
to non-standardized specimens with variable diameter stress concentrators. Allowing
the data obtained by the simulation to be used within the Nadaraya–Watson estimator to
find a mathematical model that explains the behavior under variable tensile loading and
crack propagation.

The importance of the model to be developed consists in its use as an element for
joining bolted joints in structures with diameter variation with the purpose of establishing
life projection parameters useful for design processes.

2. Materials and Methods
2.1. Material and Specimens

In this article, a modified compact tension specimen (MCTE) was used based on
the ASTM-E399 standard, where the value of W was set at 100 mm and its thickness at
10 mm. In the same way, a stop hole of variable diameter was set in; in the same way, a stop
hole of variable diameter was fixed in 4 different specimens; therefore, 4 simulations were
performed for each modified compact specimen. The dimensions are shown in Figure 1. For
the configuration of the SMART method used in ANSYS, it was necessary to characterize the
Aluminium alloy (AA 2024-T4). This is hardened by a thermal aging process and presents
the mechanical properties contained in [18] and presented in Table 1; similarly, the author
Zyad Nawaf Haji [19] characterized the fatigue deformation parameters for AA2024-T4.
These parameters are determined from the Ramberg–Osgood and Coffin–Mason equations
that describe well the cyclic behavior of the material, but they are not physical laws [20].
These parameters are presented in Table 2.

Table 1. Mechanical properties AA2024-T4 [18].

Property Value

Density (Kg/m3) 2770
Coefficient of thermal expansion (1/C) 0.000023

Young’s Modulus (MPa) 71,000
Poisson’s Ratio 0.33

Shear Modulus (MPa) 26,692
Bulk Modulus (MPa) 69,608

The mechanical and fatigue properties of the AA2024-T4 used for the ANSYS simula-
tion are shown below.



Metals 2023, 13, 1134 4 of 16

The authors B.M. Faisal, A.T. Abass and A.F. Hammadi [21] subjected to fatigue
tests several specimens of AA2024-T4, determining its characteristic S-N curve, which is
presented in Figure 2. Table 3 shows the values for the C and m constants for AA2024-T4
determined by authors Yang Guang, Gao Zengliang, Xu Feng and Wang Xiaogui [22] by
subjecting eleven specimens to fatigue tests.
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Table 3. Paris’ Law Constants [22].

Constant Value

C 5.75 × 10-8

m 3.09

All modified compact tension specimens were subjected to failure mode 1 (opening),
which causes a unidirectional cyclic stress perpendicular to the crack plane; using a force
of 1000 N, using a Stress Ratio (R) = −1, since according to author C.M. Hudson fatigue
cracks in Aluminium alloy AA 2024 propagate at a faster rate with R = −1 than with R = 0
when the same load was applied in both tests. Apparently, the compression portion of the
loading cycle accelerates crack growth in this material [23]. Therefore, we proceeded to
perform the simulation using ANSYS Mechanical ADPL 21R1, from which we calculated
the KI values and the crack extension values (a) in each sub-step of the solution. It was
taken from Equation (1), formulated by R.P. Wei [24] for high-strength aluminum subjected
to cyclic axial loading.

∆K I max = Y∆σ
√

πa (1)

Expressing ∆K I as (KI max − KI min) and ∆σ as (σmax − σmin), it is possible to derive
Equation (2) algebraically.

KI max = Yσmax(1− R)
√

πa (2)

Subtracting for Y gives:

Y =
KI max

σmax(1− R)
√

πa
(3)

Which is a dimensional expression that, for the purposes of the investigation, will
be compared with the relative crack length, which is expressed by a ratio a/W and is
also dimensionless.

2.2. Computational Model Using SMART Method

To achieve a better analysis of the SIF at the crack tip, the meshing was defined using
a Patch Conforming Method defined by Tetrahedral elements, these elements, according
to the ANSYS usage guide [25], are unique to the SMART method. Tetrahedral elements
are 3-dimensional in nature, have a quadratic displacement behavior and are well suited
for modeling irregular meshes. The element is defined by 10 nodes that have 3 degrees of
freedom in each of the x, y, and z nodal directions see Figure 3.
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The element has plasticity, hyperelasticity, creep, tensile stiffness, good deflection, and
tension capabilities. It also has mixed formulation capabilities to simulate deformations of
nearly incompressible elastoplastic materials and fully incompressible hyperelastic mate-
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rials [26]. Similarly, the Refinement method was used to perform sectorized refinements
in the crack front and its adjacent areas, as well as in the areas surrounding the circular
stress concentrators (stop holes). The grids, the number of elements and nodes of each
computational model used are shown below.

The Smart Crack Growth component used in the current research does not require
the placement of a pre-crack geometry; however, it does require the involvement of
3 parameters defined within the Fracture-Premesh Crack block that are defined based
on the geometry of the notch placed in the specimen. These parameters must be nodal
surfaces adjacent to the crack front. The first is defined as a function of the nodes located
on the edge of the crack front, which in the present work, we call the front, and interprets
the place at which the crack propagation would start; the second, which we call the top,
interprets the nodes located on the upper adjacent surface to the crack front; the third,
which we call the bottom, interprets the nodes located on the lower adjacent part of the
crack front.

Similarly, Figure 4a illustrates the nodes on the crack front (front), Figure 4b illustrates
the nodes on the top surface adjacent to the crack front (top), Figure 4c illustrates the nodes
on the bottom surface adjacent to the crack front (bottom) and Figure 4d illustrates the
location of the pre-crack conditions with the coordinate axes, inferring that the propagation
will be along the x-axis.
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In Figures 5–8, the working specimen is presented, showing the number of ele-
ments and nodes for each of the variations in the size of the diameter of the stress
concentrator elements.
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The numerical model was defined using the patch-forming method with tetrahedral
elements. A general refinement was applied to the entire geometry of each specimen by
setting the size of each element to 2.5 mm, and then a surface refinement was applied to
each of the concentrators. Within the analysis setup, a time-defined solution was established
with 10 s as the time limit and 0.5 s as the time in each solution step.
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2.3. Data Processing Using Support Vector Regression (SVR) and Nadaraya-Watson Estimator (NWE)

The SVR algorithm is an algorithm for linear or non-linear regression of points in the
Cartesian plane, whose purpose is to find the equation of the hyper-plane that interpolates
all the points, based on the use of Kernel functions K(x) (see Table 4). Furthermore,
considering the margin between vectors (ε), the dispersion that exists between the margins
and the points furthest from it (ζ) and the arithmetic mean of the data (µ). These are
variables that can be imposed during regressions in this way. The quality of the regressions
performed can be measured in terms of the coefficient of determination (R2), since the
closer this value is to 1, the higher the quality of the regression. The rationale of the SVR
algorithm lies in the quadratic optimization of a Gram matrix, which is maximized subject
to a real domain condition to find the Lagrange multipliers [26].

Table 4. Kernel Equations.

Kernel Equations

Linear K(
→
Xn,

→
X
′
n) =

→
Xn

T
·
→
X
′
n

Polynomial K(
→
Xn,

→
X
′
n) =

(→
Xn·
→
X
′
n

)d

Gaussian K(
→
Xn,

→
X
′
n) = e−

‖
→
Xn−

→
X
′
n‖

2

2σ2

Sigmoidal K(
→
Xn,

→
X
′
n) = tanh

((→
Xn·
→
X
′
n

)
+ ϕ

)
Epanechnikov K(

→
Xn,

→
X
′
n) =

3
4

(
1− (

→
Xn·
→
X
′
n)

2
)

The calculation of the weight values wn that are calculated by means of the Lagrange
multipliers were obtained by means of a code in Python language and from which the
approximation was carried out by means of the Nadaraya-Watson estimator. To determine
which of the Kernel equations shows similar behavior.

According to author Larroca, F., the Nadaraya–Watson estimator is a type of non-
parametric estimator that uses an equation, m̂(x), and a fit parameter, εo, to interpolate
a series of data in the Cartesian plane, this equation, m̂(x), is given as a function of a
weighted average of a Kernel density equation (see Table 4), which is assigned to each of
the points taken [27]. However, the author Cai. Z. [28] proposes that the function m̂(x) is
altered with weight values, wn, to improve its fit, therefore, its general form is given by:

Ypred = m̂(x)± εo (4)
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According to the authors Demir, S. and Toktamis, O. [29], the use of the Kernel within
ENW implies changing the dot product between vectors by the expression xn−x

h , then, the
function m̂(x) is posed as:

m̂(x) =
∑n

i=1wn·K
( xn−x

h
)
yn

∑n
i=1wn·K

( xn−x
h
) (5)

According to the author Fan, J., K symbolizes a Kernel density equation, xn is the
x-axis coordinate of each point in the Cartesian plane, yn is the y-axis coordinate of each
point in the Cartesian plane, n is the number of points in the plane, and h is a param-
eter known as Bandwidth that controls the accuracy of the interpolating equation with
respect to the Cartesian plane data; this last parameter is considered optimal when the
highest accuracy is obtained, that is, the smallest mean square error (MSE). This error is
calculated as [30].

MSE =
1
n

(
Ypred − yn

)2
(6)

Then, the equation interpolating the values is expressed as follows:

Ypred =
∑n

i=1wn·K
( xn−x

h
)
yn

∑n
i=1wn·K

( xn−x
h
) ± εo (7)

The analysis procedure used to process the data obtained by using the finite element
method is illustrated in Figure 9, where it is shown that the desired Kernel equation
and the data obtained from the simulation are used to complete the Gram matrix. This
same data will then be used in the NWE to multiply the vector weights obtained from
the Lagrangian optimization problem. From this multiplication, a mathematical model is
finally obtained. It should be noted that the definition of the dependent and independent
variables is maintained from the beginning of the processing and does not change at the
end of the processing.
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Figure 10. Mode I SIF with respect to crack length (a) for each specimen tested.

Based on the results illustrated in Figure 11, it is observed that MTCE-1 does not
present a failure in the concentrator as observed in the other specimens. Therefore, the
propagation length was higher in this specimen; this can be explained by the function of a
greater cross-sectional area existing in MTCE-1 since the diameter of its circular concentrator
is 15 mm, which is the smallest among the other specimens; Figure 11 shows the crack
propagation obtained in each specimen.
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Figure 11. Crack propagation obtained in each specimen, (I) illustrates the solution in the
first sub-step of the solution, (II) illustrates the propagation in the middle sub-step of the solution
and (III) illustrates the propagation in the last sub-step of the solution.
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Figure 12 shows the behavior of the geometric correction factor (Y) as a function of
the relative crack length (a/W).
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From these calculated data, a regression was developed by applying the concepts of
the SVR and the Nadaraya-Watson estimator (NWE), applying the Epanechnikov Kernel
since, according to the authors Chu, C. Y., Henderson, D. J., and Parmeter, C. F, this
is the equation that shows the highest efficiency when interpolating data placed in a
Cartesian plane [30].

This model was found using a value for Bandwidth (h) equal to 0.47 and a value for εo
of 0.4, whose associated curve is illustrated in Figure 13.
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Figure 13. Mathematical model relating the geometric correction factor as a function of relative
crack length.

This model has an MSE of 11.2%, which may be due to the high dispersion presented
when 0.2 ≤ a/W ≤ 0.4 as from this value, in Figure 12. A high dispersion of the data is
observed; this dispersion is caused by the variation in the diameter of the circular stress
concentrator used in each MTCE analyzed, so it is prudent to infer that when the specimens
analyzed present unique geometric characteristics, the mathematical models obtained must
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be similarly unique for each MTCE, since for the specimens that are standardized, there are
already validated models for their geometries.

4. Discussion

With the model found in Figure 13, the design of a bolted joint can be proposed from
Equation (2), where the hole through which the bolt will pass is assumed to be a circular
stress concentrator whose diameter is among those used in each of the MTCE specimens.
Then. Starting from Equation (2), we have that:

KI max = Yσmax(1− R)
√

πa (8)

By subtracting for σmax, the expression is left as:

σmax =
KI max

Y(1− R)
√

πa
(9)

Figure 14a illustrates one of the 10 mm diameter holes used in the assembly of the
pilot plant structure, and Figure 14b illustrates the force direction (black) in the hole due to
the estimated weight of the equipment. The load value used is 1000 N, corresponding to
the force exerted on the joint under cyclic loading with R = −1.
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Assuming that the material of the structure will be AA-2024-T4, then the joint dimen-
sions can be calculated by the following expression:

A =

(τAl)

(
−6( a

w )
2
+2.75( a

W )+0.56

−3.39( a
W )

2
+0.012( a

W )+1
+ 0.4

)
(1− R)

√
πa

KImax
(10)

By performing the calculations using Equation (10), we obtain that the fatigue resis-
tance area of the joint should not be less than 76.2 MPa. Figure 15 illustrates a rendering of
the structure model designed.

It is observed that both the behavior of the SIF and the crack length (a) found in this
research have a similarity with the data found by the authors Alshoaibi, Abdulnaser M. [31],
in this study, the behavior of crack propagation is analyzed in aluminum alloy 7075-T6
specimens, which were subjected to a force of 20 KN and a stress ratio of 0.1, finding crack
lengths of almost 30 mm, and with values for the SIF of about 7000 KPa.mm0.5.

The reason for the difference between this study and the current one lies firstly in
the composition of each of the alloys, the 7075-T6 alloy being stronger, and secondly, the
high magnitude of the applied force with respect to the force proposed in the present
investigation, which was 1KN, however, the behavior of the SIF is like that found in this
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article. Figure 16 illustrates a comparison of the graphs of SIF vs. crack length (a) between
the works of the authors Alshoaibi, Abdulnaser M. (a) and the present one (b).
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Looking at the scale of the values obtained in Figure 16. It is possible to compare
them with the results found by the authors J. M. D. Rahmatabadi, M. Pahlavani, A. Bayati
and R. Hashemi [32], who, in their work, propose the use of a standardized compact
stress specimen with a size between 23.75 mm × 22.8 mm using a dual phase melt at
770 ◦C of Mg LZ71 and Mg LZ91 alloys subjected to quasi-static loading which var-
ied between 0 N and 900N. In the results, the authors show that for a load of around
900 N a KIC = 18.9 MPa·m1/2 is generated. If we look at Figure 16, we have that for
all the studied MTCEs, the approximate KIC value is 70 MPa·mm1/2, which dimension-
ally equals 2.21 MPa·m1/2. This clear difference between the KIC values could be ex-
plained by the thickness of the plates used, being the thinner plate used by the authors
J. M. D. Rahmatabadi, M. Pahlavani, A. Bayati and R. Hashemi, which is 1.7 mm thicker
than the one with the smallest stress cross-sectional area, while the one used in this work is
10 mm thick, which implies that much less stress will be concentrated on the 10 mm plate.

5. Conclusions

Computational models were generated for each proposed MTCE using a high density
of elements in the meshes, with an average of 103356 elements. Likewise, the use of sectored
refinements in the notch and in the circular stress concentrator facilitated the analysis of
each of the models. Observing the behavior of the SIF in each MTCE, it can be deduced
analytically that the presence of a circular stress concentrator alters the area where the
stress applied to the specimen affects and therefore alters the SIF. This coincides with the
behavior observed in Figure 9 since the presence of a smaller diameter concentrator implies
a larger area of incidence of the cyclic stress; therefore, if there is a larger area of incidence,
the stress along the cross-sectional area is smaller, and therefore, the SIF takes longer to
reach high values, which results in a longer propagation length. When determining the
geometric factor Y, it was observed that it increases as the diameter of the circular stress
concentrator also increases; this is closely related to the behavior of the SIF since this
factor was determined based on the data obtained from the SIF in failure mode I. The
mathematical model found presented an MSE of 11.2%, fitting the geometric factor (Y) with
a function that depends on the relative crack length (a/W).

From the propagation instants in Figure 10, it can be observed that the direction in
which the crack propagates changes as the concentrator hole becomes larger. Based on
this idea, it can be deduced that as the radius of the hole is farther away from the crack
front plane, the propagation angle tends to maintain values close to 0◦, while if the distance
between the hole radius and the midline of the specimen becomes shorter, the propagation
angles tend to be much higher.

It would be important to analyze the behavior of the propagation angle direction
under the same geometrical conditions of the specimens shown in the present work, as
well as to establish a relationship between the size of the second concentrator and the crack
propagation direction.

The behavior of the crack propagation direction is determined by the crack length. If it
is observed in Figure 10 (III) for each of the specimens, the propagation angle with respect
to a horizontal axis becomes tighter as the crack length tends to be smaller. This behavior
could be explained as a function of the reduction of the cross-sectional area because of the
diameter change in the second circular concentrator.

The joint designed using Equation (10) for the bioplant structure proved to be useful at
the time of construction since the structure will be subjected to vibration, which produces
alternating stresses that fall on the bolted joint. The nomenclature used in the manuscript
is shown in Table 5.
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Table 5. Nomenclature.

Nomenclature Greek Symbols

KI Stress Intensity Factor Mode I π Pi number

a Crack length σ Axial stress

W Length measured from the
point of grip to the end εo ENW Setting Parameter

a/W Relative crack length ε Amplitude between support vectors

Y Geometric correction factor ζ External margin between support vectors

h Bandwidth µ Arithmetic mean of data

R Stress ratio Subscripts

K(x) Kernel Equation NWE Nadaraya–Watson Estimator

C Paris law material constant MTCE Modified Tension Compact specimen

m Paris law material constant SIF Stress Intensity Factor

m̂(x) Nadaraya—Watson equation SVR Support Vector Regression

wn Weight value of each vector MSE Mean Square Error
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