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Metal plates with different cutout shapes are commonly used in various engineering applications. Cutouts are
unavoidable in structural design as they are needed for practical reasons, such as reducing the structure’s weight
and providing access to other parts. This paper investigates the stress concentration induced in Al-2024 T3 plate

Accepted 24 May 2025 with an elliptical cutout under a tensile load, experimentally and numerically. Practical tensile test and strain

gauge results measure the generated stress concentration in Al-2024 T3 plate. A finite element model is created to
keyword: analyze the stress concentration factor (SCF) in Al 2024 T3 plate under uniaxial loading. The numerical model is
Stress concentration factor validated against the experimental and analytical results. The influence of the elliptical cutout orientation angle
Elliptical cutout (¢) on SCF was investigated. The results showed that SCF increases with increasing elliptical cutout orientation

angle (¢ = 0°) to (¢=90°). However, adding auxiliary holes around the central elliptical cutout enhances the stress
distribution and reduces SCF in the range (1.9 to 25%). Surrogated-based optimization is used to build response
surface models for predicting optimal SCF and removal mass (RM). Multi-objective optimization is formulated to
minimize SCF and maximize RM. The results show that increasing AH diameter leads to minimizing SCF and
maximizing RM for the plate with an elliptical cutout that is restrained to be greater than or equal to 45 (¢ > 45°).
Pareto frontier offers reliable, optimal solutions of SCF and RM based on input design parameters, including the

Cutout orientation angle
Auxiliary holes
Multi-objective optimization
Response surface model
Pareto frontier

orientation angle and auxiliary hole diameters.

© 2025 University of Al-Qadisiyah. All rights reserved.

1. Introduction

In recent years, structural shape optimization has attracted attention to
justify the increasing need for lightweight and efficient systems [1]. Metal
plates with cutouts are commonly used in aerospace, automotive structures,
and various engineering applications [2]. Different cutout shapes in structu-
ral elements are needed for practical reasons, such as design requirements,
reducing the structure’s weight, and providing access to other parts [3]. For
example, window and door openings in aircraft fuselages require elliptic con-
figuration cutouts [4]. However, the presence of these cutouts induces stress
concentration, which is a critical factor in mechanical parts failure [5]. Thus,
minimizing the stress concentration around cutouts is essential [6]. Different
methods are proposed to determine plate stress concentration factors (SCF) [7].
Graphical forms and charts were proposed based on mathematical analysis for
evaluating stress concentration factors in isotropic plates with discontinuities
[8]. Bharambe and Kolhe [9] used finite element analysis (FEA), analytical
approach, and experimental analysis to perform the stress concentration in mild
steel plates with rectangular cutouts. The results show that the loading direction
significantly influences the stress concentration. Rezaeepazhand and Jafari [10]
conducted an analytical investigation to analyze the stress distribution in perfo-
rated plates with central holes. The results revealed that SFC can be altered by
adjusting cutout parameters, including shape, size, bluntness, and orientation.
Kumar et al. [11] analyzed the stress concentration of perforated aluminum
plates that have polygonal cutouts with different shapes and bluntness. The
results showed that the stress concentration increased when cutouts became
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perpendicular to the applied load direction. Patil and More [12] studied the
effect of hexagonal cutout roundness and orientation on stress concentration in
a plate under tensile loading. Aligning the hexagonal cutout’s vertical axis of
symmetry parallel to the applied tensile load reduces stress concentration. Jafa-
ri and Ardalani [13] used a complex variable technique based on the conformal
mapping function to study the stress distribution around different regular holes
in finite isotropic plates under the uniaxial loading. The results showed that
using the theory of infinite plates to study stress distribution in finite plates
could lead to significant errors. Lu et al. [14] investigated minimizing the
stress concentration around an elliptical hole in a uniaxially loaded plate by
applying concentrated forces. The optimization method, complex potential,
was used to minimize the tangential stress concentration and determine the
optimum positions and values of the concentration forces. Optimizing the
applied concentrated forces can significantly decrease the tangential stress
field around the hole. The results showed that the final SCF can be reduced by
nearly 38% compared with the initial value. Monti [15] proposed the C-shaped
void pattern to reduce the local stress field around a circular hole. Airy’s stress
function and ABAQUS software were used to examine the distribution of the
local Endigeri and Sarganachari [16] analyzed SCF in the composite plate
using a numerical model based on finite element method (FEM) (ANSYS
9.0). The model is used to predict the optimum location and optimum radii of
auxiliary holes (AH). It is observed that the presence of AH reduced the stress
concentration factor by (9 to 28 %) compared with initial values. The location
and value of maximum stress are affected by many parameters, such as cutout
size, shape, location, and orientation.
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Nomenclature

AH Auxiliary Holes

APDL ANSYS Parametric Design Language
CD Central Distance (mm)

DOE  Design of Experiments

E Young modulus (GPa)

FEM  Finite Element Method

RM Removal Mass

RSM  Response Surface Method

SCF Stress Concentration Factor

V4 A variable represents SCF or RM in the quadratic model
Greek Symbols

¢ orientation angle (Degree)

v Poisson ratio

Omax Maximum-stress value (M Pa)

c Coeflicients of the quadratic model
o stress (M Pa)

£ Strain

Subscripts

d Auxiliary holes diameter (mm)
deg. Degree

Min Minimize the objective function
Max  Maximize the objective function

Rani et al. [17] employed the extended finite element method and Matlab code
to investigate stress concentration in a finite panel with a central elliptical
inclusion coated by functionally graded material (FGM) subjected to uniaxial
tension. The results show that a higher coating can significantly lower the
stress concentration. It is revealed from the literature that many researchers
investigated stress concentration in a finite plate with various cutouts using
experimental, analytical, and numerical analysis. However, the effect of the
elliptical cutout on stress distribution still attracts attention. Thus, applying
optimization techniques to identify the best possible design parameters to
reduce the stress concentration in plates with cutouts is desirable.
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Figure 1. Experimental specimen dimensions (mm) of Al-2024 T3 plate with
oriented elliptical cutout.
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Figure 2. Tensile test specimen of Al-2024 T3 plate with oriented elliptical
cutout. Strain gauges are fixed near cutout edges at specified positions.

This paper investigates the effect of elliptical cutout orientation angle on the
stress concentration in Al-2024 T3 alloy plates under tensile load, experimen-
tally and numerically. Also, it uses surrogate-based optimization to predict the
optimal process parameters to minimize the SCF in Al-2024 T3 alloy plates
with elliptical cutouts under tensile loading. Surrogate-based optimization
is an efficient technique for finding the optimal solution for structure design
[18]. It is an effective method in reducing the time and cost consumed to find
optimum design parameters. The objective of the surrogate model is to con-
struct an approximate mathematical model based on sampled points to predict
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the relationship between inputs and outputs of the process [19]. The design
of experiments (DOE) determines multiple combinations of the controlled
sample points that provide adequate coverage of the design space without
variation [20]. Various techniques have been developed to achieve the exact
best fit with single or multiple variables. The response surface method (RSM)
typically efficiently compromises the modeling precision and computational
expense [21]. It can reduce numerical noise in data and effectively capture
the global trend of the variation [22]. Thus, RSM is robust and well-suited
for addressing optimization design parameters. The most common surrogate
model for creating a response surface is a polynomial response surface [23].

2. Experimental setup

A modified shape specimen is adopted from [24] to study the stress concen-
tration in the plate. The model is used to ensure that failure occurs in the
middle of the specimen. The Al-2024 T3 alloy plate specimen has a length of
L =300 mm, a gauge width W = 60 mm, and a thickness of t = 1.2 mm, with
an elliptical central cutout 2a = 28 mm and 2b = 14 mm, as shown in Fig. 1.
Specimens are cut from the Al-2024 sheet along a rolling direction using a
CNC milling machine with high accuracy. The model material properties are
Poisson ratio v = 0.33, Young modulus E = 71 GPa. Tensile tests were done
on a universal testing machine of a capacity (100 Tons) in the material testing
laboratory at Civil Engineering Department, as shown in Fig. 2. For the analy-
sis, the applied load was controlled intentionally to limit the resulting stress in
the elastic range and far below the yield point. Thus, the model is subjected to
a uniform loading force (P = 9.8 KN) with the same constant strain rate for all
specimens. The strain gauge is bonded at the top surface of the plate near the
edge of the elliptical cutout. A linear strain gauge (Tokyo measuring instrument,
Lab.) with a length of 5 mm, a resistance of 118.5+£0.5 Ohms, and a gauge
factor of 2.10 & 1% was used to measure the strain. Strain gauges are located at
position coordinates measured from the center of the specimen (X =0, Y =0).
The position coordinates of elliptical cutouts with ¢ = 0°and ¢ = 45°, are
(X=-12,Y =0),and (X = —12,—12 and Y = 15, —15), respectvely.

3. Numerical analysis

A code of multiple commands was constructed to generate a numerical model
based on the given geometry dimensions and mechanical properties of Al-2024
T3 plate. ANSYS Parametric Design Language (APDL) 2022R1 simulates
the model [25]. This study selected a solid Plane183 element to generate the
mesh. A fine mesh was set near the cutout edges to capture the stress variation
effectively, and a sufficient mesh was set elsewhere in the model, as shown
in Fig. 3. The mesh number equals 7636, and the nodes equals 23760. An
independent mesh study was conducted to achieve accurate results for the
SCF. A uniform tensile load (P = 9.8 KN) is applied on the right side, and the
left side is fixed to ensure a static equilibrium. The maximum stress G4y is
measured at the edge of the elliptical cutout. The normal stress Gy, equals the
average stress along a path plotted across the width of the gauge length. The
numerical simulation for stress distribution of Al-2024 T3 plate with elliptical
cutouts is shown in Fig. 4. Since the local stress is proportional to the strain
(0 = €E), the experimental stress value at the same location of the strain gauge
can be obtained as shown in Table 1. The experimental and numerical model
results show good agreement, which resulted in an error of less than 6.15 %.
The gross stress concentration factor K;¢ of finite-width plate with a central
elliptical cutout can be determined analytically, Eq. 1 up to Eq. 5, [26].

o-max Gmax
SCF =K, = = =Wt 1
s Onom P ( )
o, 2a 2a
Ky = 'I"j"Wt (pW) =Kig (17W> )
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K, = — — — 4
' C1+C2<W>+C3<W) +C4<W) 4)

Ci = +1.000+0.000 x \/a/b+2.000 x (a/b)

G = —0.351 —0.021 x \/a/b —2.483 x (a/b)

Cs = +3.621 — 5.183 x \/a/b+4.490 x (a/b) )

Cy = —2.270+5.204 % \/a/b—4.011 x (a/b)

Table 1. Comparison between experimental and numerical results of the local
strain and stress, respectively.

(] Experimental Numerical Error%
ex 1077 6 (MPa) ex 1077 6 (MPa)
0° 3.14 229.07 3.14 232.74 1.6
45° 2.675 189.92 2.85 202.35 6.15
90° 7.03 499.46 7.11 513.6 2.64

Table 2. Comparison between analytical and numerical model results.

Analytical Numerical model

¢ |(a/b) K. Koo G o <CF Error%
0° | 2/1 1.737 2266 138.78 304 2.21 2.08
90°| 172 3.356 6.293 138.78 886 6.51 3.02

Where 0,4y is maximum stress at the cutout, 6., is normal stress, P is applied
load, W is width at the gauge length zone, 7 is the thickness, and K, is the net
stress concentration factor. Table 2 reveals a good match between the analytical
and numerical model results, resulting in an error of less than 3.02 %. As a
result, the model is valid and reliable for simulated stress concentration in Al
2024 T3.
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Figure 4. Tensile test specimen of Al-2024 T3 plate with oriented elliptical
cutout. Strain gauges are fixed near cutout edges at specified positions.
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Figure 5. The corresponding Von Mises stress versus the orientation angle of
the elliptical cutout in Al-2024 T3 plate.
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Figure 6. Stress distribution along edges of the central elliptical cutout in
Al-2024 T3 plate at different orientation angles.

3.1 The orientation angle (¢)

The influence of the elliptical cutout orientation angle on stress concentration
was investigated. Under the same loading condition, Von Mises stress and SCF
varied due to the changing cutout orientation angle. Figure 5 demonstrates
the variation of Von Mises stress with respect to the orientation angle of the
elliptical cutout. It is observed that the maximum stress increases with increa-
sing the orientation angle from (¢ = 0°) to ( ¢ = 90°). The maximum value
of Von Mises stress occurred at an orientation angle of (¢ = 90°), resulting in
higher stress concentration. High values of Von Mises stress occurred on both
sides of the cutout when it was aligned perpendicular to the uniaxial tensile
loading direction. That means a lower value of Von Mises stress occurred when
the cutout aligned horizontally (¢ = 0°) with the applied loading compared
with other orientation angles. Figure 6 shows the stress distribution around the
edges of the elliptical cutout for five orientation angles. It is observed that the
elliptical cutout oriented by (¢ = 90°) has a higher stress at the cutout edges
compared with other orientation angles. The existence of elliptical cutouts will
lead to a high-stress concentration at cutout edges that may be subjected to
local yielding. The analysis shows that the residual stress will be redistributed
to the adjacent areas of the plate cross-section after the plate reaches the yield
zone [24]. Thus, due to its ductile nature, Al-2024 T3 plate can deform without
fracture under normal conditions. Moreover, to prevent a fracture in the net
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section of the plate, the applied stress should be less than the ultimate tensile
strength of the used material. The results show that a plate with an elliptical
cutout that is oriented by an angle of more than ¢ = 45°has a higher stress
concentration. Thus, critical case studies are selected based on the maximum
stress values to predict the optimal design that enhances the stress distribution
and reduces the SCF.

4. Mitigation of SCF

In mechanical engineering design, it is important to minimize the stress con-
centration to avoid failure in parts. Many methods have been proposed in the
literature for reducing SCF around any discontinuity [27]. The literature has
previously noted that SCF can be mitigated by adding auxiliary holes (AH)
[28]. The AH hole radii and the central distance between the main cutout and
the AH hole can affect the stress concentration factor [29]. However, selecting
an appropriate size and location for these holes is still up to trial and error or
may be achieved through exploration. We considered introducing circular au-
xiliary holes (AH) with varying diameters, d, to enhance the stress distribution
and mitigate the SCF in the Al-2024 T3 plate.

4.1 Auxiliary hole size

Al-2024 T3 plate has an elliptical cutout, and AH with different diameters (6
to 24 mm) is analyzed. Figure 7 shows the stress flow in the Al-2024 T3 plate
with AH, one on each side of the central elliptical cutout. The presence of
auxiliary holes can reduce the total cross-sectional area. Also, it is observed
that AH modifies the stress distribution shape around the central cutout, which
reduces the maximum stress value.
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Figure 7. The stress distribution of Al-2024 T3 plate with elliptical cutout
(¢ =90°) and auxiliary holes (d = 12 mm).
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Figure 8. Effect of AH diameter on SCF in Al-2024 T3 plate with different
oriented elliptical cutouts.

Figure 8 shows the stress concentration factor (SCF) plotted as a function of
AH diameter for a plate with an elliptical cutout oriented by different angles.
In Fig. 8, when d = 0, means no AH is added to the plate. The presence of AH
with different diameters (d = 6 to 24 mm) near the elliptical cutout alters the
flow stress in the plate. It is worth mentioning that adding AH for a plate with
an elliptical cutout aligned horizontally (¢ = 0°) increases the maximum stress
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gradually with increasing AH diameter, as shown in Fig. 9. A similar behavior
is confirmed by Yang [29], as the maximum stress of the plate under loading is
located at the edges of larger holes due to the complicated interaction between
auxiliary holes and the central cutout. In contrast, the maximum stress in the
plate with an oriented elliptical cutout by angle (¢ > 22.5°) decreases when
adding AH. As a result, adding AH reduces the maximum stress value (Gyqx)
and decreases SCF. Adding AH means more material is removed from the
plate, reducing the plate’s total mass. Table 3 shows the amount of removed
mass from the plate with the central cutout and auxiliary holes for different dia-
meters. It is worth noting that the presence of auxiliary holes helps reduce the
overall mass of the plate and thereby effectively enhances the strength-weight
ratio, which is essential for the automotive and aviation industries.
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Figure 9. The stress distribution of Al-2024 T3 plate with elliptical cutout
(¢ = 0°) and auxiliary holes (d = 24 mm).
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Figure 10. Effect of the central distance of AH on SCF in Al-2024 T3 plate
with elliptical cutout (¢ = 90°) for different AH diameters.

Table 3. Mass reduction due to auxiliary holes.

Plate’s total mass (g) 67.49 — — —

AH diameter, d (mm) 06.00 12.00 18.00 24.00
Removed mass, RM (g) 0.1800 00.74 01.65 02.94
Percentage % of removed mass 0.2667 1.0965 2.445 4.356

4.2 The central distance

The influence of the central distance (CD) between the elliptical cutout and
the auxiliary hole’s center on stress concentration was investigated. Figure 10
shows the variation in SCF with the central distance (CD). It is observed that
the CD has a slight influence on SCF when the AH diameter is small (d = 6,
12 mm), as the obtained data are nearly equal for different CD values. Although
increasing AH diameter to d =18 mm reduces SCF by 3.5 %, avoiding using a
central distance less than (CD = 25 mm) is preferable due to the overlapping
between the central cutout and auxiliary holes. Also, the area between the
closely spaced central cutout and auxiliary holes becomes weak to withstand
high applied stress. The CD value is set to 35 mm for all tests to find the
minimum SCF and maximum RM. The results revealed that the presence of
AH can reduce SCF by (1.9 to 25%) and (0.8 to 17 %) for oriented elliptical
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cutouts by 45°and 90°, respectively. The results highlight the possible benefits
of integrating auxiliary holes into Al-2024 T3 plate to enhance the stress dis-
tribution and, consequently, the stress concentration of mechanical parts under
tension force. However, finding the optimum orientation angle and auxiliary
hole size is not easy.

Table 4. Parameters of Al-2024 T3 plate with oriented elliptical cutout.

Parameter Base data Range
d (mm) 6 6-24
¢ (deg) 0° 0°-90°

Table 5. The coefficients of the quadratic model.

Coefficient Z
SCF RM
co 1.9092 -0.0075
c 0.0534 0.0011
) 0.0369 -0.0000
c3 -0.0003 0.0051
cy 0.0002 0.0000
cs -0.0013 0.0000

5. Surrogated-based optimization

This method obtains the best plate design with cutouts by minimizing the
SCF and maximizing the removal mass (RM). The results of the SCF are
affected by factors including the size of AH, the space between cutouts, and
the orientation angle of the elliptical cutout. The AH diameter and orientation
angle significantly influence SCF, while CD has a low effect on SCF. Table
4 lists the processing parameters considered in the experiment’s design. The
response surface models of SCF and RM are used to evaluate the optimal
design solutions. Sixteen design points are considered when generating the
response surface model. Polynomial response surfaces of SCF and RM based
on d and ¢ are produced by a quadratic model, Eq. 6.

Z=co+dci+0 cr+d*c3+0%ca+d ¢ cs (6)

Where Z, a variable, represents SCF or MR, and ¢ to c5 represent coefficients.
Table 5 lists the quadratic model’s coefficients that are fitted for the different
response surfaces of stress concentration factor and removal mass, respectively.
The response surface models and sample points of stress concentration factor
(SCF) and removal mass (RM) are shown in Fig. 11 and Fig. 12, respectively.
The created response surfaces optimize SCF and RM based on design varia-
bles, including AH diameter (d) and orientation angle (¢). These design points
are selected based on the sensitivity and significance effect on the objective
functions. The response surface models use a quadratic polynomial fitting,
which significantly reduces the complexity of computational processing.
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Figure 11. Response surfaces model for SCF in the plate with elliptical cutout
and auxiliary hole (AH).
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Figure 12. Response surfaces model for RM in the plate with elliptical cutout
and auxiliary hole (AH).
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Figure 13. The optimal solution for minimizing SCF in a plate with elliptical
cutout and auxiliary holes (AH).
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Figure 14. The location of the optimal solution minimizing SCF for the ellip-
tical cutout (¢ = 45°) with auxiliary holes (AH).
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Figure 15. The stress distribution of Al-2024 T3 plate with oriented elliptical
cutout ¢ = 45°and auxiliary holes d = 24mm.
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5.1 Deterministic optimization

Typically, maintaining reliable strength while reducing SCF and overall plate
mass will yield the optimal structure design. Therefore, the function aims to
minimize SCF and maximize removal mass (RM) subjected to the constraint
of acceptable values of AH diameter (d) and orientation angle (¢). The single-
objective optimization of SCF and RM is formulated as follows,Eq. 7 and
Eq. 8.

Min SCF(s)

d, ¢

6<d<24 N
0° < ¢ <90°

Max RM(s)
d, ¢

6<d<24 ®)
0° < ¢ <90°

SCF (s) and RM (s) are continuous but not necessarily differentiable. The
optimal solution indicates that the AH diameter significantly affects the SCF.
Figure 13 shows the optimal solution for the plate with an elliptical cutout
and auxiliary holes. A black dot marks the location of the optimal solution for
minimizing (SCF). This confirms that a minimum SCF occurs when the AH
size is small and the orientation angle equals zero.
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Figure 16. The location of the optimal solution for maximizing RMs in Al-
2024 T3 plate has an elliptical cutout and auxiliary holes (AH).

Thus, it is recommended that this value be set in the plate design with the
cutout aligned horizontally with the loading direction. In contrast, increasing
AH diameter leads to minimizing SCF for the plate with an elliptical cutout
that is restrained to be greater than or equal to 45 (¢ > 45°). Figure 14 shows
the location of the predicted SCF for the plate with an elliptical cutout ori-
ented by 45°and auxiliary holes. It is found that increasing the AH diameter
minimizes SCF significantly and also enhances the stress distribution around
the central cutout, as shown in Fig. 15. The maximum stress values are shifted
from the oriented elliptical cutout to be on the boundary of AH. Thus, auxi-
liary holes can decrease the total mass and enhance the stress concentration
in Al 2024 T3 plate.Regardless of the elliptical cutout’s orientation angle, the
removal mass is increased with an increasing AH diameter. Figure 16 shows
the location of the maximum RM for the plate with an elliptical cutout and
auxiliary holes. However, there is an inverse relationship between objectives.
Improving removal mass (RM) requires degradation in the stress concentrati-
on factor (SCF). Multi-objective optimization aims to find possible tradeoffs
among conflicted multiple objective functions [20]. However, theoretical and
computational challenges make solving multi-objective optimization problems
difficult. Instead of a single-objective optimization of SCF or RM separately,
it would be more accurate to formulate a multi-objective optimization, where
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the objective functions of SCF and RM are combined as Eq. 9.

Min SCF(s)
d, ¢

Max RM(s)
d, ¢

6<d<24 )
0° < ¢ <90°

A multi-objective optimization solution is a set of optimums called the Pareto
frontier that provides a set of optimal solutions for design variables [30]. Pare-
to frontier offers more flexibility and optimal solutions than single-objective
formulations for decision-makers. The Pareto frontier could be visualized as
a curve and surface for two and three objective problems. The optimizati-
on problem is solved using a code prepared using the commercial software
Matlab [31]. This software incorporates various algorithms and optimizers
to be optimally used for the desired design process, which can help make
tradeoff decisions to a certain extent. Optimal solutions (Pareto frontier) for
Al-2024 T3 plate with different orientation angles of the elliptical cutout and
AH diameter are shown in Fig. 17. From Fig. 17, the Pareto frontier reveals
that the stress concentration factor is considerably affected by the elliptical
cutout orientation angle and auxiliary hole diameter more than the removal
mass. Thus, designers can compromise between minimum SCF and maximum
RM to select appropriate orientation angles and auxiliary hole diameters based
on application requirements.
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Figure 17. Optimal solutions (Pareto frontier) for minimizing SCF and maxi-
mizing RM in Al 2024 T3 plate with elliptical cutouts.

6. Conclusions

In this paper, the effect of elliptical cutout orientations on the stress and strain
of Al-2024 T3 plates subjected to a tensile load was investigated experimentally
and numerically. The numerical model effectively simulates the stress distri-
bution and stress concentration factor (SCF) in Al-2024 T3 plate. The results
showed that the value of SCF increases with the order of cutout orientation
angle from (¢ = 0°to 90°). SCF is minimum for the orientation angle (¢ = 0°),
and its value reaches the maximum at the orientation angle (¢ = 90°). However,
adding auxiliary holes can alter the stress distribution and reduce the SCF of
Al-2024 T3 plate in the range (1.9 to 25 %). Surrogate-based optimization was
used to find the optimal design parameters that affect the stress concentration
factor in the plate. Single-objective optimization was formulated to minimize
SCF and maximize RM. However, multi-objective optimization is more effi-
cient for finding optimal solutions. Multi-objective optimization is formulated
to minimize SCF and maximize RM. For the plate with an elliptical cutout
that is restrained to be greater than or equal to 45 (¢ > 45°), increasing AH
diameter leads to minimizing SCF and maximizing RM. Pareto frontier offers
reliable, optimal solutions of SCF and RM based on input design parameters.
Pareto frontier effectively captured the tradeoff between SCF and RM based
on suitable input design variables.
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