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Abstract:

This study investigates the influence of fiber orientation angles on the mechanical performance
of 7-layer epoxy/fiberglass composites under tensile loading. Given the growing demand for
advanced materials in aerospace, medical, and marine applications, optimizing composite
properties—such as Young’s modulus and stress concentration—is critical. Using ABAQUS for
finite element simulation and Design Expert software for Design of Experiments (DoE), we
analyzed stress distribution and mechanical response across 30 fiber angle configurations. The
Response Surface Methodology (RSM) was employed to minimize experimental runs while
evaluating three key outputs: longitudinal and transverse Young’s moduli and stress concentration
factor (K). ANOVA results confirmed model significance (p < 0.05) with high R? values (>0.98),
ensuring robust statistical fits. Quadratic and cubic models were derived for K and Young’s
moduli, respectively. Optimization yielded two angle sets: (36.8°, 124°, 28.4°) for balanced Ey
(23.82 GPa), E,, (20.86 GPa), and K (2.68); and (83.2°, 131.6°, 61.3°) for minimized K (2.38)
with E,> 10 GPa (28.13 GPa). These results demonstrate that fiber angles critically govern
anisotropic behavior, with specific orientations reducing stress concentrations by up to 12% while

maintaining stiffness.
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1. Introduction

The advancement of technology and the development of
industries, including aerospace, medical, and marine
industries, have led to an increasing demand for materials
with specific properties. Composite materials, especially
polymer composites, with unique characteristics such as
lightweight, high hardness and strength, resistance to
fracture and corrosion, and low thermal expansion
coefficient, play a crucial role among synthetic materials
and are widely used in various industries [1-2]. A composite
material can be defined as a combination of two or more
materials with distinct physical and chemical properties,
resulting in a material with different properties than its
components when combined, having a common interface
[3]. In other words, a composite material is a combination
of two or more materials that provide better properties than
the individual constituents used in it [4]. In recent years,
polymer composites have become one of the most
significant research areas. Their high strength-to-weight
ratio compared to most alloys and conventional composites
makes them highly utilized and one of the most commonly
used composites [5]. Stress concentration is essential in
engineering design, especially in structures with
discontinuities. The stress concentration factor (SCF) is
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defined as the ratio of the maximum stress at a point with a
discontinuity to the nominal stress at the same point without
discontinuity [6]. In other words, it represents the maximum
stress at an edge divided by the nominal stress at that point
[7]. Composite structures with holes have been extensively
used in various industrial areas for connections or other
design requirements. However, the complex mechanical
behavior of composite materials remains a fundamental
challenge for engineers [8]. Various factors need to be
considered when designing structures and engineering
machines. Two vital factors are stress concentration around
holes and stress intensity [9]. Understanding the impact of
geometric and material parameters on stress concentration
is especially important in the design of composite structures
with holes [10].

Greene presented the first evaluation of SCF for
orthotropic plates with a central circular hole [11]. Duan and
his colleagues [12] conducted theoretical studies and
physical experiments on stress concentration in glass-fiber-
reinforced polypropylene composites. According to their
research, the SCF is related to the hole size and increases
with an increase in the hole size. Sun and his colleagues [13]
investigated the effect of strain rate on tensile properties.
They observed stress concentration perpendicular to the
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loading direction at the hole edge and studied it. Patel and
his colleagues [14] examined the influence of various
discontinuities present in a plate on stress concentration.
The study showed that the SCF increases when multiple
holes are located close to each other in a plate. Therefore,
the distance between two holes mainly affects stress
concentration. Dhand and his colleagues [15] studied
composites reinforced with basalt fibers. According to their
research, the mechanical properties of the composite depend
on the volume fraction and positioning of the reinforcing
fibers. In another study, Rahman and his colleagues [16]
investigated the tensile properties of polymer composites
reinforced with natural and synthetic fibers. Their research
indicated that the performance of polymer composites
depends on the properties of the fiber, the properties of the
polymer matrix, the fiber-to-matrix ratio (fiber volume
fraction), and the geometry and orientation of the fibers in
the composite. Prashanth and his colleagues [17] researched
fiber-reinforced composites. Studies show that the main
objective of fiber-reinforced composites is to produce
materials with high strength and higher elastic modulus.
According to the studies by Le and his colleagues [18], the
addition of fibers leads to an increase in the tensile
properties and tensile strength of epoxy. Moreover, Luo and
his research team [19] investigated the behavior of a
perforated sheet under tensile loading. They found that
mechanical properties, including strength, will change by
changing the fiber angle. Kumar and his research team [20]
reviewed studies on stress concentration in composite
panels with holes/cuts. Studies show that stress in
composites also depends on factors such as fiber orientation
and fiber type. Sirmour and his colleagues [21] studied
open-hole testing methods for different materials. They
found that fiber orientation has a significant impact on
strength. The study showed that the 90-degree fiber
orientation has a lower strain failure percentage compared
to the 45-degree fiber orientation. Konica and his colleagues
[22] modeled the failure of the phase-field for unidirectional
fiber-reinforced polymer composites. The research showed
that changing the fiber direction from 0 to 90 degrees
reduces the material strength.

The aerospace industry is one of the industries with the
most extensive use of composites. One composite-designed
aircraft component is the aircraft cap or engine cover. When
an aircraft cap, as shown in Figure 1, is designed as a
composite and contains holes for riveting and assembly
purposes, its stress concentration needs to be examined.
Initially, this paper aims to investigate the effect of changing
the fiber angle of the perforated composite sheet on its
mechanical properties, including stress concentration factor
and Young's modulus in two sheet directions under tensile
testing. Then, optimization using the Design of Experiments
(DOE) method is performed for two problems. In the first
optimization problem, the main objective is to find an angle
with the highest Young's modulus values and is close to each
other in two sheet directions (Ey, E,) with the lowest stress
concentration factor (K). Then, in the second problem, the
optimum angle is obtained based on the lowest stress
concentration factor in the loading direction with a
minimum Young's modulus of 10 GPa.
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Figure 1. Aircraft cap

2. Materials and Methods

Initially, a seven-layer sheet (Fiberglass or Epoxy) was
simulated using ABAQUS software for various fiber angles
based on the properties of the materials used in this
composite. The results were analyzed. Then, using Design
Expert software, Design of Experiments (DoE) was
conducted, and optimal fiber angles were obtained for two
optimization cases.

2.1. Mechanical Properties of Materials

The most common fibers used in composite materials are
carbon and glass fibers, which possess essential properties
such as lightweight, high hardness, strength, fracture, and
corrosion resistance. Considering the lower cost of glass
fibers compared to carbon fibers, glass fibers are more
commonly used in composite materials [23]. The simulated
composite sheet consists of four epoxy layers and three
glass fibers. The mechanical properties of the mentioned
materials are listed in Table 1.

Table 1. Mechanical properties of the materials used in the
desired composite [24-25]

. T ;
Tensile strength Ponssf)n § Shear s
Material ratio modulus
E, (GPa) E,(GPa) v Gy, (GPa)
Glass
fibers 76 5 0.2 35
Epoxy 3.5 35 0.3 1.308

2.2. Finite Element Method

The Finite Element Method (FEM) is the most effective
method for visualizing deformation and stress changes in
materials or structures. It allows for predicting the
maximum force that can be applied before failure or
yielding [26]. In the field of structural analysis, the Finite
Element Method is recognized as the most powerful,
efficient, and versatile numerical method [27]. This study
simulated a standard 25X250 mm composite sheet using the
Finite Element Method with ABAQUS software in three
stages [28].

In the first stage, analysis was performed on a rectangular
sheet with standard dimensions, where one side was fixed
and the other was displaced by 5 millimeters. The desired
piece was then meshed using the S4R element with a grain
size of two millimeters. After conducting various tests with
different fiber angles, stress and strain values were
extracted. Then, based on Hooke's law (Equation 1), the
tensile strength of the sheet in the longitudinal direction (Ey)
was investigated.
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o1 = Ex& (1)
In this equation, o; represents the tensile stress in the
longitudinal direction of the sheet, E, is Young's modulus in
the longitudinal direction, and &, is the longitudinal strain
of the sheet.

In the second stage, analysis was performed on the sheet
with one side fixed and the other side displaced by 0.5
millimeters. Similar to the first stage, various tests were
conducted with different fiber angles, and stress and strain
values were extracted. The tensile strength of the sheet in
the transverse direction (£,) was then investigated using
Equation 2.

g, = Eygz

2

In this equation, o, represents the tensile stress in the
transverse direction of the sheet, E, is Young's modulus in
the transverse direction, and &, is the transverse strain of the
sheet.

In the third stage, stress concentration factors were
examined. The dimensions of the sheet were the same as in
the first step, but a hole with a diameter of 5 millimeters was
created at its center. Using the division of stress values
around the hole by the stress value simulated in the first
phase, the stress concentration factor (K) was calculated
using Equation 3. Figure 2 shows the simulated sheet.

K= 3)

g1
In this equation, K is the stress concentration factor, gy is
the maximum stress in the longitudinal direction of the sheet
with the hole, and o; is the maximum stress in the
longitudinal direction of the plain sheet.

Figure 2. Simulated sheet

2.3. Design of Experiments (DoE)

Design of Experiments (DoE) is a statistical method for
optimizing the performance of systems with known input
variables [29]. The experiment design was carried out using
Design Expert software. The effect of changing the fiber
angle of the composite sheet with three input angles (in
degrees) on three output parameters, namely Young's
modulus in the transverse direction (in GPa), Young's
modulus in the longitudinal direction (in GPa), and stress
concentration factor, was investigated using the Response
Surface Methodology (RSM). RSM is commonly used for
designing experiments and minimizes the number of
experiments needed for specific factors and their levels [30].
In this experiment, the first input parameter (angle one) was
selected between 0 and 90 degrees, the second parameter
(angle two) was selected between 90 and 180 degrees, and
the third parameter (angle three) was selected between 0 and
90 degrees. Thirty different configurations were examined
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for this experiment. The input parameters, along with their
variation ranges, are presented in Table 2.

Table 2. Input parameters with a range of variations

Input

Name Type Min Max
parameter
A The' angle of the fibers Numerical 0 90
in the first layer
B The angle of the fibers Numerical 90 180
in the second layer
The angle of the fibers .
¢ in the third layer Numerical 0 %
3. Results

3.1. Simulation Results in Abaqus

After completing the simulation stages, the selected
experiments were conducted in Design Expert software, and
the required parameters, including Young's modulus in both
directions of the sheet and the stress concentration factor,
were obtained. Table 3 shows the results obtained from the
selected experiments.

Table 3. Results obtained from selected experiments

Input parameter Output parameter

P B C K  E.(GPa) E,(GPa)
1 0 90 0 2.61 24.6 14.5
2 0 112.5 225 2.68 26.32 15.54
3 0 135 45 2.73 25.89 14.16
4 0 1575 675 2.7 20.28 9.49
5 0 180 90 2.65 17.64 7.45
6 22.5 90 0 2.63 23.8 15.79
7 22.5 1125 225 2.66 26.14 17.21
8 22.5 135 45 2.71 25.87 18.94
9 22,5 1575 675 2.66 20.26 15.65
10 225 180 90 2.63 17.57 12.02
11 45 90 0 2.57 17.56 17.23
12 45 1125 225 2.62 21.63 20.3
13 45 135 45 2.67 23.95 25.38
14 45 157.5 675 261 19.63 23.49
15 45 180 90 2.55 16.78 20.42
16 67.5 90 0 2.43 10.08 17.67
17 67.5 1125 225 2.50 14 21.92
18 67.5 135 45 2.57 18 28.11
19 675 1575 675 25 17.12 26.28
20  67.5 180 90 2.44 15.3 24.22
21 90 90 0 2.35 7.39 17.72
22 90 112.5 225 242 9.47 22.17
23 90 135 45 2.48 13.83 28.37
24 90 157.5 675 243 15.07 26.49
25 90 180 90 2.36 14.46 24.68
26 90 90 90 2 431 34.85
27 0 112.5 0 2.68 26.69 14.07
28 0 135 0 2.79 31.25 11.12
29 0 157.5 0 2.9 34.41 6.35
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30 0 180 0 2.95 34.59 4.34

In Experiment 30, the stress concentration factor (K) and
Young's modulus in the longitudinal direction (Ey) have
their highest values, while Young's modulus in the
transverse direction (E,,) has its lowest value. However, in
Experiment 26, the stress concentration factor and Young's
modulus in the longitudinal direction have their lowest
values, while Young's modulus in the transverse direction
has its highest value. Based on the results of these two
experiments, it can be concluded that if the fiber angle
aligns with the loading direction, K and E; have their
highest values, and if the fiber angle is perpendicular to the
loading direction, K and E; have their lowest values.
Berrahou et al. [31] also investigated the effect of fiber
orientation in different types of composite plates with a
modified U-shaped notch using composite patches. They
reached the same conclusion that in polymer-based
composites, fiber orientation in the direction of the applied

force results in the highest tensile strength, and the number
of composite layers has a direct relationship with tensile
strength.

3.2. Statistical Fit

In this experiment, variance (ANOVA) values were
analyzed for the three parameters shown in Tables 4 to 6.
The ANOVA table for parameter K showed a quadratic
reduction, and a cubic model reduction was determined for
the other two responses. The high F-values for all three
responses and P-values less than 0.05 in all responses
indicate the tested model's significance (sig) and the input
values' accuracy. Table 7 displays the overall statistical fit
of the experiment for the three responses. In this table, the
R-Square values are very close to 1 and have desirable
values. The closer R-Square values are to 1, the better the
model fits the experimental data with less discrepancy,
indicating higher precision in the experiment [32].

Table 4. Analysis of variance for stress concentration factor

Source  Sumof Square df Mean Square F-value P-value
Model 0.9310 7 0.1330 249.62 <0.0001 sig
A-A 0.2555 1 0.2555 479.53 < 0.0001
B-B 0.2057 1 0.2057 386.06 < 0.0001
c-C 0.2009 1 0.2009 377.16  <0.0001
AB 0.0302 1 0.0302 56.61  <0.0001
AC 0.0369 1 0.0369 69.28  <0.0001
BC 0.0400 1 0.0400 75.04  <0.0001
A2 0.0151 1 0.0151 28.36 < 0.0001
Residual 0.0117 22 0.0005
Cor Total 0.9427 29

Table 5. Analysis of variance for longitudinal Young’s Modulus

Source  SumofSquare df Mean Square F-value P-value
Model 1.562E+21 7 2.232E+20 140.99  <0.0001 sig
A-A 1.031E+20 1 1.031E+20 65.16 <0.0001
B-B 1.668E+20 1 1.668E+20 10538 < 0.0001
C-C 2.004E+20 1 2.004E+20 126.62 < 0.0001
AB 1.416E+20 1 1.416E+20 89.49 <0.0001
BC 1.521E+20 1 1.521E+20 96.07 <0.0001
A? 2.153E+19 1 2.153E+19 13.60 0.0013
A3 1.158E+19 1 1.158E+19 7.32 0.0129
Residual 3.482E+19 22 1.583E+18
Cor Total 1.597E+21 29

Table 6. Analysis of variance for Transverse Young’s Modulus

Source Sum of Square df Mean Square F-value P-value
Model 1.451E+21 9 1.612E+20 85.88 <0.0001 sig
A-A 2.564E+20 1 2.564E+20 136.61 <0.0001
B-B 2.709E+18 1 2.709E+18 1.44 0.2436
Cc-C 2.163E+19 1 2.163E+19 11.52 0.0029
AB 8.128E+19 1 8.128E+19 43.31 <0.0001
AC 1.148E+18 1 1.148E+18 0.6114 0.4434
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BC 9.955E+19 1 9.955E+19 53.04 <0.0001
Az 3.330E+19 1 3.330E+19 17.74 0.0004
ABC 8.280E+18 1 8.280E+18 441 0.0486
A’B 1.013E+19 1 1.013E+19 5.39 0.0309
Residual 3.754E+19 20 1.877E+18
Cor Total 1.488E+21 29
Table 7. Statistical Fit of experiment
Response R? Adjusted R  Predicted R> Adequate Precision
K 0.9876 0.9836 0.9696 80.4722
Ey 0.9782 0.9713 0.9560 48.4089
E, 0.9748 0.9634 0.9523 38.3150

3.3. Mathematical Models

After designing experiments and analyzing the obtained
results, the values for the analysis of variance tables were
determined. Then, the mathematical model for stress
concentration factor, Young's modulus in the longitudinal
direction, and Young's modulus in the transverse direction
were defined as follows. In all three models, parameter A
represents the angle of the fibers in the first layer, parameter
B represents the angle of the fibers in the second layer, and
parameter C represents the angle of the fibers in the third
layer (glass fibers).

3.3.1.Stress concentration factor, K:

K =2.27788 — 0.00461778 A +
0.00383555 B + 0.00479104 C + 4.66342 X
107°AB — 4.92444 x 1075 AC — 4.65192 X
107° BC — 2.85977 x 1075 A?

“4)

3.3.2.longitudinal Young's Modulus, E:

E, = 1.52165 X 10'° — 1.75964 x 108 A +
1.12803 x 108 B + 1.78403 x 108 C +
2.14793 x 10° AB — 2.19545 x 10° BC —
5.76054 x 10° A? + 35017.7 A3

(&)

3.3.3.Transverse Young's Modulus, E):

E, = 2.63626 X 10'° — 4.42564 x 108 A —
1.21182 x 108 B + 2.63296e x 108 C +
5.42688 x 10° AB + 2.53044 X 10° AC —
1.38939 x 10° BC + 1.75893 x 10° A? —
20789.5 ABC — 22989.2 A’B

(6)

3.4. Graphical Analysis of Modeling

Figure 3-a shows the response surface plots for the stress
concentration factor (K). The results indicate that when the
third parameter (angle of the fibers in the third layer) is
maintained at the intermediate level (45 degrees), the stress
concentration factor decreases with an increase in the angle
of the fibers in the first layer and a decrease in the angle of
the fibers in the second layer.
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Figure 3-b displays the response surface plots for Young's
modulus in the longitudinal direction (Ey). The results show
that when the third parameter (angle of the fibers in the third
layer) is maintained at the intermediate level (45 degrees),
Young's modulus in the longitudinal direction increases with
a decrease in the angle of the fibers in the first layer and an
increase in the angle of the fibers in the second layer.

Figure 3-c illustrates the response surface plots for Young's
modulus in the transverse direction (E)). The results indicate
that when the third parameter (angle of the fibers in the third
layer) is maintained at the intermediate level (45 degrees),
Young's modulus in the transverse direction increases with
an increase in the angle of the fibers in the first layer and a
decrease in the angle of the fibers in the second layer.

Figure 3. Response surface plots for output parameters a)
stress concentration factor, b) Young's modulus in the
longitudinal direction, ¢) Young's modulus in the transverse
direction

3.5. Comparison of Predicted and Actual Values

The chart depicting the comparison between predicted and
actual values in the Design Expert software indicates the
level of agreement between predicted and real values. This
chart is used to assess the performance of an algorithm or
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prediction model. Figure 4 shows the comparison chart of
predicted and actual values for all three output parameters of
the experiment.

Predicted vs. Actual

Predicted vl

Presicted
%
A

Fredicted vs. Actua

©

Figure 4. Comparison plots of predicted and actual values for

Output parameters: a) stress concentration factor, b) Young's

modulus in the longitudinal direction, ¢) Young's modulus in
the transverse direction

3.6. Optimization

After analyzing the results, the Design Expert software
provided the optimal angles for the two problem scenarios.
Tables 8 and 9 show the input and output parameters, along
with the optimization conditions and variation ranges for
each parameter. These tables also show the final responses
of the experiment and the values of the output parameters.

In the first problem, the main optimization objective is to
find an angle that maximizes Young's modulus while keeping
the stress concentration factor (K) minimized and close to
each other in two sheet directions (Ey, E,). In the second
problem, the primary goal is to find the optimal angle based
on the lowest stress concentration factor under loading, with
a minimum Young's modulus of 10 GPa.

Table 8. Input and output parameters along with optimization
conditions for the first problem

Lower Upper

Name Goal Limit Limit Solution
A: Anglel is in 0 90 36.8
(deg) range
B: Angle2 is in 90 180 124
(deg) range
C: Angle3 is in 0 90 28.4
(deg) range
K minimize 2 295 2.68
E, (GPa) maximize 431 34.59 23.82
E,(GPa) maximize 435 34.86 20.86

Table 9. Input and output parameters along with optimization
conditions for the second problem

Lower
Limit

Upper
Goal Limit

Name Solution
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A: Anglel is in 0 90 83.2
(deg) range

B: Angle2 is in 90 180 131.6
(deg) range

C: Angle3 isin 0 90 61.3
(deg) range

K minimize 2 295 238

E, (GPa) maximize 431 34.59 12.47

E, (GPa) maximize 435 34.86 28.13

4. Conclusion

This paper investigated the effect of changing fiber angles
on the stress concentration of a composite 7-layer perforated
sheet under tensile loading using Design of Experiments
(DoE). Based on the results and optimization conditions for
the two problem cases, the following conclusions were
obtained:

When the fibers are aligned with the loading direction, the
maximum value of Young's modulus in the loading direction
will be achieved.

When the fibers are perpendicular to the loading direction,
the minimum stress concentration factor in the loading
direction will be achieved.

For the first problem case, the optimal angles were found to
be (36.8°,124°,28.4") or equivalently (36.8°,—56",28.4")
with Young's modulus values in the two directions of the
sheet and stress concentration factor of (23.82 GPa, 20.86
GPa, 2.68).

For the second problem case, the optimal angles were found
to be (83.2°,131.6°,61.3") or equivalently
(83.2°,—48.4°,61.3") with Young's modulus values in the
two directions of the sheet and stress concentration factor of
(12.47 GPa, 28.13 GPa, 2.38).
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