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ABSTRACT. The aim of this study is to analyze the effect of different
geometries and sections on the mechanical properties of epoxy specimens.
Five tensile tests were carried out on three types of series. The experimental
results obtained were 1812.21 MPa, 3.90% and 41.91 MPa for intact
specimens, 1450.41 MPa, 2.16% and 21.28 MPa for specimens with hole and
750.77 MPa, 2.77% and 11.89 MPa for specimens with elliptical -notched for
Young's Modulus , strain and stress respectively. In addition, the experimental
results indicated that the mechanical properties of both (Young's Modulus
value and stress value) were higher in an intact specimen. Afterwards, the
nonlinear functional relationship of input parameters between epoxy sample
geometries and sections was established using the response surface model
(RSM) and the artificial neural network (ANN) to predict the output
parameters of mechanical properties (Young's Modulus and stress). In
addition, the design of experiment was developed by the Analysis of the
Application of Variance (ANOVA). The results showed the superiority of the
ANN model over the RSM model, whete the correlation coefficient values
for the model datasets exceed ANN (R* = 0.984 for Young's Modulus and R?
= 0.981 for the stress).
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INTRODUCTION

aerospace, astronautics, automotive and military industries. There are several types of polymers, for example

T hermosetting polymers are widely used in various scientific aspects and engineering applications such as wind,

polyester [1, 2], styrene [3, 4], acrylic [5, 6] and epoxy [7, 8]. Epoxy resin is one of the most important polymers
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because of its advantages, such as hardness, corrosion resistance and relatively low cost [9-12]. It is preferred because of
its mechanical properties [13] including tensile and bending.[14, 15] explained that sample dimensions and geometry
affect mechanical properties.[16, 17] They found that there is a gradual decrease in mechanical properties as the diameter
of the hole increases in the geometry of the samples. According to habibi et al .[18] They fabricated samples of 6mm
open hole bio-flax flakes with different stacking sequences [0]12, [0 90]s and [0 +45 90 -45]3.. The results of the tensile
tests showed the effect of the 6 mm open hole on the performance of the laminate. For that, dimensions are of great
importance for mechanical performance, as indicated by han et al [19] They found that increasing geometric dimensions
increases the stress of manufactured bee samples.

Recently, to predict the mechanical properties of samples of materials such as aluminum, composites and polylactic acid
PLA, researchers have used models like ANN and RSM [20-23]. It is possible to use an artificial neural network (ANN)
which is one of the most applicable means of nonlinear analysis to determine the relationships between input and output,
and to allow the prediction of the output parameter with ANN|[24]. Response surface methodology (RSM) uses distinct
combinations of experimental design to determine linear, quadratic, and interaction terms that provide optimal
performance from a given set of response factors and variables [25]. Boumaaza et al. [26] applied the two techniques
together, RSM and ANN, to predict the results of the bending test of compounds for bending strength, displacement and
flexural modulus, and found that the ANN model had higher accuracy than the RSM model. While, Choudhary et al [27]
predicted the corrosion behaviour of tensile and bending samples consisting of fiber-reinforced epoxy compounds using
both ANN and RSM methods. But, Alhijazi et al .[28] used the artificial neural network (ANN) model to predict the
mechanical properties of composite samples of epoxy with palm fibre and luffa fibres, where the results showed that the
percentage of fibres had a higher effect on the tensile test results.

Therefore, the objective of this paper is to use the methodology of neural networks (ANN) and response surfaces (RSM)
to predict the mechanical properties of epoxy samples (undamaged specimen, specimen with hole-notched and specimen
with elliptical -notched). To evaluate the effect of input parameters such as sample geometry and sample cross-section, the
expected results of ANN and RSM, it were analyzed and compared with experimental results after sample preparation,
tensile testing, and analysis of experimental results, with important conclusions.

Specimen preparation in a silicone mold Elliptical notched

Epoxy +Hardener

Hole notched

Undamaged Specimen with Specimen with
specimen elliptical - notched hole -notched

Figure 1: Epoxy sample preparation steps.

MATERIALS AND METHODS

Sample preparation and quality control

T he specimen were produced using the epoxy where LORN Chemicals' epoxy was used by an Algerian company
located in the Bouira region , The chemical formula of epoxy is C3H13N3, and it is a type of polymer with wide
applications that is attracting the interest of many researchers because of its properties[26, 29, 30] . In our study,

three different epoxy engineering models (undamaged specimen, specimen with hole-notched and specimen with

elliptical- notched ) were used according to ASTM D638-14 with uniform dimensions of 165 x 12 mm2 and a thickness of

7 mm, and each model has five samples. In this work, the resin was mixed with hardener at the rate of 65% by weight and

192



4
f'(d'
(' K. Saada et alii, Frattura ed Integrita Strutturale, 66 (2023) 191-206, DOI: 10.3221/IGF-ESIS.66.12

35% by weight, and then placed in a silicone mold that was manufactured previously. The samples were left in the mould
to dry for 24 hours and then heat-treated at 70°C for 5 hours. The total samples obtained were 15 samples. After heat
treatment, five samples were left as is, five samples were drilled with a diameter of 6 mm, and the last five were drilled
with an oval hole measuring 6 x 3 mm. These dimensions have been addressed by many researchers, for example[32 ,31].
The method of moulding the sample is illustrated in Fig. 1.

ANN AND RSM METHOD

find various applications. ANN excels in predicting material properties, optimizing manufacturing processes, and

non-destructive testing, while RSM is valuable for experimental design, surface modification, and alloy design. When
used together, they synergistically enhance problem-solving capabilities, leading to accurate predictions, efficient
processes, and innovative material designs, advancing the field significantly. Both ANN and RSM were used in the study
to predict the mechanical properties of epoxy specimens based on their geometries and sections. These models serve as
tools to understand how vatiations in the epoxy sample's configuration affect its mechanical behavior. The compatison
between ANN and RSM in this study revealed that the ANN model was superior in predicting the mechanical properties
compared to the RSM model. This suggests that the relationships between the input parameters (geometries and sections)
and output properties (Young's Modulus and stress) are complex and non-linear. ANN's ability to capture and learn non-
linear patterns made it more suitable for this particular problem.

I n Mechanical/Material Science, both Artificial Neural Networks (ANN) and Response Surface Methodology (RSM)

Artificial Neural Network (ANN) Method

It is an algorithm for calculating nonlinear maps that consists of an artificial neural network simulating the functioning of
the biological nervous system, inspired by nature [33-35]. Fig. 2 shows the computational unit of this artificial neural
network, consisting of one or two hidden layers, as well as input layers where each input x; is represented by a single
neuron, and an output layer y; that synthesizes the information processed from the input, w are the weight values where k
are the biases, as shown in Eqn. 1[30].
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Figure 2: Artificial neuron.

Response Surface Methodology (RSM) Method

Response surface methodology is a technique for modeling, analyzing, and simulating problems with multiple response
variables and multiple independent variables. It involves the use of mathematical, statistical and graphical methods to
develop mathematical models that optimize the experimental process. In addition, these models make it possible to
establish correlations between the input and response variables obtained during the experiments [37, 38].

In Tab. 1, the associated parameters are presented as well as their names and to model them in order to obtain the outputs
represented in the mechanical wicker of the tensile test, the linear and quadratic method (surface response methodology)
was used and they are defined according to the following relationship [39]:

193



K. Saada et alii, Frattura ed Integrita Strutturale, 66 (2023) 191-206; DOI: 10.3221/1GF-ESIS.66.12 f;;

Y(x)=B, +Zk:Bij +Z/€:Bin+iiBﬂ.Xin 2
J=1 J=1

j=1i>2

where Y(x) represents the bound predicted response. In addition, Xi and Xj correspond to the independent variables,
while By, Bj, Bj and Bj; denote a constant, linear first-order interaction and second-order interaction coefficients,
respectively.

. Levels
Symbol Factor Unit ) )
Low level (1) Intermediate level (0) High level (+1)
Geometry i -1 0 1
B Section mm? 83.91 92.50 102.00

Table 1: RSM factors levels.

CHARACTERIZATION TESTS OF EPOXY SAMPLES

notched) conforming to ASTM D638-14 and having dimensions of 165X19X7 mm?, the tensile test was carried

out using a tensile machine at the laboratory of the University of Boumerdes in Algeria. For this, both ends of the
samples were attached to a length of 25 mm each on a traction clamp that helped to increase grip and prevent slippage,
while the rate of control of the transmission speed was 1 mm/min. The samples were stretched to failure, as shown in Fig.
3, to obtain tensile results, such as the stress-strain curve and the Young‘s Modulus.

ﬁ fter preparing epoxy samples (undamaged specimen, specimen with hole-notched and specimen with elliptical -

Figure 3: Tensile test (a) Specimen with elliptical- notched (b) Specimen with hole-notched.

RESULT AND DISCUSSION

Experimental results
ig. 4 shows the standard deviation results for the three epoxy samples, namely the intact specimen, the hole-
F notched specimen and the elliptical- notched specimen, for each of the Young modules, stresses and strains. It can
be observed that the diameter and shape of the hole have an effect on the mechanical properties, as shown in Fig.
4-a which shows the average Young's Modulus for five tensile tests on the three epoxy samples. The average Young's
Modulus was higher than that of the undamaged specimen with a value of 1812.24+61.05, while it was lower for the
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specimen with hole (1450.41+162.51) and the specimen with elliptical -notched (750.77+198.53). While Fig. 4-b shows
the mean stress values for the three epoxy samples. Since the stress is also affected by the geometry of the samples, it is
observed that the larger the diameter of the hole, the lower the stress. The mean stress values indicate 41+2.45, 21+2.17
and 11.89%+4.3 for each specimen: undamaged, with hole and with elliptical- notched. On the other hand, the Fig. 4-c
presents the results of the parametric deviation of the deformation. We observe that the undamaged specimen had a mean
deformation value of 3.90£0.47, while the mean deformation value of the specimen with hole-nothed was 2.16+0.13.
The mean deformation value of the specimen with elliptical- notched was 2.7720.64. Similar results have already been
reported on the effect of hole diameter on mechanical properties.[40, 41]
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Figure 4: Mechanical test results: (a) Young’s Modulus, (b) stress and (c) strain.

In Fig. 5, experimental results for: undamaged specimen, specimen with hole-notched and specimen with elliptical -
notched, we can see a curve representing the mean values for the three samples (undamaged specimen, specimen with
hole -notched and specimen with elliptical- notched) of stress-strain. The results showed the effect of sample geometry on
mechanical properties during tensile tests. For example, the maximum stress value was recorded for the intact specimen
with a value of 41.95 MPa and a strain of 4.05%, while the maximum stress value for the hole specimen was 21.06 MPa
and a strain value of 2.10%. The maximum stress for the specimen with elliptical-notched was 14.17 MPa and the
deformation was 2.89%. The results show that the length of the aperture has an influence on the results of the tensile tests
of the samples and on the stress, which is consistent with previous research [36,42].
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Figure 5: Experimental results for: undamaged specimen, specimen with hole-notched and specimen with elliptical —notched.

RSM modelling
In Tab. 2, experimental results are listed with models (ANN and RSM) according to two inputs, reflecting sample
geometry and sample cross-sections, with either Young‘s Modulus or stress as output.

N° Input variables Output variables
Geometry  Specimen Maximum Young's
section Stress Modulus
(mm?) (MPa) (MPa)
EXP ANN RSM EXP ANN RSM

! -1 102.555 18404 19.204 19.518 126179 1375.474 1311-084
2 -1 97.524 21.060 21.051 20.793 142336 1448.134 1410-441
3 -1 83.913 24.221 24.180 24.078 168447  1719.382 1671-552
4 -1 102.684 20.391 19.602 19.485 1356.42  1364.197 1308-516
5 -1 90.2979 22.366 22.672 22.567 1526.02  1465.360 1550-464
0 0 88.33 11.008 9.425 12.078 545.09 617.176 760-212
7 0 86.7162 5.6846 10.957 11.79 967.12 953.758 745283
8 0 84.6945 11.213 12.134 11.425 547.59 617.706 726-357
9 0 86.296 17.404 11.507 11.715 899.84 887.028 741-370
10 0 90.5692 14.171 14.047 12.471 794.25 555.458 780-666
11 1 86.31 45.767 41.610 41.899 1858.00  1847.381 1812-549
12 1 85.4042 41.950 41.775 41.396 1836.78  1857.097 1824-658
13 1 87.4324 42.132 41211 42.566 171370 1719.878 1796-414
14 1 87.318 40.133 41.255 42.498 1858.79  1748.445 1798-062
15 1 85.1332 39.576 41.794 41.198 1793.80  1857.939  1829-385

Table 2: Experimental and modeling results of stress and Young’s Modulus.
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Source Sum of Squares  df Mean F-value p-value
Square
(a) ANOVA for Stress
Model 2375.66 5 475.13 42.93 < 0.0001 significant
A-geometry 82.39 1 82.39 7.44 0.0233
B-section(mm?) 0.8368 1 0.8368 0.0756 0.7895
AB 3.97 1 3.97 0.3588 0.5639
A? 1114.95 1 1114.95 100.74 < 0.0001 significant
B2 0.0028 1 0.0028 0,0003 0.9876
Residual 99.60 9 11.07
ot Mol TS e

R? =0.9598, R? adjusted = 0.9374, R? predicted = 0.9267and Adequate precision =14.8008
(b) ANOVA for Young's Modulus
Model

3-014E+06 5  6-028E+05 31-40 < 0.0001 significant
A-geometty 1-941E+05 1 1-941E+05 10-11 0-0112
B-section(mm?) 1993-83 1 1993-83 0-1039 0-7546
AB 10258-86 1 10258-86 0-5344 0-4834
A? 1-016E+06 1 1-016E+06 52-91 < 0.0001
B? 2-99 1 2-99 0-0002 0-9903
Residual 1-728E+05 9 19196-36
Cor Total 3-187E+06 14

R? =0.9458, R? adjusted = 0.9157, R? predicted = 0.8678 and Adequate precision =12.4394

Table 3: ANOVA of quadratic model obtained for stress and Young’s Modulus.

To develop empirical models for mechanical properties and analyze the influence of selected parameters, an experimental
plan was designed using the Response Surface Methodology (RSM) technique, ANOVA (Analysis of Variance) is a
statistical method used to assess the significance of different factors in a regression model, including quadratic models. In
the context of a quadratic model, ANOVA helps to determine whether the quadratic term makes a significant
contribution to the overall fit of the model. A quadratic model is a type of regression model that includes both linear and
quadratic terms The ANOVA table for a quadratic model breaks down the total variation in the data into different
components, each corresponding to the variation explained by the model or its components. It helps to evaluate the
significance of each term (linear and quadratic) in the model and how much of the variation they account for. The
ANOVA table typically consists of several components:
- Sum of Squares (SS): This represents the sum of the squared differences between the observed values and the
predicted values from the model.
- Degrees of Freedom (DF): The degrees of freedom for each component represent the number of independent
pieces of information available for estimating that component.
- Mean Square (MS): The Mean Square is obtained by dividing the Sum of Squares by its corresponding Degrees of
Freedom.
- F-ratio (F-value): The F-ratio is calculated by dividing the Mean Square for a given component by the Mean
Square of the residual (error) term.
- P-value: The p-value represents the probability of obtaining an F-ratio as extreme as observed, assuming that the
null hypothesis is true (i.e., the term does not contribute significantly to the model).
If the p-value associated with the quadratic term (82) is small (usually less than a chosen significance level, often 0.05), it
indicates that the quadratic term is statistically significant, and its inclusion in the model improves the fit significantly. On
the other hand, if the p-value is large, it suggests that the quadratic term does not contribute significantly to the model,
and a simpler linear model might be more appropriate. ANOVA of a quadratic model assesses the significance of the
quadratic term (x*2) and helps determine if it improves the model's petformance compared to a simpler linear model.
RSM was used, which was used in the previous literature in the case of tensile tests and its results were good [43,44]. The
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experimental results were then analyzed using Design-Expert 12 software. The findings and their implications are
discussed in the subsequent section and subsections, corresponding to the output responses obtained from the analysis

To create mathematical equations between input and output variables of tensile epoxy samples, RSM was used. The data
were made using the ANOVA variance shown in both Tabs. 3 and 4 for Young's coefficient and stress, where The
effectiveness of a term is determined by the p-value, where the smaller the p-value, the better the expected results based
on what we obtained< 0.0001[45]. The ANOVA results suggest that the first-order parameters A (sample geometry), B
(section parameter), and AB (geometry parameter multiplied by section parameter), as well as the square sample geometry
parameter A2 and the square parameter of sampling section B2, have a significant impact on the mechanical properties
(Young's Modulus and stress). These parameters, along with the geometry parameter A2 of sample 2, are the most
important predictors of the mechanical properties. Overall, the regression models' values indicate a good fit, as they are
greater than 80%. For the Young's Modulus, we can observe a correlation coefficient R? of 0.95 and an adjusted
coefficient R2 of 0.91. As for the stress, the correlation coefficient R? indicated 0.94, and the adjusted coefficient R? was
0.91. These are excellent results, consistent with previous research. In addition, the accuracy of the models for stress and
Young's Modulus can be tested by graphs expressed by the Design Expert for each actual or forecast petiod, in Fig. 6(a-
d). The normal probability with respect to the residuals in Fig. 6(b-e), the residuals with respect to the values predicted in
Fig. 6(c-f),indicates that the expected values are in a straight line with the actual values and, therefore, there is no evidence
that the results are uneven or abnormal. The equations for RSM models - generated using experimental data for sample
geometric responses and sample sections were presented as follows:

Figure 6: Plots of stress and Young‘s Modulus of epoxy samples conductivity model; (a)-(d) actual vs. predicted, (b)-(e) normal

Young's Modulus =1777.49-355.7A -52.228B+132.93AB-627.66A2+1.90B2 3
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Fig. 7 shows three-dimensional surface diagrams resulting from the Design-expert design for each of Young‘’s Modulus Fig.
(7-a). Where the effect of the geometry of the specimens and sections of the specimens on the value of the Young's
Modulus can be observed. The red area indicates the highest value that the Young’s Modulus can take, which can reach
1858.79 MPa, and the blue atea at the lowest value approximately at 545.09 MPa. Fig. (7-b) indicates that the stress value
is the other, where the highest value is higher when the Specimen is intact where the red area indicates the highest stress,
which can reach 45.76MPa and the lowest stress in the blue area at 5.68MPa. Fig. 8 shows the numerical ramps for the
optimum stress and Young‘s Modulus where the maximum desirability was 0.95 with a sample section area of 86.36 mm?

and the geometry of the samples at -0.1 and these optimal values for the tensile test for Young’s Modulus and the stresses
should be 45.76MPa and Young‘s Modulus of 1858.79MPa.
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Figure 7: Contour trace with their 3D response surface plot for (a) Young’s Modulus, (b) stress.
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Figure 8: Numerical ramps for the optimal stress and Young‘s Modulus (Desirability = 0.956; Solution 1 out of 7).

ANN modelling

The ANN artificial neural network was selected to study the mechanical properties of Young’s Modulus and to predict
tensile test stresses. This is illustrated in Fig. 9, where we can see that it is a neural network composed of two input units,
which represent the geometry of the samples and the sections of the samples, two hidden layers and an output layer (for
the stress and the Young‘s Modulus). This network was formed using test data, in accordance with the analysis of statistics

Hidden Layer Output Layer

Hidden Layer Output Layer

10 1
Figure 9: ANN Structure for :(a) Young’s Modulus,(b) stress.

It was found that the correlation coefficients R? for the Young‘s Modulus and the stress were 0.984 and 0.981, respectively,
according to Fig. 10-a. Fig. 10-b demonstrates the high precision of the artificial neural network ANN, as the experimental
and expected results closely align with the 45° line. This confirms that the ANN model's predicted values for the training,
validation, and test datasets were excellent. The mean squatred error (MSE) was used to evaluate the model's accuracy. As
illustrated in Fig. 11-A and Fig. 11-C, the randomly distributed data in Tab. 4 were split into 70%, 15%, and 15% for the
training, validation, and testing datasets, respectively. As the accuracy of the ANN model improves, the MSE values
approach 0. The MSE values are close to 100 for training, testing and validation for the Young module, while the MSE
values are close to 10-2 for training, Tests and validation for stress. In the latter, the training, health and test lines on the
same line have been merged into Fig. 11-b and Fig. 11-d, where we notice that the error is small thanks to the approach of
training, testing and validation lines to the zero error line.
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Figure 10: Predicted values versus experimental values of ANN models for training, validation, testing and all data:(a) Young's
Modulus, (b) stress.
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Figure 11: Mean square error and error histogram vatiation with respect to time for (a-b) Young‘s Modulus, (c-d) stress.

samples R
Young's Modulus training 11 0.9812
validation 2 0.9999
testing 2 1
Maximum stress training 11 0.9734
validation 2 1
testing 2 0.9999

Table 4: Allocation both of Young's Modulus and maximum stress used in ANN modeling.

Comparison between experimental, ANN and RSM models

Fig. 12 shows a compatison of the results between the ANN model and the RSM model with the experimental results for
Young’s Modulus and stress (Fig. 12-a and Fig. 12-b respectively). The results show that both models replicate the
experimental results well, but that the ANN model provides a more accurate prediction than the RSM model. We can thus
affirm that the prediction process of the ANN model is very accurate, with an overall coefficient of determination of 98%

for Young‘s Modulus and stress respectively.
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8
(b)
Figure 12: Comparison between experimental and predicted RSM and ANN models tensile data for: (a) Stress - (b) Young‘s Modulus.

CONCLUSION

I

or this research, a study was conducted on the mechanical properties of epoxy tensile samples (intact specimens,
specimens with hole-notched and specimens with elliptical -notched) to evaluate the effect of sample geometry
and cross-section on tensile test results. In addition, ANN and RSM models were used to predict mechanical

properties, and the following results were obtained:

The experimental results showed, through tensile tests of the samples studied, that the diameter and shape of the
hole affect the mechanical properties of the materials. The lowest stress and Young‘s Modulus were observed in
the specimen with elliptical -notched.

The results we obtained with the ANN and RSM models were excellent, however, the ANN model can be
considered the best since it can predict the coefficient and the Young stress due to its high correction coefficient,
which is close to 1. As a result, the results of the ANN model are closer to the experimental results. As it is
shown in the Tab.5

ANN RSM
correlation coefficients (R) of stress 0.98146 0.9598
correlation coefficients (R) of Young's Modulus 0.98427 0.9458

Table 5: Comparison between RSM and ANN models.

We have obtained the results of the correlation coefficients (R) for ANN are excellent because correlation
coefficients (R) of Young‘s Modulus were all greater than 0.984, with R = 0.99 for training, R = 1 for validation, R
=1 for test and R=0.984 for all .In terms of stress, the R's of all datasets wete greater than 0.981 and R=0.97,1
and 1 for training, validation and test respectively .

After comparing the experimental data to the expected data, the ANN modeling demonstrated an outstanding
correlation, with an estimated average error value of 10~ for stress and 100 for Young‘s Modulus.

For the prediction of mechanical properties like stress and Young's Modulus values, an optimal network was
employed with a training set size of 70%, validation set size of 15%, and test set size of 15%. The mean squared
error (MSE) and the correlation coefficients were utilized as the evaluation metric in this study for determining
the optimal network performance of ANN.
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